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Feed the bees and shade the streams: riparian shrubs
planted for restoration provide forage for native bees
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With evidence of pollinator declines and an increasing focus on restoration, interest is growing in investigating floral resources
for native bees. Although native bees forage on shrubs, few studies have explored the pollinator communities of native shrubs
and none have examined shrub-pollinator interactions in riparian areas of the northwestern United States. Life history traits of
shrubs may make them particularly important resources for bees, especially in early spring—a key point in the lifecycle of
many bee species. We conducted extensive hand-net surveys over 2 years in a large riparian restoration project in the Pacific
Northwest to understand bee-flowering plant interactions with the aim of guiding future restoration efforts. Although forb
blooming stem abundance and richness were higher than that of shrubs in spring, 57% of bees observed foraging were on wil-
low (Salix spp.), a commonly planted riparian shrub. Season-long, bee community composition on shrubs differed from that of
forbs. Bee species diversity was highest on wax currant (Ribes cereum) and willow in early spring (April) and on black hawthorn
(Crataegus douglasii) and mallow ninebark (Physocarpus malvaceus) later (i.e., June — July). Some bees showed a strong pref-
erence for wax currant and black hawthorn, both of which are more resistant to ungulate herbivory than other shrubs. Our
results suggest that riparian restoration practitioners could consider using shrubs that provide forage to a diverse community
of pollinators and improve stream health by shading and stabilizing banks. Planting bee-friendly shrubs can help accomplish

multiple restoration goals and leverage limited restoration funding.
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Implications for Practice

e Shrubs are frequently planted in riparian restorations for
benefits provided to streams and stream-dwelling organ-
isms, such as stabilizing streambanks and shading ther-
mally stressed streams. Shrubs can provide forage for
diverse bee communities, although this is seldom consid-
ered in riparian restoration.

e Bee and flower communities show strong phenological
patterns throughout the growing season. Shrubs may be
particularly important in spring when emerging bees
require abundant floral resources. Considering phenology
in pollinator-plant relationships is recommended when
restoring structure and function of degraded systems.

e Wax currant and black hawthorn may be especially useful
in riparian Pacific Northwestern, US restoration projects
by providing forage to diverse native bees and exhibiting
resistance to ungulate herbivory. Both are regionally used
in riparian restoration.

Introduction

Recently, the fields of native bee conservation and restoration
have rapidly expanded. One reason native bees are of conserva-
tion interest is their importance as pollinators in wildlands and
croplands. Although honey bees are responsible for more polli-
nation services in agroecosystems of the United States, native
bees still contribute approximately $3.07 billion to crop

pollination (Losey & Vaughan 2006; Klein et al. 2007; Reilly
et al. 2020). This is likely an underestimate, given the challenges
associated with valuing pollination services (Hanley et al. 2015;
Melathopoulos et al. 2015). Moreover, native bees provide a major-
ity of pollination services in wildlands (Aslan et al. 2016). Yet,
remarkably little is known about many native bee species and
knowledge gaps exist regarding species diversity, abundance, pop-
ulation trends, and life histories (LeBuhn et al. 2013). Observed
declines in wild bee numbers (Potts et al. 2010; Colla et al. 2012)
have intensified interest in managing and restoring habitat for wild
bees (Winfree 2010; Hanula et al. 2016). However, effective resto-
ration for pollinators requires understanding how landscape features
and plant communities can benefit native bees.
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Feed the bees, shade the streams

One habitat type of key interest among restoration practi-
tioners in the western United States is riparian areas, which sup-
port diverse and abundant wildlife, including native bees,
avifauna and other others (DeBano et al. 2004; Williams 2011;
DeBano et al. 2016; Roof et al. 2018). Riparian areas connect
habitat types across large geographic areas, leading to high
levels of invertebrate and plant diversity (Naiman et al. 1993;
DeBano et al. 2004; DeBano & Wooster 2004; Galindo et al. 2017).
Historically, these systems have been degraded through land man-
agement practices including logging (Sweeney et al. 2004), live-
stock grazing (Schulz & Leininger 1990; Belsky et al. 1999), and
stream channel alteration (Sweeney et al. 2004). Currently, 71%
of US streams and rivers are in “poor-fair”’ condition and “lack of
adequate vegetation” is a primary stressor (US EPA 2017). Interest
is growing in restoring riparian ecosystem structure and function
(Goodwin et al. 1997; Bernhardt et al. 2005; Wohl et al. 2015),
including restoration for pollinator health (Williams 2011).

Riparian restoration often involves establishing vegetation, pri-
marily shrubs and trees (Guillozet et al. 2014; Averett
et al. 2017b) that are planted to improve stream condition by shad-
ing water (Wondzell et al. 2019), stabilizing banks (Hughes 2016),
and connecting terrestrial habitats (Rockwell & Stephens 2018;
Stanford et al. 2020). While riparian restoration objectives do not
traditionally include improving pollinator habitat, pollinators may
benefit from restoration that includes pollen- and nectar-producing
plants (e.g., Golet et al. 2011; Williams 2011; de Aradjo et al. 2018).
However, for bees and other pollinators to benefit from riparian
plantings, pollinator and plant life history traits, including phenology
and pollinator floral preferences, should be considered.

Native bee communities include solitary and social species,
many of which over-winter as adults or prepupae, emerging in
spring or summer to establish nests, forage for pollen and nectar,
and provision brood cells (Michener 2007). Interspecific varia-
tion in emergence time results in strong phenological patterns
in bee communities, with different groups of bee species active
throughout the year. Numerous studies have documented dis-
tinct changes in species composition of native bee communities
throughout the season (Williams et al. 2001; Kimoto et al. 2012;
DeBano et al. 2016; Smith DiCarlo et al. 2020).

Pollen and nectar availability at emergence depends on flow-
ering plant phenology (Rathcke & Lacey 1985; DeBano
et al. 2016; Hicks et al. 2016; Smith DiCarlo et al. 2020). Prox-
imate cues for the onset of bloom are photoperiod, temperature,
and moisture, with plant functional groups generally responding
to different cues (Rathcke & Lacey 1985). In temperate systems,
temperature is the most common cue for blooming in shrubs and
some perennial forbs, whereas photoperiod is a common cue for
annual forbs (Rathcke & Lacey 1985). These cues structure
plant responses to selective factors; for example, wind-
pollinated trees often flower before deciduous plants have leafed
out, enabling easier pollen movement through the environment
(Rathcke & Lacey 1985). The changing availability of pollen
and nectar, driven by plant phenology, influences the varied
native bee species that are active from early spring to late fall.

Early spring in temperate North America is hypothesized to
be a time of great vulnerability for many native bee species
emerging during this period. Weather conditions can be highly

variable or extreme and may result in bees operating closer to
the lower end of their thermal tolerances (Bale 2002; Weissel
etal. 2011; Rotheray et al. 2017). In addition, bloom abundance,
species richness, and total floral resource availability are often at
their lowest levels in early spring (Hicks et al. 2016). During this
time, floral resource availability and density are likely critical to
providing bees with sufficient pollen and nectar for their brood
cells (Mattila & Otis 2006), and their success in this high-risk
environment has direct consequences for fitness (Williams
et al. 2012; Crone 2013; Malfi et al. 2019). For example, in
social bees (e.g., bumble bees), colony fitness of spring-
emerging females depends on floral resource availability in early
spring (Williams et al. 2012; Rotheray et al. 2017; Malfi
et al. 2019). Solitary bee abundance has also been found to
increase following years with higher floral abundance during
emergence (Crone 2013).

In riparian areas, shrubs may play a key role during these
periods because they often bloom early in the spring, providing
valuable forage for bees during the critical time when many
native bees are emerging (Dumroese & Luna 2016; Bentrup
et al. 2019). Onset of shrub bloom and spring bee emergence
are both tightly linked to temperature, such that shrub blooms
likely become abundant when bees are emerging (Rathcke &
Lacey 1985; White et al. 2009; Friind et al. 2013). Several
early-season shrubs [e.g., willow (Salix spp.)] are commonly
planted in riparian restorations because they thrive near
streams and rivers. In some communities, willows are one
of few plant species blooming when bees first begin to emerge
(Moquet et al. 2015). Many willows have sufficiently nutri-
tious pollen and nectar to attract and feed bees (Roulston
et al. 2000; Weiner et al. 2010; Saunders 2018), despite some
being anemophilous.

Other life history traits, beyond phenology, may make shrubs
valuable to riparian bees. The pollen of some shrub species has
relatively high protein content. For example, Roulston
et al. (2000) reported average protein in willow pollen as
41.4%, which is high, given a range of 2.4-61.0% protein
observed in pollen from >300 plant species. Roulston
et al. (2000) found that protein content was highly conserved
within genera and families, suggesting that the willow species
present in Starkey likely have high protein content despite dif-
fering from the species considered by Roulston et al. (2000).
In addition to potential differences in pollen quality, the growth
form of shrubs typically results in higher densities of blooms per
plant than for forbs, with some shrubs having tens of thousands
of blooms per plant (Wender & Harrington 2004). Many bee
species make foraging decisions based on density of floral
resources and focus efforts on dense flower patches (Sih &
Baltus 1987).

Although previous studies have shown that insect pollinators
can benefit from some species of shrubs and trees (reviewed in
Bentrup et al. 2019), most studies focused on timber production
systems (e.g., Reddersen 2001), hedgerows in agroecosystems
(e.g., Hannon & Sisk 2009; Kovacs-Hostyanszki et al. 2013;
Morandin & Kremen 2013), or on non-native honey bees
(Bareke et al. 2017). To our knowledge, no studies have exam-
ined native bee communities associated with shrubs growing
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in riparian areas in the United States. By understanding bee-
plant interactions in riparian habitats, restoration practices can
be refined to not only restore stream health, meeting fish- and
plant-focused restoration goals, but to also enhance pollinator
habitat. Because riparian restoration is expensive (Nagle 2007;
Bouwes et al. 2016; Silverman et al. 2018), annually costing
over $1 billion (USD) in the United States (Bernhardt
et al. 2005), and because financial and logistical support for res-
toration is limited (Holl & Howarth 2000; Iftekhar et al. 2017),
combining restoration goals is a high priority for land managers
(Gonzalez et al. 2017). Although most restoration plans have not
traditionally considered invertebrates, the scope of these plans is
changing. Riparian restoration benefiting pollinators is espe-
cially pertinent given increasing conservation concerns about
these taxa (Winfree 2010; Hanula et al. 2016). Refining plant
selection to accomplish multiple objectives is a simple way to
achieve more with limited financial resources. However, select-
ing shrubs that benefit pollinators and streams requires under-
standing how bees interact with flowering plants used in
riparian restoration projects.

This study sought to determine which shrubs may be good
candidates for simultaneously restoring riparian areas and
enhancing pollinator habitat in the Pacific Northwest (PNW)
by examining interactions between bees and shrubs. Many of
the shrub species examined in this study occur across the western
United States and are commonly used in riparian restoration pro-
jects (Hoag & Landis 2002). To understand the relationships
between bees and flowering shrubs, we addressed the following
questions: (1) How does bee visitation rate differ between shrubs
and forbs early in the season? (2) When does richness of bloom-
ing shrub and forb species peak during the growing season? and
(3) Do bee communities that interact with shrubs and forbs dif-
fer, and which bee species interact with particular blooming
species?

We hypothesized that, due to interacting life history traits
between bee and plant species in the context of seasonal varia-
tion in abiotic conditions, shrubs will play an important role in
supporting native bees, especially early in spring. We predicted
that blooming shrubs would receive more visitors relative to
forbs in early spring, given their phenological availability, their
abundant and nutritious floral rewards, and the high density of
blooms on individual plants (Wender & Harrington 2004; Wei-
ner et al. 2010). In addition, we predicted that many non-shrub
floral resources available in spring would be small annual plants,
unlikely to provide the resources necessary for nest initiation
(Pywell et al. 2005). Finally, we predicted that abundance and
species richness of blooming forbs would increase throughout
the season while shrub abundance and diversity would decrease.

Methods

Study Area

This study was conducted in riparian meadows along 11 km of
Meadow Creek, encompassing approximately 157 ha, at eleva-
tions of approximately 1,100 m (Averett et al. 2017a, 2017b)
in the U.S. Forest Service (USFS) Starkey Experimental Forest
and Range (Starkey) (Fig. 1). Average annual precipitation is
42 cm, mostly arriving between November and June
(NOAA 2010). Climate and vegetation in Starkey are typical
of forested riparian systems in the Blue Mountains of Oregon
(Rowland et al. 1997).

Meadow Creek was part of a large-scale riparian restoration
project implemented in 2012 and 2013 by the USFES that focused
on restoring stream function for the benefit of Endangered Spe-
cies Act (ESA)-listed salmonids (Averett et al. 2017a). During
restoration, over 50,000 native trees and shrubs were planted
in the riparian area, including flowering-shrubs such as willows,

Starkey<

200 km

Vi

Meadow Creek

Figure 1. Study sites and native bees. (A) U.S. Forest Service Starkey Experimental Forest and Range: Meadow Creek, located in northeastern Oregon, with
approximate sampling locations indicated. Black arrows indicate location of sites used in plant and bee sampling; several additional sites (not shown) were
opportunistically sampled for bees. (B) Planted one-color willow (Salix monochroma) in bloom. (C) Bee (Andrena sp.) foraging on one-color willow in April.
(D) Bee (Andrena sp.) foraging on common snowberry (Symphoricarpos albus) in July. All photos by S. Mitchell.
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currants (Ribes spp.), and black hawthorn (Crataegus dougla-
sii), which occur naturally in similar habitats throughout the
western United States and are regionally good candidates for
restoration (Hoag & Landis 2002). Sampling for this study
occurred primarily at 12 sites that are part of a long-term
study (Averett et al. 2017a) (Fig. 1). Cattle (Bos taurus), mule
deer (Odocoileus hemionus), and elk (Cervus canadensis) occur
in the study area. Cattle were not present until mid-June and
stocking rates were low.

Plant and Bee Sampling

To understand how bee visitation rate differs between
shrubs and forbs in spring, we conducted exhaustive
searches of all shrub and forb blooming stems in 11 of
12 one-hectare sites (Fig. 1) in April 2018. During searches,
we systematically walked sites, counting every blooming
stem present and tallying (but not catching) every foraging
bee observed, recording the plant species on which the bee
was observed. Like other pollinator studies (e.g., Roof
et al. 2018; Graham et al. 2021), blooming stems were
defined as easily distinguishable individual flowers
(e.g., Viola adunca, Rosa spp.) or tight clusters of flowers
on a stem (e.g., Noccaea fendleri). Catkins (e.g., willow)
and composite flowers (e.g., Taraxacum officinale) were
counted as single units. Each survey took approximately
1 hour to complete and was conducted between 26 and
28 April 2018. This approach allowed us to calculate a vis-
itation rate for each site (#bees/blooming stem/site) for
shrubs and forbs. The 12th site was not sampled due to
inclement weather (hailstorm), which obscured low-
growing forb blooms and eliminated the possibility of
observing foraging bees.

To understand the timing of peak richness of blooming shrubs
and forbs, we conducted 20-min presence/absence surveys of
blooming plant species throughout each of the 12 sampling sites
once monthly in May, June, July, and September 2018. Here we
defined richness as the total number of currently blooming spe-
cies present at a site. Bloom richness in April was based on
exhaustive search surveys as described above.

To understand how bee communities associated with shrubs
and forbs differ and understand interactions between bee and
blooming plant species, we sampled bees with hand-nets from
April to September of 2018 and May to September of 2019.
Bees were only collected when they appeared to be actively for-
aging on blooms. Collected specimens were euthanized with
ethyl acetate, preserved for identification, and vouchered at Ore-
gon State University’s Hermiston Agricultural Research and
Extension Center’s Invertebrate Ecology Laboratory collection.
Bees were identified by a taxonomic expert using methods
described in Kuhlman and Burrows (2017). Because our objec-
tive was to describe bee communities for individual blooming
plant species, we attempted to maximize the number of observa-
tions of bees for every blooming species of forb and shrub pre-
sent in the study area during each sampling period. To do this,
we conducted targeted netting on all common blooming shrubs

in the area. There were many more forb species than shrubs dur-
ing most sampling bouts, so we conducted hand-netting on forbs
by walking through sites systematically for approximately the
same duration spent netting on shrubs. We opportunistically
sampled on less common plant species when encountered. Most
bees were sampled in the 12 plant sampling plots, but some
opportunistic sampling occurred immediately adjacent to the
12 sites (Fig. 1) in order to increase sample size on less common
plants.

Statistical Analyses

Bee Visitation Rate. To examine how bee visitation rate dif-
fered between shrubs and forbs, we compared the bloom abun-
dance, richness, and visitation rate of shrubs and forbs at each
site in April 2018 using Wilcoxon rank sum tests (Zar 1998),
conducted in R (R Core Team 2019). Visitation rate of bees to
shrub blooms was calculated by dividing the total number of
bees observed visiting shrub blooms (all species combined) in
a site by the total number of shrub blooming stems (all species
combined) counted in a site (M). Visitation rate

#of shrub blooms
to forb blooms was calculated similarly.

Seasonal Phenology. To understand the timing of peak rich-
ness of blooming shrubs and forbs, we used Poisson-
distributed generalized linear mixed models (GLMMs) to
determine if average richness of blooms in a site differed sig-
nificantly among months for each plant type (forbs
vs. shrubs). Pairwise comparisons of monthly means were
made using Tukey contrasts (Tukey 1949). Poisson-distributed
GLMMs and Tukey contrasts were conducted in R (R Core
Team 2019) with the Ime4 package (Bates et al. 2015), and
results were visualized using the ggplot2 package
(Wickham 2016).

Bee and Plant Interactions and Communities. To under-
stand whether bee communities interacting with shrubs differ
from those interacting with forbs, we ordinated bee commu-
nities foraging on shrub and forb blooms using non-metric
multi-dimensional scaling procedures (NMDS) (Kruskall &
Wish 1978). Multi-response permutation procedures
(MRPPs) (McCune et al. 2002) were used to determine if
bee communities differed between forbs and shrubs. For both
NMDS and MRPP analyses, rare species were excluded by
removing bee species with fewer than five specimens and
plant species with fewer than five bee observations. This
resulted in a matrix with 48 rows (plant species) and 58 col-
umns (bee species). We ordinated bloom species in bee spe-
cies space with the following options: Sorenson distance
measure, maximum of 500 iterations, random starting coordi-
nates, step length of 0.20 (McCune & Mefford 2006),
100 runs with real data, and 500 runs with randomized data
to generate a final three-dimensional configuration. We used
PC-ORD Version 7 (McCune & Mefford 2006) to conduct all
multivariate analyses.

40f13

Restoration Ecology



Feed the bees, shade the streams

Table 1. Numbers of bees collected on each of 16 shrub species blooming in April 2018 and May, June, and July of 2018 and 2019.

Common Name Species Name April May June July
Willow sp. Salix sp. 23 20 - -
Wax currant Ribes cereum 6 167 3 -
Geyer’s willow Salix geyeriana - 23 -
Onecolor willow Salix monochroma - 19 - -
Lemmon’s willow Salix lemmonii - 12 - -
Shining willow Salix lasiandra - 3 - -
Black hawthorn Crataegus douglasii - - 101 -
Wild rose Rosa sp. - - 46 5
Red-osier dogwood Cornus sericea - - 40 3
Mallow ninebark Physocarpus malvaceus - - 15 2
English hawthorn Crataegus laevigata - - 2 -
Sticky currant Ribes viscosissimum - - 1 -
Blue elderberry Sambucus nigra - - 8 53
Common snowberry Symphoricarpos albus - - 39 48
Thimbleberry Rubus parviflorus - - - 1
White spirea Spiraea betulifolia - - - 1

Grand Total 29 244 255 113

We then examined bee and flower interactions by construct- Results

ing pollinator networks using all data from both years. Bipartite
networks allow for visualization of two node networks where
box size of individual species is proportional to the number of
observations of a species and the thickness of lines connecting
plants to bees is proportional to the number observed interac-
tions (Dormann et al. 2008). We conducted network analyses
using the bipartite package in R (Dormann et al. 2008, 2009).
Diet breadth of all common bee species (n > 10) was further
explored visually.

Finally, we calculated the Shannon diversity (Shannon &
Weaver 1949) of bee visitors for each shrub species to determine
which shrubs provide forage for the highest diversity of bees.
Shannon diversity was used instead of species richness because
it accounts for the number and relative abundance of each spe-
cies. This information is especially relevant to conservation
because a shrub species that provides resources equally for mul-
tiple species is more likely to support a diverse bee fauna than
one that is visited by an equivalent number of species, but only
occasionally by most species. Shannon diversity was calculated
in the bipartite package of R (Dormann et al. 2009).
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In 2018 and 2019, we collected 1,886 bees of 150 species or
morphospecies on 16 shrub species (641 specimens, Table 1),
76 forb species (1,245 specimens), and one tree species (17 spec-
imens) (Table S1). Of the 150 bee species collected, 30 were
only observed on shrubs, 70 were only observed on forbs, and
50 were observed on both forbs and shrubs (Table S1). Approx-
imately 20% of bee species were only observed once during the
study (24 species on forbs, 13 on shrubs).

Bee Visitation Rate

In early season sampling (April 2018), we counted 20,831
blooming stems from 27 plant species (25 forb, two shrub) and
observed 37 bees foraging on those blooms. Forb blooming
stems were more abundant (W = 120, p < 0.001) and more spe-
cies rich (W = 121, p <0.001) than shrub blooming stems
(Fig. 2). However, there was not a statistically significant differ-
ence in the number of bees per forb blooming stem versus shrub
blooming stem in the 11 sites (W = 76, p = 0.66) (Fig. 2).
Despite this finding, 57% of observed bees were visiting willow

Forbs Shrubs Forbs
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p<0.001 @ p<0.7

an 0.06

.5

g

]

< 0.04

2

Z

5

= 0.02

2 A

o)

5] —

4 8 000 == e

Shrubs Forbs Shrubs

Figure 2. Boxplots displaying counts of blooming stem abundance, richness of blooming species, and number of bee visitors/blooming stem of forbs and shrubs
(n = 11 sites). Red triangles show mean value. Comparisons were made using Wilcoxon rank sum tests.
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% of bees observed

——

% of flowers counted

Spring Draba (Draba verna)

Sagebrush Buttercup (Ranunculus glaberrimus)

Biscuitroot (Cous) (Lomatium cous)

Willow (Salix sp.)
Fendler's Pennycress (Noccaea fendleri)

Nuttall's Violet (Viola nuttallii)

60% 40%

20%

0% 20%

40%

Dandelion (ZTaraxicum officinale)
Ballhead Waterleaf (Hvdrophyllum capitatum)

Wild Strawberry (Fragaria virginiana)

Figure 3. Percentages of total bees observed (left) and of total blooming stems counted (right) in 11 sites during exhaustive searches conducted in April 2018.
Plant species with no observed bee visits and constituting less than 5% of the total count of blooming stems are not shown. Willow (Salix sp.) is the only shrub

species displayed.

blooms, even though willow blooming stems were less than 7%
of total observed blooming stems (Fig. 3).

Seasonal Phenology

Blooming shrub species richness peaked in May, with richness
in that month and June statistically higher than April or
September (Fig. 4). Blooming forb richness peaked in June
and was significantly higher that month than in April, May,
and September (Fig. 4). Bees were collected on blooming shrubs
in April-July in 2018 and 2019 (Table 1). Because no
shrubs were observed blooming after July, all bees collected in

Shrub richness
B AB

AB

Shrub richness

June

April

May

Forb richness

July September

August or September were collected from forbs (Fig. 5, species
key in Table S2).

The phenology of blooming shrubs and bee visitors varied
strongly by season (Table 1; Fig. 5). In April and May, most bees
were collected on willow and wax currant. In June, most bees were
collected on black hawthorn, wild rose (Rosa sp.), red-osier dog-
wood (Cornus sericea), and common snowberry, but also infre-
quently on five other, less common shrubs. In July, most bees
were collected on blue elderberry and common snowberry and less
frequently on other species. The proportion of bees collected on
shrubs versus forbs was highest in May and declined in June and
July (Fig. 5). Bee and plant species turnover was high across months
(Fig. 5; Table S2).

Forb richness

C
g EC
40- B
L ]
30- L ] L]
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®
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April  May  June July September

Figure 4. Seasonal variation in blooming forb and shrub species richness at 12 sites along Meadow Creek in 2018. Statistically significant differences among
months (Poisson-distributed GLMM, multiple comparisons of means Tukey contrasts, p < 0.05) are indicated by different letters above boxplots. Dots show
counts from individual sites (n = 12), red triangles show mean values. No shrub blooms were detected at any sites in September.
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18 bee species
7 plant species

91 bee species
43 plant species

68 bee species
25 plant species

Bees mostly
on shrubs

Bees mostly

on forbs

45 plant species

21 *31

26

*29

26

n=284
18 bee species
14 plant species

70 bee species

17 bee species
10 plant species

Shrubs
[

| |
Forbs

Figure 5. Monthly plant and bee networks (2018 and 2019 sampling combined). The number of interactions and bee and plant species represented by each
network are given below each graph. The left-side of each network displays bee species and the right-side plant species. Bee species for which more than

10 specimens were collected are labeled with numbers. Plant species for which more than 10 bees were collected on are labeled with numbers and asterisks (see
table S2 for key to bee and plant species). Box segment height corresponds to the number of observations for a species and line width to number of observed

interactions between two connected species.

Black hawthorn had the highest observed diversity of bees,
followed by mallow ninebark (Physocarpus malvaceus).
Among shrubs blooming in April and May, wax currant was vis-
ited by a higher diversity of bees than any willow spe-
cies (Fig. 6).

Bee and Plant Interactions

Community analyses of blooming plants in bee community space
revealed that bee communities on forbs and shrubs were distinct
from each other (MRPP: A = 0.02, p < 0.001; Fig. 7). Final stress
of the three-dimensional ordination was 12.6. Axis 1 explained
23% of the variation present in the data, axis 2 explained
13%, and axis 3 explained 11%. NMDS ordination showed
some separation between shrub and forb species on axis
1 and on axis 3, indicating that bee communities differed
between shrubs and forbs (Fig. 7). Shrub species were associ-
ated with positive values on axis 1, indicating association
with several Andrena and Osmia species, and negative values
on axes 2 and 3, indicating association with several Bombus,
Lasioglossum, and Osmia species (Fig. 7, Table S3). Forb
species were negatively associated with axis 1 and positively
with axes 2 and 3 and were associated with several species of
Melissodes, Lasioglossum, and Halictus.

Network analyses suggested that bees exhibited a mix of for-
aging patterns, with some species displaying preferences for

certain plants (oligolectic) and others visiting many plants (poly-
lectic). The five most specialized bee species (of 35 species,
n 2 10, labeled in Fig. 8) were Andrena porterae (15 specimens,
100% on wax currant), A. flocculosa (13 specimens, 100% on
red osier dogwood), Anthophora pacifica (104 specimens,
97% on wax currant), Diadasia nigrifrons (25 specimens, 92%

Shannon diversity
Sr i ey
o (8] o

o
w
L

Figure 6. Shannon diversity of bee visitors to shrub species occurring at
Meadow Creek. Shrubs with only one observed visitor were excluded.
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Figure 7. Blooming plant species in bee community space (top panel is axis 1 vs. axis 3, bottom panel is axis 1 vs. axis 2). Percent of variation explained by each
axis is shown on the axis label. Symbols are plant species labeled with codes from the USDA NRCS database (https://plants.sc.egov.usda.gov/java/). Bee
communities observed foraging on shrubs versus forbs were significantly different (A = 0.02, p < 0.001). Bee species with r > 0.1 correlation to each axis are

shown. All data were combined from 2018 and 2019 sampling.

on Oregon checker-mallow), and Bombus vosnesenskii (10 spec-
imens, 80% on bull thistle). The most generalist species were
B. mixtus (101 bees on 25 plant species), A. salicifloris (13 bees
on seven plant species), B. flavifrons (141 bees on 38 plant spe-
cies), Hoplitis fulgida (12 bees on eight plant species), and
B. centralis (55 bees on 21 plant species). Some species
appeared to primarily visit plants of particular genera and thus

could be considered oligolectic (specializing on closely related
plants). One example was A. angustitarsata. Although collected
on 11 plant species, 78% of specimens were caught on one of
four willow species, suggesting some level of oligolecty on wil-
lows (see Fig. S1 for diet breadth of the 35 most commonly sam-
pled bee species). A. salicifloris was also potentially oligolectic
on willow with 46% of specimens collected on one of three
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Figure 8. Network of bee and plant interactions for 150 bee species and 92 plant species (16 shrubs, 76 forbs) identified from observations of foraging bees from
April to September, 2018-2019, at Meadow Creek. Names of bee and plant species with 10 or more observations are displayed. Box height and lines connecting

bee and plant species are proportional to the number of observations.

willow species and the remaining 54% collected on four other
plant species.

Discussion

While other studies have explored relationships between native
bees and shrubs in agricultural contexts (Reddersen 2001;

Hannon & Sisk 2009; Kovacs-Hostyanszki et al. 2013), this
study is the first to explore in-depth relationships between native
bees and shrubs in U.S. riparian areas. As predicted, our results
indicated that species-rich communities of native bees forage on
a diverse community of plants in restored riparian areas planted
with commonly selected shrub species. As other studies have
found in agricultural contexts and as we hypothesized, shrubs
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appear to play an important role in supporting native bee com-
munities, especially in spring. We found that a diverse and dis-
tinct community of bees visited shrubs, with several species of
Andrena exhibiting specialist interactions with willows.
Another striking and unexpected case of apparent specialization
in this study was that of Pacific digger bees (A. pacifica) and
wax currant. Of the 104 specimens captured, 101 were collected
on wax currant. This case of apparent specialization was
unexpected because this species has been documented visiting
many plant species from over 15 plant families (Ascher &
Pickering 2020).

The diversity of floral resources varied through the season. As
predicted, and perhaps most importantly, we found that while
shrubs were less abundant than forbs in the early season, some
shrub species like willow were visited at high rates, especially
by certain bee species. In fact, most bees observed during the
earliest part of the year (April) were found foraging on willow.
Willow distribution was patchy but when present, willow had
a high concentration of blooms, likely attracting a high number
of bees with abundant nectar and pollen. Dominant blooming
forb species in April included many small annuals such as spring
draba (Draba verna) and blue-eyed Mary (Collinsia parviflora),
which likely provide minimal nectar or pollen for bees (Pywell
et al. 2005) due to their size. Given the dominance of less bene-
ficial small annual forbs in April and the relatively high protein
content of willow compared to other plant species (Roulston
et al. 2000; Weiner et al. 2010), this genus may be an appealing
resource for bees. Later in the season, shrubs such as currants,
hawthorns, and common snowberry supported diverse bee
fauna. Future studies could compare the pollen nutrition, nectar
volume, and sugar content of early spring blooming forbs with
willow species to further explore the relative value of willows
to native bees.

Some of the shrubs we examined, such as willows and red
osier dogwood, are more common in riparian areas or are ripar-
ian obligates, while others, such as wax currant (Ribes cereum),
common snowberry (Symphoricarpos albus), elderberry (Sam-
bucus nigra), mallow ninebark, wild rose, and black hawthorn,
occur in both upland and riparian areas. It may be particularly
important to include riparian obligates in riparian restoration
projects, given their importance to bees and the high biodiver-
sity of riparian areas.

When considering restoration in riparian areas, land man-
agers should also consider the palatability of planted species to
ungulates. Ungulates such as mule deer and elk can depress
shrub establishment and growth in riparian areas, as seen at Star-
key (Averett et al. 2017a, 2019). Additionally, because the
plants bees visit may overlap significantly with ungulate diets
(particularly forbs), unpalatable but site-suitable native shrubs,
such as hawthorn and currants (Holechek et al. 1982), can be a
useful component of restoration projects (DeBano et al. 2016).
These less palatable species exhibit higher survival in riparian
restoration projects in the presence of ungulate herbivory
(Averett et al. 2017b), lending support to their value in riparian
restoration plantings to benefit both native bees and riparian
communities overall. In the early season, 30 species of bees

were collected on wax currant, and later in the season 24 species
on black hawthorn. In total, 50 bee species (one-third of total
observed species richness) were collected on these two shrubs.
Both plant species provision a high diversity of bee species,
especially when compared to other shrubs blooming at the same
time. Since both shrubs are long-lived, resistant to ungulate her-
bivory, and provide forage to a diverse community of bees, they
are prime candidates for riparian restoration projects where suit-
able. When used in conjunction with other shrubs and forbs,
they may be highly successful in revegetating riparian areas
and providing forage to pollinators. In riparian areas with partic-
ularly intense ungulate herbivory, a multi-pronged management
approach utilizing techniques such as virtual or temporary fenc-
ing may be necessary.

Our study represents an initial assessment of the value of
plants used in riparian restoration plantings for supporting
native bee communities and suggests that shrubs should be an
integral component of such plantings (Bentrup et al. 2019).
Future work should assess pollinator communities pre- and
post-restoration to determine if shrub plantings increase bee
richness and diversity or merely enhance resources for existing
populations. More in-depth studies of bee-shrub interactions
would help identify additional shrubs that support specialist
bees. In addition to documenting foraging behavior of bees
through observation, pollen load analyses using microscopy or
metabarcoding will be helpful in determining which plant spe-
cies are used as pollen sources for presumed bee specialists
(Smith et al. 2019; Arstingstall et al. 2021). Using such
approaches is particularly valuable in pollinator-plant interac-
tions studies because pollen analyses can reveal cryptic
interactions in networks, not detected by observations of
bee foraging behavior (Arstingstall et al. 2021). Finally,
future studies could explore the non-floral benefits
(e.g., oils, nesting substrate) that woody plants can provide
to native bees and explore how to incorporate these into resto-
ration plans.

The woody shrubs examined by this study are widely distrib-
uted across the PNW and should support similar bee communi-
ties in other areas. In particular, the most common shrubs in
Starkey (willows, black hawthorn, wax currant, elderberry,
roses, and dogwood) occur across the PNW US and surrounding
regions (e.g., northern California) and are thus good candidates
for jointly accomplishing pollinator and river restoration goals
across a broad area. Billions of dollars have been spent on river
restoration projects in the United States since 1990 (Bernhardt
et al. 2005), highlighting the importance of pursuing projects
that can accomplish multiple restoration goals without adding
significant cost to projects. With >50,000 trees and shrubs
planted along this stream and hundreds of similar projects being
initiated in the PNW US annually (primarily for ESA-listed
fish), selecting plants that accomplish multiple goals could aid
in native bee resilience on broad spatial scales. Explicitly incor-
porating bee-friendly shrubs, such as the ones examined in this
study, into riparian restoration projects is one approach to extend
restoration dollars by enhancing pollinator habitat while addres-
sing traditional riparian restoration goals.
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Supporting Information
The following information may be found in the online version of this article:

Table S1: Number of bees of each species collected on forbs, shrubs, and trees in 2018
and 2019.

Table S2: Key to bee and plant species identified in monthly plant and bee networks as
depicted in Figure 5.

Table S3: Bee species correlated with plant ordination axes 1, 2, and 3 (species with
> 0.10 are highlighted in grey); non-metric multidimensional scaling (NMDS) ordi-
nations are shown in Figure 7.

Figure S1: Foraging habits of 35 bee species represented by 10 or more individuals.
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