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Abstract

Despite the long intertwined evolutionary histories of bees and plants, bee diversity peaks in the xeric areas
of the eastern and western hemispheres and not the tropics, where plant diversity is greatest. Intensive
sampling in the northeast Chihuahuan Desert of Mexico and the United States provide the first quan-
titative estimate of bee species richness where high diversity had been predicted in North America from
museum records. We find that the density of bee species in a limited area of 16 km? far exceeds any other
site in the world and amounts to approximately 14% of the bee species described from the United States.
Long-term studies of bees and other pollinators from areas that are minimally impacted by humans pro-
vide much-needed baseline data for studies of bees where human impacts are more severe and as climate
change accelerates.
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Introduction

The keystone role of bees in ecosystems has led to greater appreciation and a deeper
understanding of some previously understudied aspects of their biology. These include
the contribution of non-managed bee species to crop pollination (Kremen et al. 2002;
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Winfree et al. 2008; Garibaldi et al. 2013), ecological and life history variables that pre-
dict vulnerability to environmental change among species (Winfree et al. 2009; Williams
et al. 2010), and the environmental conditions that favor increases in bee populations
and their species richness (Cane et al. 2006; Williams et al. 2010; Ollerton et al. 2014).
Studies that have compared historical records from museums to more recent samples
have concluded that bees along with other pollinators are in decline due to human activ-
ity (Biesmeijer et al. 2006; Lebuhn et al. 2012; Burkle et al. 2013; Ollerton et al. 2014;
Bartomeus et al. 2018; Mathiasson and Rehan 2019). Comparisons of bee faunas at sites
where land-use histories differ have reached similar conclusions (reviewed in Winfree
et al. 2011: but see Winfree et al. 2007; Minckley 2014). However, with some notable
recent exceptions (Herrera 2019; Meiners et al. 2019 and references therein), most of
this recent work has not extended beyond one or several years and has been focused on
faunas in or near human-disturbed habitats. Needed are more long-term studies from
habitats that are little disturbed by humans to provide baseline data to appropriately
gauge how bee dynamics are influenced where there is anthropogenic disturbance (Win-
free 2010; Archer et al. 2014; De Palma et al. 2016). Herrera (2019) has gone further to
emphasize that studies are needed particularly where diversity is highest.

This study was done to thoroughly document the number of bee species (=species
richness) in a bee biodiversity hotspot and serves to address the concern of Herrera
(2019) mentioned above. We use repeat sampling to estimate the total number of
bee species (observed as well as those not captured) from a defined area so both the
number of species (species richness, an area free estimate) and number of species from
a known area (species density) can be compared to data from other studies that are
focused on elucidating biogeographic patterns of bees. The amount of area sampled
strongly predicts species richness in all groups (Rozenzweig 1995) and allows species
density to be evaluated separately from species richness (Gotelli and Colwell 2001).
Global patterns of species richness remain one of the central questions to evolutionary
ecology (Colwell and Lees 2000; Lomolino et al. 2017) and anomalous diversity pat-
terns sometimes provide unusual insights into the mechanisms that generate diversity
(Kindlmann et al. 2012). Bees are a species-rich group (N = 20,000 species) and have
very different and counterintuitive biogeographic patterns from their hosts, the flower-
ing plants. Using species lists and museum records, Michener (1979) showed that the
warm desert areas of North America and xeric regions around the Mediterranean Sea of
the eastern hemisphere were unusually rich in bee species. Why bee diversity does not
follow the temperate to tropic increase in species richness of their floral hosts remains
poorly understood (Orr et al. 2020). One hypothesis is the persistently wet soils of
tropical regions favor fungi and other pathogens of bees that nest in the soil (Michener
1979). This is consistent with the observation that many bee groups that occur in
the tropics have their nests above-ground in trees and broken stems where moisture
is reduced (Michener 2007). Bee diversity in the tropics may also be depressed be-
cause many tropical groups are highly eusocial with colonies that can be large. If floral
resources are limiting, at least sometimes, social bees may successfully outcompete
solitary bees. Also possible is that some feature of the ecosystems where warm xeric
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climates occur favor bee diversification. In parts of the Chihuahuan and Sonoran De-
serts of North America, and around the Mediterranean Sea in the eastern hemisphere
rainfall and temperature patterns result in separate spring and summer blooms. Where
this occurs, bee activity is also biseasonal and many of these bee species are active in
only one season. The temporally separated but geographically co-occurring bee fauna
may allow more species to occur in one area than could coexist otherwise (Michener
1979; Minckley 2008). Finally, topographical complexity and biogeography may also
contribute to global patterns of bee diversity. Where bee species richness peaks are also
areas with ongoing mountain building and associated tectonics (Casas-Sainz and de
Vicente 2009; Gonzalez-Leén et al 2011) that have been shown to favor diversification
in other groups (Rahbek et al. 2019), and are where biomes converge (Spector 2002).
Although it is possible that one factor is responsible for most variation in bee diversity,
it is more likely that some combination of the factors listed above underlie where and
how many bees occur worldwide.

We examined the hypothesis that bee richness peaks in the warm deserts of North
America using intensive, standardized methods in one area of the Chihuahuan Desert
along the international border between the United States and Mexico. Where this
study was done had been cattle ranchland since the early 1800’s, but has not been
grazed for the past 20 years in Mexico and the past 50 years in the United States
(Minckley 2013). This region is a biogeographical crossroads where the subtropical
dry forest, Great Plains, Chihuahuan and Sonoran Desert intersect (Brown 1994).
The pollinator fauna is largely native and strongly dominated by bees. The honey bee,
Apis mellifera, is the sole introduced bee species representing 3.5% of all bee captures.
The vast majority of collections in this study were within an area of approximately 16
km? on the floor of the San Bernardino Valley. Repeat sampling using the same pro-
tocol allowed us to use abundance data to make a quantitative estimate of bee species
density including species not captured. We then compared estimates of bee species
density from this 1-year intensive sampling to nine years of collecting using sampling
by several methods from this same area. Combining sampling methods that vary in
effort and efficacy violates some assumptions of the models used to estimate the rich-
ness of observed plus unsampled species (Gotelli and Colwell 2001). However, that
bee communities, particularly those in deserts, vary dramatically across all spatial and
temporal scales (Minckley et al. 1999; Williams et al. 2001; Russo et al. 2015; Herrera
2019) and in response to sampling effort, protocol, and technique (Toler et al. 2005;
Roulston et al. 2007; Westphal et al. 2008; Droege et al. 2010; Cane et al. 2013;
Prendergast et al. 2020), suggests that multiple approaches will yield more bee species,
and more accurate estimates of the number of species. For an unusually well-studied,
species-rich community of ants in Costa Rica, Longino et al. (2002) showed that the
actual species richness was greatly underestimated with datasets from single sampling
protocols; and only by combining different datasets was it possible to obtain an accu-
rate estimate. In this study, bee species density estimates based on repeat samples with
one protocol is compared to estimates based on a larger dataset from the same area that
combined sampling protocols from more sites over nine years.
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Our prediction was that intensive sampling using one technique (pan traps) over
one year would underestimate the observed species richness obtained over more years
using multiple sampling techniques from the same area. However, we also predicted
this intensive pan trapping would provide a reasonable estimate of species richness
using statistical methods that extrapolate from species observed to include species not
captured but present (Gotelli and Colwell 2001).

We also gauged how well our samples from the valley floor estimate the number of
species in a broader area, by compiling a dataset from collections made in two nearby
areas and making an assumption that this list of species from all collections combined
was the best estimate for bee richness in this region. Extrapolation to the expected spe-
cies richness from the multiyear samples made on the valley floor closely approximated
the observed species richness of the larger regional dataset. In comparison to 21 other
long-term studies of bees, the density of bee species in this part of the Chihuahuan
Desert is greater than that reported from any other area.

Methods

The study was done in the San Bernardino Valley in the northeastern Chihuahuan De-
sert of western North America near the confluence of Arizona and New Mexico, USA
and Chihuahua and Sonora, Mexico. The San Bernardino Valley runs north-south
across the Mexico-United States border in northeastern Sonora, Mexico and southeast-
ern Arizona, USA. Elevation is approximately 1070 m and climate is xeric temperate
with an annual average precipitation of 360 mm/ year. Approximately 50% of the an-
nual precipitation occurs in July and August and the two driest months are April and
May based on long-term weather records 30 kilometers west of the San Bernardino
Valley at Douglas, Arizona. Minckley (2008, 2013) provides a detailed description of
the climate, area and vegetation.

The main study area contains a number of habitats ranging from desert scrub to
permanent springs that are the headwaters of the San Bernardino River. In 2000, seven
to eleven permanently marked 1-ha sites were established in five different vegetation
types (Fig. 1). Two vegetation types were in proximity to surface (riparian) or close
subsurface (mesquite forest) water and were more mesic than other vegetation types.
Two vegetation types were upland and were much drier (grassland, desert scrub) with
cacti and shrubs characteristic of Chihuahuan Desert, such as Acacia constricta Benth.
(cat claw), Larrea tridentata (DC.) Coville (creosote bush), and Flourensia cernua DC.
(tarbush). One habitat was abandoned agricultural fields. All sites were within a 16
km? area and ranged from 1100 to 1220 m in elevation.

Collections of bees were made at all of the permanent sites by pan trap in 2001
and at approximately half of these sites from 2002 to 2008. Pan trap sampling was
done using three yellow, three white and three blue 177 ml. pan traps placed out in
alternating colors and spaced 3—4 m apart along a transect following the protocol of
LeBuhn et al. (2007).
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Figure |. Map of the study area in the San Bernardino Valley (modified from Minckley 2014). Dots
are the permanent sites where 2001 pan trap collections were made. Letters next to each permanent site
indicate the habitat; F = field, G = grassland, M = mesquite, R = riparian, and S = scrub. The core area
is delimited by the rectangle spanning the Mexico — United States border. The peripheral and limestone
collection sites are not shown but the direction and distance from the center of the core area are indicated

on the right side of the map.

All bee specimens were identified to species and sex by taxonomic experts and pub-
lished keys (Suppl. material 1: Table S1). Most were identified to recognized species,
except for 73 species that were recognized as morphospecies. These morphospecies are
1.43% of all individuals, and most are members of Lasioglossum (Dialictus), Dufourea
and Megachile. All species and their abundance are listed in Table 1 and are held in the
Minckley collection at the University of Rochester. Data are available from the Global
Biodiversity Information Facility (GBIF) under the RL Minckley Insect and Plant
Collection (https://www.gbif.org/dataset/84b69033-f9de-40bc-8d5f-8ee41987d6¢c).

Species density

Bee species density in the San Bernardino Valley was first estimated from the bee col-
lections captured in pan traps at permanent sites in 2001 (Fig. 1). These samples were
made at all 45 permanent sites on 10 to 14-day intervals from mid-April to mid-
September, except for three weeks in June, the driest time of the year (Tables 2, 3).

A second estimate of bee species density was done from all samples in the same
area circumscribed by the permanent sites described above (hereafter referred to as the
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Table I. List of bee species and their abundance found in the San Bernardino Valley, Sonora/Arizona.
Columns refer to numbers of individuals from the four sets of samples: A is the 2001 pan trap samples
made at permanent sites; B is the core area samples taken from 2000 to 2008 from the area circumscribed
by the permanent sites less those samples in A; C is the samples taken from 2000 to 2008 in the area
peripheral to the core area; D is samples taken from 2009-2014 from a limestone outcrop area of desert
approximately 12 km north northeast of the valley floor area. The taxonomy follows that of Michener
(2007) except for recent changes by Bossert et al. (2020).

A B C D
Andrenidae
Andreninae
Ancylandrena rozeni Zavortink, 1994 0 0 2 0
Andrena (Belandrena) sphaeralceae Linsley, 1939 0 0 2 0
A. (Diandrena) olivacea Viereck, 1917 0 1 0 0
A. (Euandrena) auricoma Smith, 1879 0 16 4 0
A. (Holandrena) cressonii Robertson, 1891 0 0 0 1
A. (Leucandrena) monilicornis Cockerell, 1896 0 1 3 1
A. (Melandrena) cerasifolii Cockerell, 1896 0 2 0 0
A. (Micrandrena) piperi Viereck, 1904 2 28 1 0
A. (Plastandrena) fracta Casad & Cockerell, 1896 4 111 34 19
A. (Plastandrena) prunorum Casad, 1896 0 1 0 59
A. (Rhaphandrena) prima Casad, 1896 0 3 1 2
A. (Scaphandrena) capricornis Casad & Cockerell, 1896 0 6 2 13
A. (Scaphandrena) primulifrons Casad, 1896 3 83 12 0
A. (Thysandrena) w-scripta Viereck, 1904 0 0 0 51
A. (Trachandrena) semipunctata Cockerell, 1902 0 9 2 0
A. (Tylandrena) jessicae Cockerell, 1896 0 1 0 0
A sp. 4 0 0 0 3
A sp. 10 3 8 1 0
A sp. 11 0 1 2 0
A sp. 19 0 1 12 0
A sp. 23 0 1 3 0
A sp. 27 0 10 1 0
A sp. 30 0 6 0 0
A. sp. 36 1 5 0 0
Oxaeinae
Protoxea gloriosa (Fox, 1893) 3 29 0 0
Panurginae
Calliopsini

Calliopsis sonorana (Timberlake, 1969) 10 1 0 0
C. (Calliopsima) chlorops Cockerell, 1899 0 1 0 0
C. (Calliopsima) coloratipes Cockerell, 1898 0 4 0 0
C. (Calliopsima) crypta Shinn, 1965 0 1 0 0
C. (Calliopsima) pectidis Shinn, 1965 0 1 0 0
C. (Calliopsima) rozeni Shinn, 1965 41 46 3 0
C. (Calliopsis) empelia Shinn, 1967 4 7 0 0
C. (Calliopsis) sonora Shinn, 1967 0 0
C. (Calliopsis) squamifera Timberlake, 1947 1 13 0 0
C. (Hypomacrotera) callops (Cockerell & Porter, 1899) 207 482 27 0
C. (Hypomacrotera) persimilis (Cockerell, 1899) 597 1071 11 0
C. (Hypomacrotera) subalpina subalpina Cockerell, 1894 23 257 32 0
C. (Nomadopsis) australior Cockerell, 1897 8 70 0 0
C. (Nomadopsis) callosa Timberlake, 1952 18 0 0
C. (Nomadopsis) helianthi Swenk & Cockerell, 1907 36 176 3 0
C. (Nomadopsis) macswaini (Rozen, 1958) 0 6 0 0
C. (Nomadopsis) nigromaculata Timberlake, 1952 3 4 0 0
C. (Nomadopsis) obscurella Cresson, 1879 0 1 4 0
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A B C D
C. (Nomadopsis) puellae (Cockerell, 1933) 1019 752 61 2
C. (Perissander) anomoptera Michener, 1942 4 16 1 0
C. (Perissander) gilva Shinn, 1967 1 19 1 0
C. (Perissander) limbus Shinn, 1967 0 1 0 0
C. (Perissander) rogeri Shinn, 1967 2 2 1 0
C. (Verbenapis) verbenae Cockerell & Porter, 1899 4 2 0 0

Perditini
Macrotera (Cockerellula) parkeri (Timberlake, 1980) 0 0 0 216
M. (Cockerellula) rubida (Timberlake, 1968) 1 0 0 0
M. (Cockerellula) solitaria (Cockerell, 1897) 2 1 0 0
M. (Macrotera) texana Cresson, 1878 0 1 0 0
M. (Macroterella) mellea Timberlake, 1954 2 16 0 0
M. (Macroteropsis) latior (Cockerell, 1896) 78 123 10 0
M. (Macroteropsis) portalis (Timberlake, 1959) 6 41 0 0
Perdita (Cockerellia) albipennis Cresson, 1868 0 1 0 0
P (Cockerellia) coreopsidis collaris Cockerell, 1916 0 2 0 0
P (Cockerellia) verbesinae Cockerell, 1896 0 1 0 0
P (Epimacrotera) biguttata Timberlake, 1962 60 10 0 0
P (Epimacrotera) diversa Timberlake, 1954 315 313 11 0
P, (Glossoperdita) hurdi Timberlake, 1956 0 28 0 0
P, (Heteroperdita) rhodogastra Timberlake, 1954 35 68 0 0
P (Hexaperdita) asteris Cockerell, 1986 3 0 0 0
P (Hexaperdita) callicerata Cockerell, 1896 238 360 30 0
P, (Hexaperdita) ignota Cockerell, 1896 3 1 0 0
P (Pentaperdita) albovittata Cockerell, 1895 59 180 1 0
P (Pentaperdita) amoena Timberlake, 1956 173 67 5 0
P (Pentaperdita) bradleyana Timberlake, 1954 0 4 0 0
P (Pentaperdita) melanochlora Cockerell, 1922 2 0 0 0
P, (Perdita) affinis Cresson, 1878 1 0 0 0
P (Perdita) ashmeadi Cockerell, 1899 1 196 9 0
P (Perdita) chamaesarachae Cockerell, 1896 3 31 16 0
P (Perdita) dasylirii Cockerell, 1907 0 0 46 0
P (Perdita) dificilis Timberlake, 1964 0 3 0 0
P (Perdita) exclamans Cockerell, 1895 8 301 30 0
P (Perdita) florisantella Cockerell, 1906 47 148 38 0
P (Perdita) lenis Timberlake, 1958 3 232 46 0
P (Perdita) luciae Cockerell, 1899 0 50 0 0
P, (Perdita) mimosae efferta Timberlake, 1964 1 0 0 0
P (Perdita) munita Timberlake, 1964 205 337 20 0
P, (Perdita) pectidis Cockerell, 1896 6 13 0 0
P (Perdita) punctifera Cockerell, 1914 0 161 0 0
P (Perdita) punctosignata Cockerell, 1895 5 112 1 0
P (Perdita) semicaerulea Cockerell, 1896 1 467 21 0
P (Perdita) semicrocea Cockerell, 1895 5 1 0 0
P (Perdita) sexmaculata Cockerell, 1895 31 76 81 0
P (Perdita) stathamae Timberlake, 1964 0 43 8 0
P (Perdita) triangulifera Timberlake, 1964 2 59 16 0
P (Perditella) cladothricis Cockerell, 1896 15 23 0 0
P (Perditella) larreae Cockerell, 1896 18 449 1 0
P (Perditella) minima Cockerell, 1923 8 9 0 0
P (Pygoperdita) malacothricis Timberlake, 1956 887 454 26 3
Perdita sp. 2 0 29 0 0
Protandrenini

Protandrena (Heterosarus) nanula (Timberlake, 1964) 4 18 0 0
P (Heterosarus) townsendi (Cockerell, 1897) 2 4 0 0
P (Protandrena) bancrofti Dunning, 1897 1 3 0 0
Pseudoanurgus fraterculus fraterculus Cockerell, 1896 1 0 0 0
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A B C
Apidae
Anthophorinae
Anthophorini
Am‘hophom (Anthophoroides) californica Cresson, 1869 4 41 31 1
A. (Anthophoroides) vallorum (Cockerell, 1896) 2 7 2 0
A. (Lophanthophora) affabilis Cresson, 1878 0 7 0 0
A. (Lophanthophora) ursina Cresson, 1869 1 1 0 0
A. (Melea) bomboides Kirby, 1838 0 1 0 0
A. (Micranthophora) aff. estebana 0 3 0 0
A. (Micranthophora) curta Provancher, 1895 4 73 4 0
A. (Micranthophora) exigua Cresson, 1878 0 0 1 0
A. (Micranthophora) pachyodonta Cockerell, 1923 0 1 0 0
A. (Micranthophora) aff. estebana 0 3 0 0
A. (Heliophila) petrophila Cockerell, 1905 0 21 5 0
A. (Mystacanthophora) montana Cresson, 1869 2 0 0 0
A. (Mystacanthophora) urbana Cresson, 1878 0 12 1 0
A. (Paramegilla) centriformis Cresson, 1879 1 1 8 0
A. (Paramegilla) fulvicauda Timberlake, 1937 0 1 0 0
A. (Pyganthophora) lesquerellae Cresson, 1878 0 0 0 4
A. (Pyganthophora) vannigera Timberlake, 1951 0 14 2 0
Apinae
Apini
Apis (Apis) mellifera Linnacus, 1758 8 2508 43
Bombini
Bombus (Fervidobombus) pensylvanicus sonorus Say, 1837 1 14 1
Centridini
Centris (Paracentris) angustifrons Snelling, 1966 2 1 0 0
C. (Paracentris) atripes Mocsary, 1899 6 59 11 0
C. (Paracentris) caesalpiniae Cockerell, 1897 1 29 0 0
C. (Paracentris) hoffmanseggiae Cockerell, 1897 1 98 0 0
C. (Paracentris) rhodopus Cockerell, 1897 1 2 0 0
C. (Paracentris) apache Vivallo, 2020 0 1 0 0
C. (Paracentris) sp. 1 0 0 0
Eucerinae
Ancyloscelidini
Ancyloscelis melanostomus Cockerell, 1923 44 76 0 0
Emphorini
Diadasia (Coquillettapis) afflictula Cockerell, 1910 4 0 0 0
D. (Coguillettapis) australis (Cresson, 1878) 0 2 0 0
D. (Coguillettapis) diminuta (Cresson, 1878) 282 387 91 1
D. (Coguillettapis) lutzi Cockerell, 1924 3 5 24 0
D. (Coguillettapis) martialis Timberlake, 1940 3 1 6 0
D. (Coguillettapis) megamorpha Cockerell, 1898 1 1 0 0
D. (Coquillettapis) opuntiae Cockerell, 1901 26 293 208 2
D. (Coguillettapis) rinconis Cockerell, 1897 1316 898 72 2
D. (Coguillettapis) sphaeralcearum Cockerell, 1897 0 1 0 0
D. (Dasiapis) ochracea (Cockerell, 1903) 41 398 5 0
D. (Dasiapis) tropicalis (Cockerell, 1918) 2 2 0 0
Ptilothrix nr. sumichrasti (Cresson, 1878) 69 57 0 0
Eucerini
Eucera (Synhalonia) actuosa (Cresson, 1878) 107 410 5 36
E. (Synhalonia) albescens (Timberlake, 1969) 0 0 0 2
E. (Synhalonia) aragalli (Cockerell, 1904) 1 3 6 8
E. (Synhalonia) conformis (Timberlake, 1969) 1 5 7 2
E. (Synhalonia) edwardsi (Cresson, 1878) 0 0 1 0
E. (Synhalonia) lepida (Cresson, 1878) 0 4 0 0
E. (Synhalonia) mohavensis (Timberlake, 1969) 0 0 3 1
E. (Synhalonia) nr. quadricincra (Timberlake, 1969) 0 0 0 1
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E. (Synhalonia) phaceliae (Cockerell, 1911) 0 30 0 4
E. (Synhalonia) quadricincta (Timberlake, 1969) 2 1 0 0
E. (Synhalonia) sp. 1 0 0 1 0
E. (Synhalonia) sp. 2 0 1 0 0
Martinapis (Martinapis) luteicornis (Cockerell, 1896) 0 1 0 0
Melissodes (Eumelissodes) agilis Cresson, 1878 13 11 0 0
M. (Eumelissodes) limbus LaBerge, 1961 5 37 0 0
M. (Eumelissodes) lutulentus LaBerge, 1961 0 1 0 0
M. (Eumelissodes) subagilis Cockerell, 1905 2 81 0 0
M. (Eumelissodes) tristis Cockerell, 1894 373 455 9 0
M. (Eumelissodes) verbesinarum Cockerell, 1905 0 6 0 0
M. (Melissodes) communis Cresson, 1878 56 3 0 0
M. (Melissodes) comptoides Robertson, 1878 15 78 2 0
M. (Melissodes) gilensis Cockerell, 1896 1 0 0 0
M. (Melissodes) paroselae Cockerell, 1905 845 3134 62 25
M. (Tachymelissodes) opuntiellus Cockerell, 1911 3 3 0 0
M. (Tachymelissodes) sonorensis LaBerge, 1963 1 0 0 0
M. sp.22 0 6 0 0
Peponapis (Peponapis) pruinosa (Say, 1837) 0 31 0 0
P (Xeropeponapis) timberlakei Hurd & Linsley, 1964 0 7 0 0
Svastra (Epimelissodes) helianthelli (Cockerell, 1905) 0 11 0 0
S. (Epimelissodes) machaerantherae (Cockerell, 1904) 2 3 0 0
S. (Epimelissodes) obliqua expurgata (Cockerell, 1925) 1 0 0 0
S. (Epimelissodes) sabinensis (Cockerell, 1924) 118 31 1 0
S. (Epimelissodes) sila (LaBerge, 1956) 2 23 2 0
S. (Epimelissodes) sp. 4 1 0 0 0
Syntrichalonia exquisita (Cresson, 1878) 1 1 0 0
Tetraloniella (Tetraloniella) eriocarpi (Cockerell, 1898) 0 11 0 0
T. (Tetraloniella) imitatrix (Cockerell & Porter, 1899) 0 0 2 0
1. (Tetraloniella) lippiae (Cockerell, 1904) 0 1 0 0
1. (Tetraloniella) sphaeralceae LaBerge, 2001 1 2 0 0
1. (Tetraloniella) vandyckei LaBerge, 2001 803 251 4 0
Xenoglossa (Eoxenoglossa) strenua (Cresson, 1878) 0 0
X. (Xenoglossa) angustior Cockerell, 1900 0 1 0 0
X. (Xenoglossa) patricia Cockerell, 1896 0 27 0 0

Exomalopsini

Anthophorula (Anthophorisca) asteris (Mitchell, 1962) 3 1 0 0
A. (Anthophorisca) consobrina (Timberlake, 1980) 34 14 0 0
A. (Anthophorisca) exilis (Timberlake, 1980) 7 5 1 0
A. (Anthophorisca) ignora (Timberlake, 1980) 0 2 0 0
A. (Anthophorisca) parva (Timberlake, 1980) 0 13 0 0
A. (Anthophorisca) pygmaea (Cresson, 1872) 56 0 0
A. (Anthophorisca) sonorensis (Timberlake, 1980) 2 0 0 0
A. (Anthophorula) albata (Timberlake, 1947) 0 0 0
A. (Anthophorula) compactula (Cockerell, 1897) 1030 564 13 0
A. (Anthophorula) completa (Cockerell, 1935) 46 80 2 0
A. (Anthophorula) crenulata (Timberlake, 1980) 0 1 0 0
A. (Anthophorula) euphorbiae (Timberlake, 1947) 0 4 1 0
A. (Anthophorula) gutierreziae (Timberlake, 1947) 0 0 0
A. (Anthophorula) palmarum (Timberlake, 1947) 0 0 1 0
A. (Anthophorula) rozeni (Timberlake, 1980) 26 77 1 0
A. (Anthophorula) rufiventris (Timberlake, 1947) 7 34 3 0
A. (Anthophorula) scapalis (Timberlake, 1980) 2 1 0 0
A. (Anthophorula) torticornis (Timberlake, 1980) 0 1 0 0
A. (Anthophorula) tricinctula (Timberlake, 1980) 3 0 0 0
A. (Anthophorula) varleyi (Timberlake, 1980) 0 5 0 0
E lopsis (Stilbomalopsis) dimidiata Timberlake, 1980 9 9 1 0
E. (Stilomalopsis) solani Cockerell, 1896 30 184 0 0
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E. (Stilomalopsis) solidaginis Cockerell, 1898 0 6 0 0
Nomadinae
Ammobatini
Oreopasites (Oreopasites) arizonica Linsley, 1941 4 1 0 0
O. (Perditopasites) favreauae Rozen, 1992 0 1 0 0
O. (Perditopasites) linsleyi Rozen, 1992 1 3 0 0
Ammobatoidini
Holcopasites apacheorum (Hurd & Linsley, 1972) 3 3 0 0
H. illinoiensis minimus (Linsley, 1943) 6 14 1 0
H. insoletus (Linsley, 1942) 1 4 0 0
H. stevensi Crawford, 1915 2 11 0 0
H. tegularis Hurd & Linsley, 1972 2 0 0 0
Brachynomadini
Brachynomada (Melanomada) margaretae (Rozen, 1994) 1 2 0 0
Paranomada velutina Linsley, 1939 0 1 0 0
Triopasites penniger (Cockerell, 1894) 0 5 0 0
Epeolini
Epeolus chamaesarachae Onuferko, 2018 0 1 0 0
E. compactus Cresson, 1878 7 5 2 0
E. mesillae (Cockerell, 1895) 20 92 1 0
Epeolus sp. 1 1 1 0 0
Epeolus sp. 3 0 1 0 0
Triepeolus circumculus Rightmyer, 2008 0 1 1 0
T. concavus (Cresson, 1878) 0 2 0 0
1. grandis (Friese, 1917) 0 5 1 0
T helianthi (Robertson, 1897) 0 3 0 0
1. kathrynae Rozen, 1989 1 9 0 0
T loomisorum Rozen, 1989 0 2 0 0
T lunatus (Say, 1824) 0 28 1 0
T’ norae Cockerell, 1907 0 1 0 0
1. penicilliferus (Brues, 1903) 0 1 0 0
1. remigatus (Fabricius, 1804) 1 9 0 0
Triepeolus sp. 4 1 2 0 0
T. townsendi Cockerell, 1907 0 3 0 0
T. verbesinae Cockerell, 1897 3 329 4 0
Ericrocidini
Ericrocis lata (Cresson, 1878) 0 7 0
E. pintada Snelling & Zavortink, 1984 1 9 0
Melectini
Melecta (Melecta) bohartorum Linsley, 1939 0 1 0 1
Neolarrini
Neopasites (Micropasites) cressoni Crawford, 1916 2 30 37 0
Neolarra (Neolarra) batrae Shanks, 1977 1 2 0 0
N. (Neolarra) californica Michener, 1939 9 73 0 0
N. (Neolarra) cockerelli (Crawford, 1916) 2 11 0 0
N. (Phileremulus) rozeni Shanks, 1977 27 156 0 0
N. (Phileremulus) vigilans (Cockerell, 1895) 23 25 2 0
Townsendiella pulchra Crawford, 1916 1 6 0 0
Nomadini
Nomada cf. gutierreziae Cockerell, 1896 0 25 0 0
Nomada cf. vegana Cockerell, 1903 0 25 1 0
Nomada sp. 1 1 24 2 0
Nomada sp. 1a 0 18 0 0
Nomada sp. 2 0 1 1 0
Nomada sp. 3 0 1 0 0
Nomada sp. 4 0 1 0 0
Nomada sp. 5 0 1 0 0
Nomada sp. 6 0 2 0 0
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Nomada sp.7 0 3 1 1
Nomada sp. 8 0 1 0 0
Nomada sp. 9 0 0 0 1
Nomada sp. 10 0 0 0 3
Nomada sp. 11 0 3 1 0
Xylocopinae
Ceratinini
Ceratina (Zadontomerus) apacheorum Daly, 1973 2324 2849 11 2
C. (Zadontomerus) arizonensis Cockerell, 1898 8 188 4 1
C. (Zadontomerus) melanoptera Cockerell, 1924 34 5 3 15
C. (Zadontomerus) nanula Cockerell, 1897 0 1 0 0
Xylocopini
Xylocopa (Xylocopoides) californica arizonensis Cresson, 1879 0 8 2 2
X. (Neoxylocopa) sonorina Smith, 1874 0 2 0 0
Colletidae
Colletinae
Colletini
Colletes bryanti Timberlake, 1951 0 2 0 0
C. clypeonitens Swenk, 1906 2 3 0 0
C. eulophi Robertson, 1891 0 2 0 0
C. intermixtus Swenk, 1905 0 1 0 0
C. kincaidii Cockerell, 1898 0 1 0 0
C. louisae Cockerell, 1897 0 12 1 0
C. lutzi Timberlake, 1943 0 1 0 0
C. perilencus Cockerell, 1924 0 18 0 0
C. prosopidis Cockerell, 1897 0 2 0 0
C. simulans simulans Cresson, 1868 0 2 0 0
C. salicicola Cockerell, 1897 1 141 17 0
C. scopiventer Swenk, 1908 0 57 17 0
C. sphaeralceae Timberlake, 1951 0 1 1 0
C. wootoni Cockerell, 1897 0 74 18 0
Diphaglossinae
Caupolicanini
Caupolicana (Caupolicana) yarrowi (Cresson, 1875) 0 3 0 0
C. (Zikanapis) elegans Timberlake, 1965 0 0 1 0
Hylacinae
Hylaeus (Hylaeus) mesillae (Cockerell, 1896) 18 469 5 0
H. (Paraprosopis) asininus (Cockerell & Casad, 1895) 2 90 11 0
H. (Prosopis) episcopalis (Cockerell, 1896) 0 340 4 0
H. (Prosopis) insolitus Snelling, 1966 0 1 2 0
Halictidae
Halictinae
Augochlorini
Augochlorella (Augochlorella) neglectula (Cockerell, 1897) 4 21 27 6
A. (Augochlorella) pomoniella (Cockerell, 1915) 2 4 2 4
Halictini
Agapostemon (Agapostemon) angelicus Cockerell, 1924 200 684 67 51
A. (Agapostemon) melliventris Cresson, 1874 32 75 0 11
A. (Agapostemon) obliquus (Provancher, 1888) 402 3 11 78
A. (Agapostemon) texanus Cresson, 1872 0 0 0
A. (Agapostemon) tyleri Cockerell, 1917 18 153 7 12
A. (Notagapostemon) nasutus Smith, 1853 0 1 0 0
Augochloropsis metallica (Fabricius, 1793) 0 12 2 0
Halictus (Odontalictus) ligatus Say, 1837 31 578 31 0
H. (Seladonia) tripartitus Cockerell, 1895 1296 1042 63 5
Lasioglossum (Dialictus) arcanum (Sandhouse, 1924) 0 1 0 0
L. (Dialictus) clematisellum (Cockerell, 1904) 8 252 3 0
L. (Dialictus) comulum Michener, 1951 401 768 81 675
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L. (Dialictus) eophilus (Ellis, 1914) 1 6 0 0
L. (Dialictus) hudsoniellum (Cockerell, 1919) 0 31 0 0
L. (Dialictus) impavidum (Sandhouse, 1924) 50 216 7 67
L. (Dialictus) lilianae 0 22 1 0
L. (Dialictus) mesillense 5 94 1 0
L. (Dialictus) microlepoides (Ellis, 1914) 1894 1772 72 542
L. (Dialictus) minckleyi Gardner & Gibbs, 2020 0 95 1 0
L. (Dialictus) obnubilum (Sandhouse, 1924) 0 2 0 0
L. (Dialictus) occidentale (Crawford, 1902) 10 88 1 0
L. (Dialictus) perparvum (Ellis, 1914) 0 4 0 0
L. (Dialictus) pruinosum (Robertson, 1892) 1 1 0 0
L. (Dialictus) semibrunneum (Cockerell, 1895) 97 207 4 0
L. (Dialictus) semicaeruleum (Cockerell, 1895) 14 326 34 0
L. (Dialictus) aff. macroprosopum Gibbs, 2010 0 1 0 0
L. (Dialictus) aff. occidentale (Crawford, 1902) 3 44 0 0
L. (Dialictus) aff. perparvum (Ellis, 1914) 1980 6170 308 288
L. (Dialictus) cf. albuquerquense (Michener, 1937) 3 25 6 0
L. (Dialictus) cf. brunneri (Crawford, 1902) 0 1 0 0
L. (Dialictus) cf. comulum (Michener, 1937) 0 2 0 0
L. (Dialictus) cf. impavidum (Sandhouse, 1924) 8 100 15 0
L. (Dialictus) cf. lionotum (Sandhouse, 1923) 0 1 0 0
L. (Dialictus) cf. nevadense (Crawford, 1907) 10 21 0 0
L. (Dialictus) cf. obnubilum (Sandhouse, 1924) 0 4 0 0
L. (Dialictus) cf. perdifficile (Cockerell, 1895) 0 2 0 0
L. (Dialictus) sp. 1 2 1 0 0
L. (Evylaeus) amicum (Cockerell, 1897) 4 154 6 0
L. (Evylaeus) pectoraloides (Cockerell, 1895) 76 337 8 0
L. (Evylaeus) sp. 1 0 1 0 0
L. (Evylaeus) sp. 4 0 2 0 0
L. (Hemihalictus) angustius (Cockerell, 1897) 0 7 0 0
L. (Lasioglossum) acarophilum McGinley, 1986 1 32 4 2
L. (Lasioglossum) desertum (Smith, 1879) 0 2 0 5
L. (Lasioglossum) morrilli (Cockerell, 1919) 1 1 1 36
L. (Lasioglossum) jubatum (Vachal, 1904) 0 2 0 0
L. (Lasioglossum) sisymbrii (Cockerell, 1897) 1 86 13 9
Sphecodes fortior Cockerell, 1898 0 15 0 0
S. minor Robertson, 1898 0 35 0 0
S. aff. mandibularis Cresson, 1872 10 132 3 0
Sphecodes sp. 1 0 0 1

Nomiinae
Dieunomia (Epinomia) bobarti (Cross, 1958) 0 1 0 0
D. (Epinomia) nevadensis (Cresson, 1874) 1 92 0 0
Nomia (Acunomia) angustitibialis Ribble, 1965 0 1 0 0
N. (Acunomia) foxii Dalla Torre, 1896 4 89 0 0
N. (Acunomia) tetrazonata (Cresson, 1874) 1 7 2 0
Rhophitinae

Conanthalictus (Phaceliapis) sp. 1 27 42 17 0
Dufourea malacothricis Timberlake, 1939 324 266 213 0
D. mulleri (Cockerell, 1898) 50 152 189 0
D. pulchricornis (Cockerell, 1916) 28 29 38 0
Dufourea sp. 1 14 1 0 0
Dufourea sp. 2 0 1 4 0
Dufourea sp. 3 5 17 30 0
Dufourea sp. 4 23 12 0 0
Dufourea sp. 5 10 31 17 0
Dufourea sp. 6 23 0 0 1
Dufourea sp. 10 0 9 0 0
Dufourea sp. 11 0 1 0 0
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Dufourea sp. 12 0 4 2 0
Dufourea sp. 13 0 2 1 0
Protodufourea eickworti Bohart & Griswold, 1997 5 2 0 0
Sphecod (Sphecod. ) dicksoni (Timberlake, 1961) 2 19 0 0
S. (Sphecodosoma) pratti Crawford, 1907 0 2 0 0
Megachilidae
Megachilinae
Anthidiini
Anthidium (Anthidium) cochimi Snelling, 1992 6 10 1 0
A. (Anthidium) cockerelli Schwarz, 1928 8 106 4 0
A. (Anthidium) jocosum Cresson, 1878 471 390 11 7
A. (Anthidium) labergei Gonzalez & Griswold, 2013 1 13 6 0
A. (Anthidium) maculifrons Smith, 1854 3 3 0 0
A. (Anthidium) maculosum Cresson, 1878 6 13 1 0
A. (Anthidium) palmarum Cockerell, 1904 34 50 2 1
A. (Anthidium) paroselae Cockerell, 1898 4 0 1 0
A. (Anthidium) quetzalcoatli Schwarz, 1933 0 1 0 0
A. (Anthidium) utahense Swenk, 1914 3 13 2 0
A. (Anthidium) sp. 4 3 1 1 0
Dianthidium (Dianthidium) curvatum (Smith, 1854) 0 1 1 0
D. (Dianthidium) discors Timberlake, 1948 0 3 0 1
D. (Dianthidium) heterulkei Schwarz, 1940 0 2 1 0
D. (Dianthidium) implicatum Timberlake, 1948 1 3 0 0
D. (Dianthidium) parkeri Grigarick & Stange, 1964 0 4 0 0
D. (Dianthidium) parvum (Cresson, 1878) 6 16 0 0
D. (Dianthidium) platyurum Cockerell, 1923 0 3 0 0
D. (Dianthidium) pudicum (Cresson, 1879) 3 1 2 0
D. (Dianthidium) ulkei (Cresson, 1878) 0 2 0 0
Stelis (Dolichostelis) perpulchra Crawford, 1916 0 136 4 0
S. (Stelis) elongativentris Parker, 1987 105 599 6 12
Stelis sp. 2 0 2 0 0
Stelis sp. 3 0 2 0 0
Stelis sp. 4 1 31 1 0
Stelis sp. 5 2 9 1 0
Stelis sp. 6 0 16 0 0
Stelis sp. 7 0 4 1 0
Stelis sp. 8 0 3 0 0
Stelis sp. 9 1 2 0 0
Stelis sp. 10 0 1 0 0
Trachusa (Heteranthidium) larreae (Cockerell, 1897) 3 137 6 0
Dioxyini
Dioxys pomonae Cockerell, 1910 0 0 0 1
D. producta subrubra (Cresson, 1879) 0 3
Lithurgini
Lithurgopsis (Lithurgopsis) apicalis (Cresson, 1875) 11 39 24 0
L. (Lithurgopsis) echinocacti Cockerell, 1898 4 19 0
L. (Lithurgopsis) planifrons (Friese, 1908) 0 3 0 0
Megachiliini
Coelioxys (Boreocoelioxys) novomexicanus Say, 1824 2 4 1 0
Coelioxys (Boreocoelioxys) octodentatus Say, 1824 0 24 1 0
C. (Coelioxys) hirsutissimus Cockerell, 1912 1 5 3 0
C. (Syncoelioxys) apacheorum Cockerell, 1900 0 2 0 0
C. (Syncoelioxys) hunteri Crawford, 1914 0 1 0 0
C. (Syncoelioxys) texanus Cresson, 1872 0 22 1 0
C. (Xerocoelioxys) edita Cresson, 1872 1 6 0 0
Megachile (Argyropile) parallela Smith, 1853 0 2 0 0
M. (Chel idles) adelphod Cockerell, 1924 0 5 3 0
M. (Chelostomoides) chilopsidis Cockerell, 1900 0 31 0 0
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M. (Chelostomoides) discorhina Cockerell, 1924 2 115 7 0
M. (Chelostomoides) exilis Cresson, 1872 1 0 0 0
M. (Chelostomoides) lobatifrons Cockerell, 1924 1 14 0 0
M. (Chelostomoides) manni Mitchell, 1934 0 1 0 0
M. (Chelostomoides) odontostoma Cockerell, 1924 4 53 3 1
M. (Chelostomoides) prosopidis Cockerell, 1900 0 5 1 0
M. (Chelostomoides) reflexa (Snelling, 1990) 0 1 0 0
M. (Chelostomoides) spinotulata Mitchell, 1934 2 18 0 0
M. (Leptorachis) petulans Cresson, 1878 0 2 0 0
M. (Litomegachile) brevis Say, 1837 2 8 2 0
M. (Litomegachile) coquilletti Cockerell, 1915 1 2 1 0
M. (Litomegachile) gentilis Cresson, 1872 14 59 3 0
M. (Litomegachile) lippiae Cockerell, 1900 1 5 0 0
M. (Litomegachile) mendica Cresson, 1878 2 4 0 0
M. (Litomegachile) pankus Bzdyk, 2012 2 0 0 0
M. (Litomegachile) texana Cresson, 1878 0 2 0 0
M. (Megachile) sp 1 1 2 0 0
M. (Megachiloides) alata Mitchell, 1934 1 0 0 0
M. (Megachiloides) anograe Mitchell, 1938 2 0 0 0
M. (Megachiloides) bradleyi Mitchell, 1934 2 0 0 0
M. (Megachiloides) fucata Mitchell, 1934 17 68 12 0
M. (Megachiloides) integra Cresson, 1878 1 0 0 0
M. (Megachiloides) legalis Cresson, 1879 0 0 1 0
M. (Megachiloides) maurata Mitchell, 1936 1 2 1 0
M. (Megachiloides) sublaurita Mitchell, 1927 99 47 16 1
M. (Megachiloides) xerophila Cockerell, 1933 74 24 6 1
M. (Megachiloides) sp. 1 19 20 2 0
M. (Megachiloides) sp. 2 13 10 1 0
M. (Megachiloides) sp. 3 1 1 0 0
M. (Pseudocentron) sidalceae Cockerell, 1897 27 20 3 0
M. (Sayapis) inimica sayi (Cresson, 1878) 0 4 1 0
M. (Sayapis) newberryae Cockerell, 1900 1 82 9 0
M. (Sayapis) policaris Say, 1831 0 88 1 0
M. (Sayapis) pugnata Say, 1837 0 1 0 0

Osmiini

Ashmeadiella (Arogochila) breviceps Michener, 1939 57 157 3 0
A. (Arogochila) cazieri Michener, 1939 3 7 10 5
A. (Arogochila) chypeodentata Michener, 1936 434 577 17 3
A. (Arogochila) sp. 1 0 1 0 0
A. (Ashmeadiella) bigeloviae (Cockerell, 1897) 46 149 0 0
A. (Ashmeadiella) bucconis (Say, 1837) 2 48 2 0
A. (Ashmeadiella) cactorum (Cockerell, 1897) 23 220 4 10
A. (Ashmeadiella) foveata Michener, 1939 1 23 0 2
A. (Ashmeadiella) gillettei Titus, 1904 20 48 6 3
A. (Ashmeadiella) leucozona Cockerell, 1924 157 262 4 1
A. (Ashmeadiella) maxima Michener, 1936 0 0 0 3
A. (Ashmeadiella) meliloti (Cockerell, 1897) 55 324 34 13
A. (Ashmeadiella) occipitalis Michener, 1939 20 966 5 3
A. (Ashmeadiella) opuntiae (Cockerell, 1897) 18 121 30 6
A. (Ashmeadiella) prosopidis (Cockerell, 1897) 152 388 7 0
A. (Ashmeadiella) sonora Michener, 1939 0 3 0 0
A. (Ashmeadiella) vandykiella Michener, 1949 1 16 1 0
A. (Ashmeadiella) sp. 2 0 2 0 0
A. (Chilosmia) rhodognatha Cockerell, 1924 140 1716 31 8
A. (Isosmia) hurdiana (Michener, 1954) 13 13 1 3
A. (Isosmia) rubrella (Michener, 1943) 0 2 0 5
Atoposmia (Atoposmia) anthodyta (Michener, 1943) 0 3 1 0
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A. (Atoposmia) arizonensis (Michener, 1954) 2 2 1 0
A. (Eremosmia) beameri (Michener, 1951) 1 4 1 0
A. (Eremosmia) hypostomalis (Michener, 1954) 0 1 1 1
Atoposmia sp. 1 2 4 1 0
A. (Hexosmia) copelandica arefacta (Cockerell, 1935) 4 19 48 0
Heriades (Neotrypetes) crucifera Cockerell, 1897 0 4 0 0
H. (Neotrypetes) micheneri Timberlake, 1947 0 8 0 0
H. (Neotrypetes) microthalma Michener, 1954 0 5 0 0
H. (Neotrypetes) texana Michener, 1938 0 1 0 0
H. (Neotrypetes) timberlakei Michener, 1938 0 2 0 0
Hoplitis (Alcidamea) grinnelli (Cockerell, 1910) 0 8 4 0
H. (Alcidamea) biscutellae (Cockerell, 1897) 18 241 13 4
H. (Alcidamea) producta interior Michener, 1947 0 1 2 0
H. (Proteriades) remotula (Cockerell, 1910) 0 1 0 0
Osmia (Diceratosmia) subfasciata Cresson, 1872 291 539 68 4
O. (Melanosmia) cerasi Cockerell, 1897 0 0 1 0
O. (Melanosmia) clarescens Cockerell, 1911 2 69 8 0
O. (Melanosmia) liogastra Cockerell, 1933 3 46 16 34
O. (Melanosmia) marginata Michener, 1936 1 10 0 0
O. (Melanosmia) phenax Michener, 1936 0 4 0 0
O. (Melanosmia) prunorum Cockerell, 1897 7 165 10 9
O. (Melanosmia) unca Michener, 1937 0 8 15 0
Osmia sp. 2. 1 9 0 0

Mellitidae
Dasypodinae
Dasypodaini

Hesperapis (Amblyapis) larreae Cockerell, 1907 0 32 0 0
Hesperapis (Disparapis) sp. 1 27 40 0 0
Hesperapis (Panurgomia) fuschi (Viereck, 1909) 1 144 1 0

“core area”) made from 2000 to 2008 (Fig. 1). Not included were the samples made by
pan traps at permanent sites in 2001. In this dataset, samples were included regardless
of sampling technique (pan trap, aerial netting at flowering plants) or duration, and
included collections made at the permanent sites and intervening sites (Tables 2, 3).

We tested if results from the 2001 intensive pan trap study differed from the results
from the same “core area” sampled from 2000-2008 by comparing the accumulation
curves from both datasets after they were standardized for equal sample size and coverage
following the approach by Chao et al. (2014). Predicted species richness was estimated
after the two samples were extrapolated to 42,798 individuals, twice the abundance
of the smaller sample (pan traps from 2001 at the permanent sites, N, = 21,399
individuals) as recommended by Chao et al. (2014) and implemented in the program
iNext  (http://chao.stat.nthu.edu.tw/wordpress/software_download/inext-online/).
Confidence intervals and standard errors were calculated from 50 bootstrap replicates.
Curves were significantly different if confidence intervals did not overlap. The
contribution of vegetation types to bee species richness is not considered in this study.
An earlier study found that there was little difference among vegetation types in bee
species richness and composition, most likely because of the close proximity of the
habitats and sites sampled (Minckley 2014).
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Figure 2. Species estimates differ among single year and multi-year bee sampling. Comparison of sam-
ple-sized-based rarefaction (solid lines) and extrapolation (dashed line) from the pan traps samples at
permanent sites in 2001 and the samples made by netting and pan traps throughout the same area en-
compassed by the permanent sites over 9 years (the “core” area). Calculations here are for Hill numbers of
order g=0; orders q = 1 and q = 2 are in Suppl. material 1: Figures S1-S3. Bee species richness at the base
sample size of 42,798 individuals (i.c., double the smaller reference size) is 406.0 for samples from the core
area and 321.8 from the 2001 pan traps. Although bees were sampled from the same area, differences in

sampling and years sampled gave different species richness estimates.

Species richness

To examine if the samples from the valley floor approximated the species richness of
the fauna in a larger regional area, we compared species composition and estimated
species richness to our complete dataset of bees from the San Bernardino Valley that
includes all bee samples including two from nearby areas. One area extended 18 km
east from the valley floor area up to desert grassland habitat. We refer to the collections
from this area as from “peripheral” sites (Fig. 1). These samples were made during the
months when samples were made in the valley floor and used pan traps and aerial net-
ting. A second set of samples was made from 2009-2014, as part of a study of cactus
reproductive biology by W. Radke, at a limestone outcrop dominated by desert vegeta-
tion approximately 10.5 km north-northeast of the valley floor area (Fig. 1). Most, but
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Figure 3. Estimates from all sampling regimes predict approximately 500 bee species in the San Ber-
nardino Valley. Comparison of sample-sized-based rarefaction (solid lines) and extrapolation (dashed line)
from samples made in the core area, core area combined with the 2001 pan trap sampling at permanent
sites, and all samples made in the San Bernardino Valley. Numbers in parentheses are the number of in-
dividuals in each dataset and the number of species. Calculations here are for Hill numbers of order q=0;
order q = 2 is in Suppl. material 1: Figure S4. Estimated bee species richness at the base sample size of
94,240 individuals (i.e., double the smaller reference size of the smallest dataset) is 499.3 species, 508.4
and 516.1 species for the Core, Core + 2001 pan trap and All datasets respectively.

Table 2. Sampling effort for bees among four areas in the San Bernardino Valley. Pan trap sampling fol-
lowed the protocol of LeBuhn et al. (2007).

Sampling years Sampling months  Collections (date x site) Floral host sp.
pans net
2001 pan 1 Apr-Sep 848 848 n.a. n.a.
Core area 9 Apr—Sep 1370 788 590 128
Perimeter 9 Apr—Sep 131 109 22 61
Limestone 5 Mar—Apr 44 29 15 2

not all, of these samples were made in the spring months and included sampling by
pan traps and nets. Tables 2, 3 show details on the number of collections and sampling
protocols used for these two areas.

Here, and as described above, the standardized curves of species interpolation and
extrapolation and sample coverage were generated by the program iNEXT (http://
chao.stat.nthu.edu.tw/wordpress/software_download/inext-online/), and comparisons
of datasets and estimates of species richness were done as recommended by Chao et al.
(2014). Predicted species richness from samples made in the core area, core area plus
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Table 3. Specimen collections of bees from four areas in the San Bernardino Valley.

# individuals # species # unique species
2001 pan 21403 277 23 (8.3%)
Core area 47120 447 132 (29.5%)
Perimeter 3253 221 12 (5.4%)
Limestone 2375 77 12 (15.6%)

2001 pan traps, and samples from all sites made in the region was estimated after the
samples were extrapolated to 92,240 individuals, or twice the abundance of the small-
est sample (core area collections, N, o= 47,120 individuals). Confidence intervals
and standard errors were calculated from 50 bootstrap replicates, and accumulation

curves were considered significantly different if confidence intervals did not overlap.

Comparison to other studies

Meiners et al. (2019) recognized that comparisons among long-term bee studies would
be more informative if differences in the area sampled were considered. To standardize
species-area relationships, they generated the species-area curve from 22 long-term bee
studies in the United States and then ranked each study based on the percent difference
between observed and predicted species density. Meiners et al. (2019) included the San
Bernardino Valley study in their analysis but calculated species density using the area of
the San Bernardino National Wildlife Refuge (1088 km?), instead of the area among
permanent sampling sites (16 km?), and an earlier estimate of bee species richness
(N = 383) reported in Minckley (2008) than known at present (N = 473). We used the
same data and study sites included in the Meiners et al. (2019) study to compare new
results on species density from the San Bernardino Valley to the other studies. Table 4
in Meiners et al. (2019) with changes updated to reflect the findings in this study are
in Suppl. materials 1: Table S2.

Results

Samples limited only to pan traps at permanent sites in 2001 yielded a total of 21,399
specimens representing 277 bee species (Table 1) from 848 samples (day x site). Sam-
ples over nine years and more collections (N = 1370) with both pan traps and netting
at flowers (Table 2), and from the same area defined by the permanent sites, yielded
more than twice the specimens and 447 species (Table 3), including 58 species not
collected in the 2001 pan trap dataset. Of the total specimens represented when the
two datasets are combined, 31% were from the intensive pan trap sampling in 2001
and 69% were from sampling using nets and pan traps across multiple years. The spe-
cies accumulation curves from these two sets of samples differ significantly after 200
individuals, as judged by non-overlapping confidence intervals (Fig. 2), despite having
been collected from the same area (Fig. 1) and representing robust samples based on
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estimators that include sample coverage (Suppl. material 1: Figures S1-S4). The core
area samples rarefied to the number of individuals captured in the 2001 pan trap sam-
ples (N = 42,798) yielded significantly more species (N = 437.6) than the 321.8 species
predicted from the 2001 pan trap samples (Fig. 2). Overall, the observed species rich-
ness from the intensive 2001 pan trap sampling yielded 62% of the species collected
from the core area over all 9 years.

Far fewer collections of bees were made from sites outside the core area and these
amounted to fewer individuals and species of bees (Tables 2, 3). Nevertheless, the 221
species from the peripheral and limestone samples are a large fraction (79%) of the
277 species captured by pan traps in 2001 and about half the number of species repre-
sented in the core area dataset (Table 3). Twelve species were unique to the peripheral
site samples. The limestone outcrop samples were the smallest in terms of specimens
collected and species (Tables 2, 3), however, 12 of the species were unique even though
sampling was focused primarily on pan traps and bees were recorded from only two
floral hosts (Table 2).

Including all samples at all sites in the area defined by the permanent sites (2001
pan traps and core area) yielded 473 bee species (Table 1). With the additional sam-
pling made at the peripheral sites and the limestone outcrop there are 497 bee species
known from the San Bernardino Valley (Table 1). Overall, the two datasets from the
area defined by the permanent sites (2001 pan traps and core area) captured most of the
bee species richness in the desert areas of the San Bernardino Valley; samples for sites
peripheral to the core area increased the total number of bee species by only 12 species.

Pooled across all sites in the region the collections total to 74,147 individuals and
497 bee species (Table 1). Although the core plus 2001 pan trap dataset has many
more individuals (N = 68,519) than the core dataset (N = 42,120), it results in a spe-
cies accumulation curve that is significantly lower than the curve based on all datasets
combined (Fig. 3). Up to approximately 42,000 individuals, the species accumulation
curve from the core dataset is significantly lower than the curve based on all datasets
combined. However, at greater numbers of individuals the curves are statistically in-
distinguishable based on overlapping confidence intervals (Fig. 3). Extrapolations of
species richness to 94,240 individuals predicted 508.4 species for the core area dataset
and 498.3 species for the 2001 pan trap combined with the core area dataset and
closely approximate the estimate of 516.1 bee species based on all samples made in the
San Bernardino Valley (Fig. 3). The increasingly flattened accumulation curves as more
individuals are sampled indicate these estimates of bee species richness are unusually
robust (see Williams et al. 2001), and biologically reasonable, given that they closely
approximate the number of bee species (N = 497) from all samples combined made by
us in the San Bernardino Valley.

Among the 22 long-term bee studies that Meiners et al. (2019) listed, three (Yo-
semite National Park, Clark County, Nevada and Grand Staircase Escalante National
Monument) reported more bee species and only one (Black Rock Forest Reserve, New
York) was from a smaller area than the core area sampled in the San Bernardino Valley
(Suppl. material 1: Table S2). The updated information from the San Bernardino Valley
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Figure 4. Higher bee species density in the San Bernardino Valley than that reported from other long-
term studies. Species density of bees for large-scale studies in North America determined by species-rich-
ness relationships following Meiners et al (2019) with updated information from this study. a) the trend-
line indicates expected change in species richness with area sampled based on 22 studies (listed in Table 4
of Meiners et al [2019]) plus the San Bernardino Valley (black dot circled in red). b) is the difference in
bee species observed relative to the prediction from the trend line in a). Updated information from the
San Bernardino Valley alters the rank of species density from that shown in Fig. 5 of Meiners et al (2019).

changed the species area curve and the rank order of species density for the 22 long-
term bee studies as judged by the percentage change between observed and predicted
species per area (Fig. 4a, b). Meiners et al (2019, see their fig. 5a, b) concluded that the
six sites with the greatest percentage increase over that predicted from the species-area
curve was Pinnacles National Park, California followed in descending order by Grand
Staircase Escalante National Monument, Utah, Yosemite National Park, California,
Carlsbad Caverns National Park, New Mexico, Clark County, Nevada and the San
Bernardino Valley, Arizona/ Sonora. In our study with the new information reported
herein, the San Bernardino Valley, Arizona/ Sonora is the highest ranked study fol-
lowed in descending order by Grand Staircase Escalante National Monument, Utah,
Pinnacles National Park, California, Yosemite National Park, California, Clark County,
Nevada, and Carlsbad Caverns National Park, New Mexico. With these changes, bee
species density from the valley floor samples in the San Bernardino Valley is greater
than any other area in North America surveyed to date (Fig. 4b).

Discussion

The San Bernardino Valley of the Chihuahuan Desert is extremely rich for bees. An
area of 16 km’ that varies in elevation by less than 120 m yielded 277 species in
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one year of sampling and 473 species over nine years. The four bee surveys in North
America that have reported more bee species than are known from the San Bernardino
Valley (N = 656 species, Great Staircase Escalante National Monument Utah; N = 598
species, Clark County Nevada; N= 554 species, Yosemite National Park California; N
= 450 species, Pinnacles National Monument California) are much greater in area and
topographic complexity (Suppl. material 1: Table S2, Meiners et al. 2019). When the
effect of area alone is standardized, the density of bee species in the San Bernardino
Valley, is the highest reported from any long-term study of bees in North America.

For questions that rely on accurate estimates of species composition and richness,
this study highlights the importance of using a variety of sampling protocols and long-
term sampling. Our dataset based on samples from one passive sampling protocol (pan
traps) in 2001 that recovered more than 21,000 specimens yielded 93 fewer species
than we found from samples made over nine years that included pan traps and aerial
netting at flowers (Table 3). If we assume that the collections from 2001 pan traps and
core area are complete measures of species richness, pan traps underestimated species
richness by 38%. The significantly lower species accumulation curve from the 2001
pan trap samples than the long-term dataset from the same area (Fig. 2) is further evi-
dence that surveys based only on pan traps underestimate bee species richness. Biases
of pan trap sampling for bees have been well documented (reviewed in Packer and
Darla-West 2021) but not from a long-term study in a bee diversity hotspot.

There are numbers of reasons why species richness estimates for desert bees are
sensitive to sampling duration that broadly apply to biodiversity studies of most de-
sert insects and bees in general. For one, many species, especially those bees that are
specialists of one or several host plants, emerge as adults for a brief period per year,
are small-bodied with limited dispersal capabilities and occur patchily (Minckley et al.
1999; Kazenel et al. 2020). Many species are rare: singleton (represented by one speci-
men) and doubleton (represented by two specimens) species represent 83 (16.7%) and
52 (10.5%) of all species in our full dataset, respectively. Finally, bee populations vary
dramatically between years in response to changes in floral resources (Crone 2013) and
propensity to remain in diapause (Minckley et al. 2013). Variation of species abun-
dance taken at the same location across years is often marked (Stubblefield et al. 1993;
Meiners et al. 2019). An extreme case occurred in spring 2006 when a drought resulted
in the complete absence of 11 of 46 bee species that had been abundant in the San
Bernardino Valley in the near-normal rainfall years before and after (Minckley et al.
2013). Of the absent species, seven were pollen specialists of plants that require rainfall
to trigger growth and flower (annual species and creosotebush [Larrea tridentaral),
and four were pollen generalists. In contrast, the five pollen specialist bee species of
mesquite (Prosopis velutina), a deep-rooted perennial that blooms regardless of winter
rainfall, were active during the drought.

The ability to undergo facultative diapause is common among desert bee species
(Hurd, 1957; Rust et al. 1988; Danforth et al. 2019) and suggests a bet-hedging life
history strategy is a common adaptation for persisting in these areas (Minckley et al.
2013). Danforth (1999) showed in a laboratory experiment that some Macrotera portalis
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(Timberlake, 1954), a specialist of mallows (Sphaeralcea spp), emerged in response to
moisture in the late-summer (when it is active) but others remained in diapause for one
or two years. Desert plant species vary tremendously in their propensity to emerge and
bloom (Bowers and Dimmitt 1994; Bowers 2005), even in common gardens (Gremer
and Venable 2014; Gremer et al. 2016), which suggests that activity of the specialist bees
that depend on different hosts will differ in their activity between years and across habitats.
Sampling that is only occasional through the season or widely-spaced across an area may
not detect many resident bee species. In the San Bernardino Valley, there is 80% turnover
of pollen specialist species every two weeks in the spring (Minckley 2008), suggesting that
samples for these and other short-lived solitary bees should be more than bimonthly. The
samples in this study made over 9 years and using pan traps and nets minimize these biases
and account for the higher estimates of bee species richness than from very intensive pan
trapping in one year even when both datasets are from the same location.

The species richness estimates using extrapolation methods from the samples on
the valley floor suggest approximately 500 bee species occur in the San Bernardino Val-
ley, of which we captured 497 when all samples in the region were combined (Fig. 3,
Table 1). Extrapolations of all samples suggests species richness is 516.1, not substan-
tially more than the number of species observed, and approximately 14% of the 3562
species known for all of North America north of the United States-Mexico border
(Ascher and Pickering 2020). The number of bee species from the San Bernardino
Valley and their relative abundance sets a reasonable expectation for communities in
other undisturbed desertscrub/ desert grassland habitats of the Chihuahuan Desert
and can be usefully compared to areas with more severe human impacts. For example,
a compilation limited to described bee species from southeast Arizona in the American
Museum entomology collection and from the San Bernardino Valley yielded 540 bee
species when desert scrub, mid-elevation grassland and high montane ecosystems were
included (Minckley and Ascher 2013). Considered individually, the three desert areas
north of the San Bernardino Valley had between 150-180 species but did not include
some genera that had yet to be curated in the American Museum of Natural History
collection. Thus, further taxonomic and curatorial work should substantially increase
the bee species richness from these well-collected sites. Similarly, a 12-year study of
bees on the extreme northern edge of the Chihuahuan Desert in New Mexico (approx-
imately 510 km NNW of the San Bernardino Valley) captured 308 bee species using
a modified pan trap design (Kazenel et al. 2020). Because bee species richness is often
underestimated by pan traps, the reported number of species suggest this bee fauna is
much richer and may be comparable to that in the San Bernardino Valley.

Museum records, taxonomic revisions, and surveys have long suggested that bee
diversity runs counter to that of the plants they pollinate in that bees have peak diver-
sity in the western hemisphere in the Chihuahuan, Mojave and Sonoran deserts and
in the eastern hemisphere around the Mediterranean Sea (Michener 1979, 2007). The
repeat sampling from a defined area in the Chihuahuan Desert provides empirical data
that supports this counterintuitive biogeographical pattern. However, more sampling
of bees is needed in tropical and subtropical areas, as well as a more complete picture
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of herbaceous plant biogeography. Plant biogeography still rests largely on what we
know about tree species, and when short-lived plant species are better documented
(Massante et al. 2019) their distribution may more closely mirror the distribution of
their primary pollinators, the bees.

Acknowledgements

This would not be possible without the taxonomic identification help of numerous col-
leagues (J. Ascher, R. Brooks, J. Gibbs, T. Griswold, M. Rightmyer, T. Van Devender,
D. Yanega), other collectors (E. Julier, R. Hatfield, B. Maldanado, L. Salas-Arcos, J.
A. Romero, T. Roulston, N. de la Torre, N. Williams) and J. Austin and V. Clark. T.
Griswold gave permission to update the species-area analysis and reproduce Fig. 4. L.
Perrin helped with the figures. A review by L. Packer is much appreciated. Funding:
R.L.M was funded in part by National Science Foundation grant DEB 0418871. Au-
thor contributions: R.L.M. conceived of the study, and R.L.M. and W.R.R. organized
and participated in the sampling. R.L.M and W.R.R. wrote the manuscript.

References

Archer CR, Pirk CWW, Carvalheiro LG, Nicolson SW (2014) Economic and ecological im-
plications of geographic bias in pollinator ecology in the light of pollinator declines. Oikos
123: 401-407. https://doi.org/10.1111/j.1600-0706.2013.00949.x

Ascher JS, Pickering J (2020) Discover Life bee species guide and world checklist (Hymenop-
tera: Apoidea: Anthophila).

Bartomeus I, Stavert JR, Ward D, Aguado O (2018) Historic collections as a tool for assessing
the global pollinator crisis. Proceedings of the Royal Society of London B. Biological Sci-
ences 374: 1-9. https://doi.org/10.1101/296921

Biesmeijer JC, Roberts SPM, Reemer M, Ohlemiiller R, Edwards M, Peeters T, Schaffers AD,
Potts SG, Kleukers R, Thomas CD, Settele J, Kunin WE (2006) Parallel declines in polli-
nators and insect-pollinated plants in Britain and the Netherlands. Science 313: 351-354.
hteps://doi.org/10.1126/science.1127863

Bossert S, Copeland RS, Sless TJL, Branstetter MG, Gillung JP, Brady SG, Danforth BN,
Policarovd J, Straka J (2020) Phylogenomic and morphological reevaluation of the bee
tribes Biastini, Neolarrini, and Townsendiellini (Hymenoptera: Apidae) with description
of three new species of Schwarzia. Insect Systematics and Diversity 4: 1-29. https://doi.
0rg/10.1093/isd/ixaa013

Brown DE (1994) Biotic Communities: Southwestern United States and Northwestern Mexi-
co. University of Utah Press, Salt Lake City, Utah, 342 pp.

Bowers JE (2005) El Nino and displays of spring-flowering annuals in the Mojave and Sonoran
deserts. Journal of the Torrey Botanical Society 132: 38—49. https://doi.org/10.3159/1095-
5674(2005)132[38:ENADOS]2.0.CO;2


https://doi.org/10.1111/j.1600-0706.2013.00949.x
https://doi.org/10.1101/296921
https://doi.org/10.1126/science.1127863
https://doi.org/10.1093/isd/ixaa013
https://doi.org/10.1093/isd/ixaa013
https://doi.org/10.3159/1095-5674(2005)132%5B38:ENADOS%5D2.0.CO;2
https://doi.org/10.3159/1095-5674(2005)132%5B38:ENADOS%5D2.0.CO;2

340 R.L. Minckley & W.R. Radke / Journal of Hymenoptera Research 82: 317-345 (2021)

Bowers JE, Dimmitt MA (1994) Flowering phenology of six woody plants in the northern
Sonoran Desert. Bulletin of the Torrey Botanical Club 121: 215-229. https://doi.
org/10.2307/2997177

Burkle LA, Matlin JC, Knight TM (2013) Plant-pollinator interactions over 120 years: Loss of
species, co-occurrence, and function. Science 339: 1611-1615. https://doi.org/10.1126/
science.1232728

Cane JH, Kervin L], Minckley RL (2013) Sensitivity of systematic net sampling for detecting
shifting patterns of incidence and abundance in a floral guild of bees at Larrea triden-
tata. Journal of the Kansas Entomological Society 86: 171-180. https://doi.org/10.2317/
JKES121126.1

Cane JH, Minckley RL, Kervin L], Roulston TH, Williams NM (2006) Complex responses with-
in a desert bee guild (Hymenoptera: Apiformes) to urban habitat fragmentation. Ecologi-
cal Applications 16: 632—-644. https://doi.org/10.1890/1051-0761(2006)016[0632: CRW
ADB]2.0.CO;2

Casas-Sainz AM, de Vicente G (2009) On the tectonic origin of Iberian topography. Tectono-
physics 474(1-2): 214-235. hteps://doi.org/10.1016/j.tect0.2009.01.030

Chao A, Gotelli NJ, Hsieh TC, Sander EL, Ma KH, Colwell RK, Ellison AM (2014) Rarefaction
and extrapolation with Hill numbers: A framework for sampling and estimation in species
diversity studies. Ecological Monographs 84: 45—67. https://doi.org/10.1890/13-0133.1

Colwell RK, Lees DC (2000) The mid-domain effect: Geometric constraints on the geography
of species richness. Trends in Ecology and Evolution 15: 70-76. https://doi.org/10.1016/
S0169-5347(99)01767-X

Crone EE (2013) Responses of social and solitary bees to pulsed floral resources. American
Naturalist, 182: 465-73. https://doi.org/10.1086/671999

Danforth BN (1999) Emergence dynamics and bet hedging in a desert bee, Perdita porta-
lis. Proceedings of the Royal Society of London, Series B 266: 1985-1994. https://doi.
0rg/10.1098/rspb.1999.0876

Danforth BN, Minckley RL, Neff JL (2019) The Biology of Solitary Bees: Biology, Evolution,
Conservation. Princeton University Press, Princeton, 472 pp. https://doi.org/10.2307/j.
ctvd1¢929

De Palma A, Abrahamczyk S, Aizen MA, Albrecht M, Basset Y, Bates A, Blake RJ, Boutin C,
Bugter R, Connop S, Cruz-Lépez L, Cunningham SA, Darvill B, Diekétter T, Dorn S,
Downing N, Entling MH, Farwig N, Felicioli A, Fonte SJ, Fowler R, Franzén M, Goulson
D, Grass I, Hanley ME, Hendrix SD, Herrmann E Herzog F, Holzschuh A, Jauker B,
Kessler M, Knight ME, Kruess A, Lavelle B, Le Féon V, Lentini B Malone LA, Marshall
J, Pachén EM, McFrederick QS, Morales CL, Mudri-Stojni¢ S, Nates-Parra G, Nilsson
SG, Ockinger E, Osgathorpe L, Parra-H A, Peres CA, Persson AS, Petanidou T, Poveda
K, Power EE, Quaranta M, Quintero C, Rader R, Richards MH, Roulston T, Rousseau
L, Sadler JP, Samnegard U, Schellhorn NA, Schiiepp C, Schweiger O, Smith-Pardo AH,
Steffan-Dewenter I, Stout JC, Tonietto RK, Tscharntke T, Tylianakis JM, Verboven HAF,
Vergara CH, Verhulst ], Westphal C, Yoon HJ, Purvis A (2016) Predicting bee community
responses to land-use changes: Effects of geographic and taxonomic biases. Scientific Re-
ports 6: e31153. https://doi.org/10.1038/srep31153


https://doi.org/10.2307/2997177
https://doi.org/10.2307/2997177
https://doi.org/10.1126/science.1232728
https://doi.org/10.1126/science.1232728
https://doi.org/10.2317/JKES121126.1
https://doi.org/10.2317/JKES121126.1
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/10.1016/j.tecto.2009.01.030
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1016/S0169-5347(99)01767-X
https://doi.org/10.1016/S0169-5347(99)01767-X
https://doi.org/10.1086/671999
https://doi.org/10.1098/rspb.1999.0876
https://doi.org/10.1098/rspb.1999.0876
https://doi.org/10.2307/j.ctvd1c929
https://doi.org/10.2307/j.ctvd1c929
https://doi.org/10.1038/srep31153

Bee diversity hotspot 341

Droege S, Tepedino VJ, Lebuhn G, Link W, Minckley RL, Chen Q, Conrad C (2010) Spatial
patterns of bee captures in North American bowl trapping surveys. Insect Conservation
and Diversity 3: 15-23. https://doi.org/10.1111/j.1752-4598.2009.00074.x

Garibaldi LA, Steffan-Dewenter I, Winfree R, Aizen MA, Bommarco R, Cunningham SA, Kre-
men C, Carvalheiro LG, Harder LD, Afik O, Bartomeus I, Benjamin F, Boreux V, Cari-
veau D, Chacoff NP, Dudenhéffer J-H, Freitas BM, Ghazoul J, Greenleaf S, Hipdlito J,
Holzschuh A, Howlett B, Isaacs R, Javorek SK, Kennedy CM, Krewenka KM, Krishnan S,
Mandelik Y, Mayfield MM, Motzke I, Munyuli T, Nault BA, Otieno M, Petersen J, Pisanty
G, Potts SG, Rader R, Ricketts TH, Rundléf M, Seymour CL, Schiiepp C, Szentgyorgyi
H, Taki H, Tscharntke T, Vergara CH, Viana BE Wanger TC, Westphal C, Williams NM,
Klein A-M (2013) Wild pollinators enhance fruit set of crops regardless of honey bee abun-
dance. Science 339: 1608-1611. https://doi.org/10.1126/science.1230200

Gonzilez-Le6n CM, Solari L, Solé J, Ducea MN, Lawton TE Bernal JB, Becuar EG, Gray F,
Martinez ML, Santacruz RL (2011) Stratigraphy, geochronology, and geochemistry of the
Laramide magmatic arc in north-central Sonora, Mexico. Geosphere 7(6): 1392-1418.
hteps://doi.org/10.1130/GES00679.1

Gotelli NJ, Colwell RK (2001) Quantifying biodiversity: Procedures and pitfalls in the meas-
urement and comparison of species richness. Ecology Letters 4: 379-391. https://doi.
0rg/10.1046/j.1461-0248.2001.00230.x

Gremer JR, Venable DL (2014) Bet hedging in desert winter annual plants: optimal germi-
nation strategies in a variable environment. Ecology Letters 17: 380-387. https://doi.
org/10.1111/ele.12241

Gremer JR, Kimball S, Venable DL (2016) Within-and among-year germination in Sonoran
Desert winter annuals: bet hedging and predictive germination in a variable environment.
Ecology Letters 19: 1209-1218. https://doi.org/10.1111/ele.12655

Herrera CM (2019) Complex long-term dynamics of pollinator abundance in undisturbed
Mediterranean montane habitats over two decades. Ecological Monographs 89: 1-28.
hteps://doi.org/10.1002/ecm.1338

Hurd Jr PD (1957) Notes on the autumnal emergence of the vernal desert bee, Hesperapis ful-
vipes Crawford. Journal of the Kansas Entomological Society 30: 1-10.

Kazenel MR, Wright KW, Bettinelli J, Griswold TL, Whitney KD, Rudgers JA (2020) Pre-
dicting changes in bee assemblages following state transitions at North American dryland
ecotones. Scientific Reports 10: 1-15. https://doi.org/10.1038/s41598-020-57553-2

Kindlmann B, Schédelbauerovd I, Dixon AFG (2012) Inverse latitudinal gradients in species di-
versity. In: Storch D, Marquet PA, Brown JH (Eds) Scaling Biodiversity. Cambridge Uni-
versity Press, Cambridge, 246-257. https://doi.org/10.1017/CBO9780511814938.014

Kremen C, Williams NM, Thorp RW (2002) Crop pollination from native bees at risk from
agricultural intensification. Proceedings of the National Academy of Sciences, U.S.A. 99:
16812-16816. https://doi.org/10.1073/pnas.262413599

Lebuhn G, Droege S, Carboni M (2007) Monitoring methods for solitary bee species using bee
bowls in North America. UN-FAO.

Lebuhn G, Droege S, Connor EF, Gemmill-Herren B, Potts SG, Minckley RL, Griswold
T, Jean R, Kula E, Roubik DW, Cane JH, Wright KW, Frankie GW, Parker F (2012)


https://doi.org/10.1111/j.1752-4598.2009.00074.x
https://doi.org/10.1126/science.1230200
https://doi.org/10.1130/GES00679.1
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/10.1111/ele.12241
https://doi.org/10.1111/ele.12241
https://doi.org/10.1111/ele.12655
https://doi.org/10.1002/ecm.1338
https://doi.org/10.1038/s41598-020-57553-2
https://doi.org/10.1017/CBO9780511814938.014
https://doi.org/10.1073/pnas.262413599

342  R.L. Minckley & W.R. Radke / Journal of Hymenoptera Research 82: 317-345 (2021)

Detecting insect pollinator declines on regional and global scales. Conservation Biology
27:113-120. hteps://doi.org/10.1111/j.1523-1739.2012.01962.x

Lomolino MV, Riddle BR, Whittaker R] (2017) Biogeography (5" ed.). Oxford University
Press, Sunderland, 784 pp.

Longino JT, Coddington J, Colwell RK (2002) The ant fauna of a tropical rain forest: Es-
timating species richness three different ways. Ecology 83(3): 689-702. https://doi.
0rg/10.1890/0012-9658(2002)083[0689: TAFOAT]2.0.CO;2

Massante JC, Gétzenberger L, Takkis K, Hallikma T, Kaasik A, Laanisto L, Mutchings MJ,
Gerhold P (2019) Contrasting latitudinal patterns in phylogenetic diversity between
woody and herbaceous communities. Scientific Reports 9: €6443. hteps://doi.org/10.1038/
s41598-019-42827-1

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

Meiners JM, Griswold TL, Carril OM (2019) Decades of native bee biodiversity surveys at Pin-
nacles National Park highlight the importance of monitoring natural areas over time. PLoS
One 14(1): €0207566. https://doi.org/10.1371/journal.pone.0207566

Michener CD (1979) Biogeography of the bees. Annals of the Missouri Botanical Gardens 66:
277-347. https://doi.org/10.2307/2398833

Michener CD (2007) The Bees of the World (2" ed.). John Hopkins University Press, Balti-
more, 953 pp.

Minckley R (2008) Faunal composition and species richness differences of bees (Hymenop-
tera: Apiformes) from two North American regions. Apidologie 39: 176-188. https://doi.
0rg/10.1051/apido:2007062

Minckley RL (2013) Trajectory and rate of desert vegetation response following cattle removal.
In Merging Science and Management in a Rapidly Changing World: Biodiversity and
Management of the Madrean Archipelago III 2012 May 1-5; Tucson, AZ. Proceedings.
RMRS-P-67, Department of Agriculture, Forest Service, Rocky Mountain Research Sta-
tion, Fort Collins, 316-321.

Minckley RL (2014) Maintenance of richness despite reduced abundance of desert bees (Hyme-
noptera: Apiformes) to persistent grazing. Insect Conservation and Diversity 7: 263-273.
hteps://doi.org/10.1111/icad.12049

Minckley RL, Cane JH, Kervin L, Roulston TH (1999) Spatial predictability and re-
source specialization of bees (Hymenoptera: Apoidea) at a superabundant, wide-
spread resource. Biological Journal of the Linnean Society 67: 119-147. https://doi.
0rg/10.1111/j.1095-8312.1999.tb01933.x

Minckley RL, Roulston TH, Williams NM (2013) Resource assurance predicts specialist and
generalist bee activity in drought. Proceedings of the Royal Society of London. Series B,
Biological Sciences 280: €20122703. https://doi.org/10.1098/rspb.2012.2703

Ollerton J, Erenler H, Edwards M, Crockett R (2014) Extinctions of aculeate pollinators in
Britain and the role of large-scale agricultural changes. Science 346: 1360-1362. https://
doi.org/10.1126/science.1257259


https://doi.org/10.1111/j.1523-1739.2012.01962.x
https://doi.org/10.1890/0012-9658(2002)083%5B0689:TAFOAT%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B0689:TAFOAT%5D2.0.CO;2
https://doi.org/10.1038/s41598-019-42827-1
https://doi.org/10.1038/s41598-019-42827-1
https://doi.org/10.1111/icad.12347
https://doi.org/10.1371/journal.pone.0207566
https://doi.org/10.2307/2398833
https://doi.org/10.1051/apido:2007062
https://doi.org/10.1051/apido:2007062
https://doi.org/10.1111/icad.12049
https://doi.org/10.1111/j.1095-8312.1999.tb01933.x
https://doi.org/10.1111/j.1095-8312.1999.tb01933.x
https://doi.org/10.1098/rspb.2012.2703
https://doi.org/10.1126/science.1257259
https://doi.org/10.1126/science.1257259

Bee diversity hotspot 343

Orr MC, Hughes AC, Chesters D, Pickering J, Zhu C-D, Ascher JS (2020) Global patterns and
drivers of bee distribution. Current Biology 31: 1-8. https://doi.org/10.1016/j.cub.2020.10.053

Packer L, Darla-West G (2021) Bees: How and Why to Sample Them. Measuring Arthropod
Biodiversity, Springer Press, 55-83. https://doi.org/10.1007/978-3-030-53226-0_3

Prendergast KS, Menz MHM, Dixon KW, Bateman PW (2020) The relative performance of
sampling methods for native bees: an empirical test and review of the literature. Ecosphere
11: 1-22. hteps://doi.org/10.1002/ecs2.3076

Rahbek C, Borregaard MK, Antonelli A, Colwell RK, Holt BG, Nogues-Bravo D, Rasmus-
sen CM, Richardson K, Rosing MT, Whittaker R]J, Fjeldsa J (2019) Building mountain
biodiversity: Geological and evolutionary processes. Science 365: 1114-1119. https://doi.
org/10.1126/science.aax0151

Roulston TH, Smith SA, Brewster AL (2007) A comparison of pan trap and intensive net
sampling techniques for documenting a bee (Hymenoptera: Apiformes) fauna. Jour-
nal of the Kansas Entomological Society 80: 179-181. https://doi.org/10.2317/0022-
8567(2007)80[179:ACOPTA]2.0.CO;2

Rosenzweig ML (1995) Species Diversity in Space and Time. Cambridge University Press,
Cambridge, 436 pp. https://doi.org/10.1017/CBO9780511623387

Russo L, Park M, Gibbs J, Danforth B (2015) The challenge of accurately documenting bee
species richness in agroecosystems: bee diversity in eastern apple orchards. Ecology & Evo-
lution 5: 3531-3540. https://doi.org/10.1002/ece3.1582

Rust RW (1988) Biology of Nomadopsis larreae (Hymenoptera: Andrenidae), with an analy-
sis of yearly appearance. Annals of the Entomological Society of America 81: 199-204.
hteps://doi.org/10.1093/aesa/81.1.99

Spector S (2002) Biogeographic crossroads as priority areas for biodiversity conservation. Con-
servation Biology 16: 1480-1487. https://doi.org/10.1046/j.1523-1739.2002.00573.x

Stubblefield JW, Seger J, Wenzel JW, Heisler MM (1993) Temporal, spatial, sex-ratio and body-
size heterogeneity of prey species taken by the beewolf Philanthus sanbornii (Hymenoptera:
Sphecidae). Philosophical Transactions of the Royal Society of London B. Biological Sci-
ences 339: 397-423. https://doi.org/10.1098/1stb.1993.0039

Toler TR, Evans EW, Tepedino V] (2005) Pan-trapping for bees (Hymenoptera: Apiformes) in
Utah’s west desert: The importance of color diversity. Pan-Pacific Entomologist 81: 103-113.

Westphal C, Bommarco R, Carre G, Lamborn E, Morison N, Petanidou T, Potts SG, Roberts
SPM, Szentgyorgyi H, Tscheulin T, Vaissiere BE, Woyciechowski M, Biesmeijer JC, Kunin
WE, Settele ], Steffan-Dewenter I (2008) Measuring bee diversity in different European
habitats and biogeographical regions. Ecological Monographs 78: 653—671. https://doi.
org/10.1890/07-1292.1

Williams NM, Crone EE, Roulston TH, Minckley RL, Packer L, Potts SG (2010) Ecological
and life-history traits predict bee species responses to environmental disturbances. Biologi-
cal Conservation 143(10): 2280-2291. https://doi.org/10.1016/j.biocon.2010.03.024

Williams NM, Minckley RL, Silveira FA (2001) Variation in native bee faunas and its im-
plications for detecting community changes. Ecology and Society 5(1): 1-7. https://doi.
org/10.5751/ES-00259-050107


https://doi.org/10.1016/j.cub.2020.10.053
https://doi.org/10.1007/978-3-030-53226-0_3
https://doi.org/10.1002/ecs2.3076
https://doi.org/10.1126/science.aax0151
https://doi.org/10.1126/science.aax0151
https://doi.org/10.2317/0022-8567(2007)80%5B179:ACOPTA%5D2.0.CO;2
https://doi.org/10.2317/0022-8567(2007)80%5B179:ACOPTA%5D2.0.CO;2
https://doi.org/10.1017/CBO9780511623387
https://doi.org/10.1002/ece3.1582
https://doi.org/10.1093/aesa/81.1.99
https://doi.org/10.1046/j.1523-1739.2002.00573.x
https://doi.org/10.1098/rstb.1993.0039
https://doi.org/10.1890/07-1292.1
https://doi.org/10.1890/07-1292.1
https://doi.org/10.1016/j.biocon.2010.03.024
https://doi.org/10.5751/ES-00259-050107
https://doi.org/10.5751/ES-00259-050107

344  R.L. Minckley & W.R. Radke / Journal of Hymenoptera Research 82: 317-345 (2021)

Winfree R (2010) The conservation and restoration of wild bees. Annals of the New York
Academy of Sciences 1195: 169—197. https://doi.org/10.1111/j.1749-6632.2010.05449.x

Winfree R, Aguilar R, Vizquez DP, LeBuhn G, Aizen MA (2009) A meta-analysis of
bees’ responses to anthropogenic disturbance. Ecology 90: 2068-2076. https://doi.
0rg/10.1890/08-1245.1

Winfree R, Bartomeus I, Cariveau DP (2011) Native pollinators in anthropogenic habitats.
Annual Review of Ecology, Evolution and Systematics 42: 1-22. https://doi.org/10.1146/
annurev-ecolsys-102710-145042

Winfree R, Griswold T, Kremen C (2007) Effect of human disturbance on bee communities in
a forested ecosystem. Conservation Biology 21: 213-223. https://doi.org/10.1111/j.1523-
1739.2006.00574 x

Winfree R, Williams NM, Gaines H, Ascher ]S, Kremen C (2008) Wild bee pollinators pro-
vide the majority of crop visitation across land-use gradients in New Jersey and Pennsyl-
vania, USA. Journal of Applied Ecology 45: 793-802. https://doi.org/10.1111/j.1365-
2664.2007.01418.x

Supplementary material |

Tables S1, S2, Figures S1-S4

Authors: Robert L. Minckley, William R. Radke

Data type: tables and figures

Explanation note: Table S1. List of identification keys used for each of the genera
sampled in the San Bernardino Valley. Table S2. Table 4 from Meiners et al (2019)
of bee species density for native bee inventories with at least 100 species in natural
or semi-natural areas across the United States. Information here is updated for the
San Bernardino Valley (this study). Figure S1. Comparison of sample-sized-based
rarefaction (solid lines) and extrapolation (dashed line) from the pan trap samples
at permanent sites in 2001 and the samples made by netting and pan traps through-
out the same area encompassed by the permanent sites over 9 years (the “core” area)
following the approach of Chao et al (34). Bee species richness at the base sample
size of 42,798 individuals (i.e., double the smaller reference size) is 406.0 for sam-
ples from the core area and 321.8 from the 2001 pan traps. The two top graphs
are sample-size-based rarefaction and extrapolation curves for the pan trap samples
from 2001 and the samples made in the core area from 2000-2008. The bottom
three graphs are comparisons of samples from the pan trap samples from 2001 and
the core area for each order of q. Although bees were sampled from the same area,
differences in sampling and years sampled gave different species richness estimates
for each order of q. The first graph in lower row is the same as Fig. 1 in the paper
and presented here for completeness. Figure S2. Plot of sample coverage for rarified
samples (solid line) and extrapolated samples (dashed line) as a function of sample
size for the pan trap samples at permanent sites in 2001 and the samples made by
netting and pan traps throughout the same area encompassed by the permanent
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sites over 9 years (the “core” area). 95% confidence intervals calculated from 50
bootstrap replications are not prominent because of their small size. Both sam-
ples have greater that 95% coverage and broadly overlap up to their reference sizes
(21, 403 individuals for 2001 pan trap samples, 47,120 for core area samples) and
when extrapolated to twice the reference sample size. Figure S3. Comparison of the
coverage-based rarefaction (solid line) and extrapolation (dashed line), for the pan
trap samples at permanent sites in 2001 and the samples made by netting and pan
traps throughout the same area encompassed by the permanent sites over 9 years
(the “core” area) for all three orders of q. In each of the three graphs the lower line
is the 2001 pan trap samples and the upper line is the samples from the core area.
Note that the lines do not intersect at any sample coverage. Figure $4. Comparison
of the coverage-based rarefaction (solid line) and extrapolation (dashed line), for
the samples made in the core area (middle line), core area combined with the pan
trap sampling at permanent sites (blue line on bottom), and all samples made in
the San Bernardino Valley (top line) at q =0. The confidence intervals are very small
they do not show on the graph. Sample coverage is above 95% for diversity values
below 200 species for the datasets and the extrapolations overlap broadly at higher
sampling coverage indicating all three datasets predict very similar bee species rich-
ness in the San Bernardino Valley. Note that the analyses at other orders of q are not
shown because the results match that shown here.
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