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1  | INTRODUC TION

Declines in bumblebees and other pollinators have raised concerns 
over the pollination of wild plants and crops, as well as concerns 

over the potential extinction of pollinator species themselves (Potts 
et al., 2010; Williams & Osborne, 2009). Pollinator declines are likely 
caused by combined factors including agricultural intensification, 
novel pathogen exposure, competition with non- native species 
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Abstract
1. Populations of bumblebees and other pollinators have declined over the past 

several decades due to numerous threats, including habitat loss and degradation. 
However, we can rarely investigate the role of resource loss due to a lack of de-
tailed long- term records of forage plants and habitats.

2. We used 22- year repeated surveys of more than 262 sites located in grassland, 
forest, and wetland habitats across Illinois, USA to explore how the abundance 
and richness of bumblebee food plants have changed over the period of decline of 
the endangered rusty patched bumblebee Bombus affinis.

3. We documented a decline in abundance of bumblebee forage plants in forest un-
derstories, which our phenology analysis suggests provide the primary nectar and 
pollen sources for foundress queens in spring, a critical life stage in bumblebee 
demography. By contrast, the per- unit area abundance of food plants in primarily 
midsummer- flowering grassland and wetland habitats had not declined. However, 
the total area of grasslands had declined across the region resulting in a net loss of 
grassland resources.

4. Synthesis and applications. Our results suggest a decline in spring- flowering forest un-
derstorey plants is a previously unappreciated bumblebee stressor, compounding fac-
tors like agricultural intensification, novel pathogen exposure and grassland habitat 
loss. These findings emphasize the need for greater consideration of habitat comple-
mentarity in bumblebee conservation. We conclude that the continued loss of early 
season floral resources may add additional stress to critical life stages of bumblebees 
and limit restoration efforts if not explicitly considered in pollinator conservation.
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and climate change (Potts et al., 2010). Primary among these fac-
tors is the reduction of habitat quality and quantity, including the 
loss of key nectar and pollen sources across space and time (Baude 
et al., 2016; Carvell et al., 2006; Scheper et al., 2014). A reduction 
in habitat quality and quantity is implicated in the decline of numer-
ous species (Mortelliti et al., 2010), and is closely tied to extinction 
risk (Potts et al., 2010; Wilcove et al., 1998). Few long- term surveys 
exist that track changes in the key pollinator plant resources found in 
various habitats, which leaves the roles of resource loss and habitat 
complementarity in pollinator declines and recovery unresolved.

Habitat loss and degradation are often tied to agricultural inten-
sification (Foley et al., 2005). Along with the increased conversion of 
natural land cover to croplands, the advent of transgenic crop culti-
vars with engineered herbicide tolerance has increased the quantity 
and frequency of herbicide use in agriculture, reducing the abun-
dance of non- target plants that may be pollinator food resources in 
agricultural landscapes (Zaya et al., 2017). These global trends are 
especially apparent within the American Midwest, where simplified 
agricultural landscapes dominated by corn and soya bean offer few 
floral resources (Meehan et al., 2011). Bee populations within this 
region have undergone recent declines (Burkle et al., 2013; Grixti 
et al., 2009), represented most acutely by substantial losses of 
the now- federally- listed rusty patched bumblebee, Bombus affinis, 
which has been extirpated from ~70% to 90% of its former range 
(USFWS, 2019). Bumblebee populations within these heavily con-
verted landscapes rely on a mosaic of forest, grassland and wetland 
habitat fragments for colony growth and reproduction (Hines & 
Hendrix, 2005; Spiesman et al., 2017). Although the loss of habitat at 
broad scales is well- documented (e.g. Meehan et al., 2011), it is un-
known how or if resource availability has changed within the remain-
ing fragments and if declining habitat quality, defined here as forage 
plant availability, may be occurring alongside the loss of quantity.

Bumblebee populations are sensitive not only to total resource 
quantity, but also to the timing of resource availability (Carvell 
et al., 2017; Malfi et al., 2019). Bumblebees have long flight seasons, 
spanning the flowering phenology of several food resources and 
habitat types (Timberlake et al., 2019; Williams & Osborne, 2009). 
Colonies do not store large quantities of pollen or nectar, relying 
instead on a consistent supply of floral resources throughout the 
season to successfully grow and reproduce. As is the case for many 
organisms, all the resources bumblebees need may not be available 
within a single habitat type. Instead, mobile organisms can move be-
tween habitats that differ in timing of resource availability. These 
habitats are therefore complementary in time, with each habitat pro-
viding a partial share of the resources needed for sustained growth 
and reproduction (Mandelik et al., 2012). Because bumblebee spe-
cies have relatively large foraging ranges (Mola & Williams, 2019), 
they may be able to access a sustained supply of resources through 
complementary habitat use (Mandelik et al., 2012), visiting different 
land cover or vegetation types through a succession of floral turn-
over. Therefore, the value of different habitat types to bumblebees 
varies between castes and throughout colony development. If floral 
cover is lost from any one of the habitats, there may be a disruption 

to habitat complementarity in the bumblebee flight season. To un-
derstand the role of resource loss in bumblebee declines, we must 
consider differences in the timing of resource availability among 
habitats and how that may affect different demographic stages in 
the bumblebee life cycle.

To investigate changes in bumblebee forage resources, total hab-
itat and temporal complementarity, we use a long- term statewide 
dataset from Illinois (Carroll et al., 2002; Zaya et al., 2017) to ex-
amine how floral resources in forests, grasslands and wetlands have 
changed over 22 years (Figure 1). We examined changes in the cover 
and richness of plant species with any visitation records by bumble-
bees in Illinois, as well as a second set of focal plants thought to 
be favoured by B. affinis and Midwestern bumblebees generally. We 
estimated the land cover around the focal sites to explore the hy-
pothesis that sites with more intensive agriculture in the surrounding 
landscape have lower focal plant abundance. We also estimated the 

F I G U R E  1   Map of Illinois (USA) showing study sites. We 
examined changes within forest (green), grassland (coral) and 
wetland (blue) sites within Bombus affinis historic range (shaded 
counties). Additional sites outside B.affinis range (grey circles) 
are not included in this study [Colour figure can be viewed at 
wileyonlinelibrary.com]
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change in total forest, grassland, and wetland cover across the entire 
study region. Lastly, to estimate how different habitat types vary 
in their seasonal importance for bumblebees, we generated habitat- 
level flowering curves using the records of focal plant flowering 
dates and overlaid the seasonal density of bumblebee museum re-
cords. We find changes in plant cover and richness over the past two 
decades that vary across the seasonally distinct habitats. Our results 
reinforce the importance of habitat complementarity for bumblebee 
resource continuity and highlight how resource loss may vary across 
different habitats.

2  | MATERIAL S AND METHODS

2.1 | Data description

Survey sites come from a stratified, randomly selected set of habi-
tat patches evenly distributed throughout Illinois with a majority 
of sites on private property (Critical Trends Assessment Program, 
‘CTAP’; Carroll et al., 2002). Sites were revisited in a 5- year rota-
tion, so not every site is surveyed every year. As such, we binned 
survey events into five non- overlapping sampling periods (1997– 
2001, 2002– 2006, 2007– 2011, 2021– 2016 and 2017– 2019; 
Table S1). Plant abundance was counted as bins of groundcover 
within 20 × 0.25 m2 quadrats along a 41- m transect in wetland 
and grassland sites and 30 quadrats distributed across three 
50- m transects within forest sites. Although woody plants can be 
key sources of early season pollen for bumblebees (e.g. Kämper 
et al., 2016), the ground layer vegetation surveys via quadrats 
excluded woody vegetation >1 m tall, as they are surveyed as 
separate canopies (i.e. shrub/tree counts, DBH measurements). In 
1997, forest sites only contained 15 quadrats. Exclusion of this 
year does not change results qualitatively, so we include 1997 for 
consistency. Sites within each habitat type were sampled May 15– 
June, July and August for forest, wetlands, and grasslands respec-
tively. Data represent plant presence and cover, not direct counts 
of floral abundance. We can assume a correlation between plant 
cover, richness and floral production for the species of interest be-
cause of the well- established positive relationships between plant 
size (biomass, leaf area, etc.), species richness and total flower pro-
duction (e.g. Bonser & Aarssen, 2009; Ebeling et al., 2008; Samson 
& Werk, 1986).

2.2 | Selection of focal plant subsets

Because we are interested in how bumblebee floral resources may 
have changed over the survey period, we focused our investigation 
on plants visited by bumblebees in Illinois and the preferred plants 
of the endangered B. affinis. Given the federally endangered status 
of B. affinis, land managers must handle the weighty task of moni-
toring and preserving their populations, with managing floral re-
sources being key to this strategy (USFWS, 2019). As such, to align 

our analysis with these considerations, we only include sites within 
counties that historically contained B. affinis (Figure 1), although in-
clusion of all sites yielded qualitatively similar results.

We generated a list of floral resources used by bumblebee 
species within Illinois by extracting floral host records from 
the Bumble Bees of North America database (BBNA; Williams 
et al., 2014) which is updated and maintained by Dr. Leif 
Richardson (https://www.leifr ichar dson.org/bbna.html). This 
filtering yielded 159 plant species within the CTAP database 
used by bumblebees (Table S2). Because of the uneven distri-
bution of records within the BBNA database, as is common with 
unstandardized collection records, it broadly represents floral 
species used by bumblebees but is not suitable for determin-
ing floral preference or the relative value of food plants (Wood 
et al., 2019). To focus our analysis on high- value food plants to B. 
affinis and bumblebees in general within the Midwest, we gener-
ated a second focal plant subset using the US Fish and Wildlife 
Service (USFWS) B. affinis favoured plants list (https://www.fws.
gov/midwe st/endan gered/ insec ts/rpbb/plants.html; (Table S3). 
The list was generated by USFWS in collaboration with re-
gional partners and is largely congruent with other regional 
studies of bumblebee pollen use (Simanonok et al., 2021; Wood 
et al., 2019). Because the USFWS list only provided the genus 
for several taxa, we expanded the list to include any member 
of that genus within the CTAP data, resulting in 32 focal plants 
(Table S3). For all subsequent analyses, we filtered the plant sur-
vey data to include only the focal plant subsets, thus treating all 
other cover at a site as non- forage.

2.3 | Changes in plant cover and richness

To determine if focal plants changed in cover or richness over the 
22- year study period, we summed the mean cover of each plant 
across all quadrats within a site in each time period to yield an 
estimate of site- level plant cover and calculated the mean rich-
ness across all quadrats. The estimates of cover are absolute 
(0%– 100%) for each plant species, making cover values of >100% 
possible within quadrats with multiple overlapping species. Any 
sites without any focal plants or surveyed only a single time are ex-
cluded from analysis, as no change is possible. We fit linear mixed 
models of focal plant cover and richness as a function of sampling 
period and habitat type with site as a random effect to determine 
change over the study period. By including site as a random effect, 
we help account for site- level variation as well as changes in plant 
cover or richness that would simply be attributed to some sites 
being lost to development, ploughing or loss of access permissions 
(Carroll et al., 2002). To determine the contribution of individual 
plant species to plant cover, we calculated the per- species propor-
tion of cover within each plant subset as the sum of all cover for a 
given species across all sites over the total cover of all species at 
all sites. We then calculated this proportion again for each habitat 
type.

 13652664, 2021, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.13886 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [20/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.leifrichardson.org/bbna.html
https://www.fws.gov/midwest/endangered/insects/rpbb/plants.html
https://www.fws.gov/midwest/endangered/insects/rpbb/plants.html


1434  |    Journal of Applied Ecology MOLA et AL.

2.4 | Influence of surrounding landscape on plant 
cover and richness

To understand possible relationships between site- level bumblebee 
plant cover or richness and the surrounding landscape, we estimated 
corn and soya bean abundance around our focal sites using land 
cover data obtained from NASS CDL from 1999 to 2019 (CDL data 
not available for 1997– 1998; USDA- National Agricultural Statistics 
Service, 2019). Around each site we classified land cover within 
1,000, 2,500, and 5,000 m and calculated the percent of soya bean 
and corn, the predominant agricultural crops within the region. We 
chose these radii to cover appropriate scales of plant community dy-
namics within the region (Brazner et al., 2007) and as representative 
of the typical foraging range of most bumblebee species (Mola & 
Williams, 2019). To determine if landscapes with higher amounts of 
intensive agriculture had lower site- level plant cover or richness, we 
fit linear models for each habitat with the mean site- level plant cover 
or richness as a function of the mean percent of corn and soya bean 
within the landscape across all sampling periods for each buffer 
radius.

2.5 | Change in habitat cover over time

We calculated the change in forest, grassland and wetland cover 
within our focal region (Figure 1) by comparing National Land Cover 
Database (NLCD; https://www.mrlc.gov/) estimates in 2001 and 
2016, spanning as closely as possible the time period of our study. 
We combined NLCD cover classes (https://www.mrlc.gov/data/
legen ds/natio nal- land- cover - datab ase- 2016- nlcd2 016- legend) for 
each habitat (forests: 41, 42, 43; grasslands: 71, 81; wetlands: 90, 
91) to match classifications used within the CTAP protocol (Carroll 
et al., 2002).

2.6 | Complementarity and seasonality of different 
land covers

We generated the estimates of seasonal floral abundance for each 
habitat type using species- specific floral information and site- level 
abundance. First, we used data on first and last flowering date for 
each plant species (Wilhelm & Rericha, 2017) to determine the mean 
and standard deviation of flowering date. We assumed a normal 
distribution for flowering (Clark & Thompson, 2011) and generated 
flowering phenology curves for all plant species. Next, we calculated 
the estimated floral abundance of each species at every site it was 
present by multiplying the species flowering phenology curve by its 
site- level cover. We conducted this analysis separately for the all 
bumblebee plants subset and the B. affinis subset.

To compare flowering phenology to the flight season of bum-
blebees, we gathered all bumblebee records from Illinois within the 
BBNA database. To avoid bias from duplicate records and multi-
ple collections made on a single day, we included only one record 

per species per collecting event (i.e. unique combination of loca-
tion, collector, species and caste) each day. For B. affinis, we gen-
erated a kernel density estimate of abundance across the season 
by caste, such that days with more unique B. affinis records have 
higher density values. For each caste, we found the maximum den-
sity value to determine the day of year likely to be associated with 
peak abundance. For each of these peak days, we extracted the 
estimated floral abundance of all sites using the results of the plant 
phenology estimation. We then used linear mixed models of floral 
abundance as a function of habitat type with site as a random ef-
fect for the peak abundance date of each caste to determine the 
seasonal importance of habitats to B. affinis across the season. For 
all other bumblebees, we provide only the range of day of year re-
cords for a visual comparison to plant phenology. Because we do 
not have reliable lists of individual species’ preferred forage plants, 
like those available for B. affinis, we did not attempt a quantita-
tive assessment (Appendix S1). Many BBNA records only indicate 
a specimen's sex. For B. affinis records with an associated photo-
graph, we were able to determine caste since queens and workers 
have distinct colour patterns. For all other species, records labelled 
‘Worker’ may include workers, queens or gynes, but exclude any 
specimens explicitly labelled as queens or gynes. Presumably, most 
of these records are workers.

2.7 | Statistical software and data availability

All data management and analysis were performed in R version 
4.0.0 (R Core Team, 2020). To fit mixed- effects models, we used 
the package lmer4 (Bates et al., 2007). Conditional and marginal 
R2 was calculated for mixed models using the rsquared function 
from the piecewisesem package. Tukey HSD post hoc pairwise 
significance tests were run using function glht from the multcomp 
package (Hothorn et al., 2016). We conducted likelihood ratio 
tests of focal models against a null model with the focal effect(s) 
removed to obtain P- values for mixed- effects models using the 
anova function.

3  | RESULTS

3.1 | Changes in plant cover and richness

Using records from 1,033 surveys of 262 sites for bumblebee 
plants and 805 surveys of 201 sites for B. affinis plants (Table S1), 
we found differing degrees of change in plant cover depending on 
habitat type and focal plant subset (Figure 2). Forage plant cover 
declined in forest sites by approximately 3.7% and 2.7% for all 
bumblebee plants (β ± SE = −0.929 ± 0.278, R2

m
 = 0.01, R2

c
 = 0.63, 

p < 0.001) and B. affinis- preferred plants (β ± SE = −0.685 ± 0.213, 
R
2

m
 = 0.02, R2

c
 = 0.64, p = 0.001) respectively. The response in 

grasslands varied between focal plant subsets with overall bum-
blebee floral cover remaining stable (β ± SE = −0.303 ± 0.753, 
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R
2

m
 < 0.01, R2

c
 = 0.61, p = 0.688) but B. affinis floral cover in-

creasing by 6.96% (β ± SE = 1.740 ± 0.509, R2
m

 = 0.02, R2
c
 = 0.63, 

p < 0.001). There was no clear trend in wetlands for bumblebee 
plants (β ± SE = −0.187 ± 0.407, R2

m
 < 0.01, R2

c
 = 0.73, p = 0.646) 

or B. affinis plants (β ± SE = −0.160 ± 0.392, R2
m

 < 0.01, R2
c
 = 0.66, 

p = 0.683).
Trends in the species richness of plants differed by habi-

tat type and which focal plant subset was examined (Figure 2). 
In forests, richness of bumblebee plants and B. affinis- preferred 
plants did not show a steady, linear decline (Bumblebee plants: 
β ± SE = −0.103 ± 0.061, R2

m
 < 0.01, R2

c
 = 0.59, p = 0.092; B. affinis 

plants β ± SE = −0.013 ± 0.031, R2
m

 < 0.01, R2
c
 = 0.51, p = 0.684). 

However, richness of floral resources in the most recent sampling 
period was markedly lower than in previous periods (Figure 2b). 
Grassland plant richness increased for both bumblebee plants 
(β ± SE = 0.300 ± 0.103, R2

m
 < 0.01, R2

c
 = 0.79, p = 0.004) and B. affi-

nis plants (β ± SE = 0.188 ± 0.046, R2
m

 = 0.02, R2
c
 = 0.71, p < 0.001). 

Wetland plant richness remained unchanged for both bumblebee 

plants (β ± SE = 0.117 ± 0.066, R2
m

 < 0.01, R2
c
 = 0.77, p = 0.079) and B. 

affinis plants (β ± SE = 0.045 ± 0.038, R2
m

 < 0.01, R2
c
 = 0.51, p = 0.236).

For both bumblebee plants and B. affinis plants, a few key spe-
cies generated a large share of the total cover (Figure 3) as well as 
the within- habitat cover (Tables S1 and S2). Solidago canadensis and 
Impatiens capensis were the largest contributors to total cover, ac-
counting for 26% of the cover in the full bumblebee plant subset and 
67% of cover in the B. affinis subset. However, these species were 
rare in forests (Figure 3; Figure S1) where, for example, Geranium 
maculatum was the largest contributor to forest plant cover for both 
bumblebee plants (17%) and B. affinis plants (55%).

3.2 | Influence of surrounding landscape on site- 
level findings

We did not find a statistically significant relationship between site- 
level floral cover or richness and the amount of corn and soya bean 

F I G U R E  2   Change in mean cover (top) and mean richness (bottom) over time in forest (a and b), grassland (c and d) and wetland  
(e and f) sites. Focal plants in the all bumblebee plant subset are represented by circles and Bombus affinis focal plant subset is shown  
with squares. Darkened points are those with significantly increasing or decreasing coefficients (p < 0.01) from linear mixed models. Error 
bars are ±95% CI [Colour figure can be viewed at wileyonlinelibrary.com]
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in the landscape for either all bumblebee plants or B. affinis plants at 
any of the examined buffers (Table S4).

3.3 | Change in habitat cover over time

Habitat cover within the focal region changed between 2001 and 2016, 
largely from a 7.12% increase in developed land cover. Forests declined 
modestly from 9.80% to 9.68% of the area, whereas grasslands declined 
more substantially from 5.83% to 5.39%, or about a 7.5% loss. Wetlands re-
mained in low abundance throughout, comprising 1.85% and 1.79% of land 
cover in 2001 and 2016 respectively. Cropland cover remained dominant 
with little change at 68.31% and 67.96% in 2001 and 2016 respectively.

3.4 | Seasonal importance of different land covers

When looking at overall plant abundance without regard to sea-
sonality, grasslands had the highest focal plant cover and richness 
compared to forests or wetlands (Figure S2). However, the seasonal 
distribution of flowering was starkly different between habitats 
for B. affinis plants (Figure 4a), with peak forest floral abundance 
estimated to be May 29 (day of year 149) compared to August 20 
(232) and August 18 (230) for grasslands and wetlands respectively. 
Accordingly, floral abundance available to different castes during 
their peak differed greatly. Forests had the highest floral abundance 
during peak spring queen activity (Figure 4b). For peak worker, male 
and gyne activity, grasslands had the highest floral abundance, 

F I G U R E  3   Cumulative contribution of individual plant species to the total cover of all bumblebee plants (a) and Bombus affinis plants (b). 
Insets display the top three plant species in each focal plant subset, with their relative contribution to the total cover within each habitat 
(F = Forest, G = Grassland, W = Wetland) displayed in the bar chart. Non- native plants are represented by open circles. For visual clarity, 
only the top 20 plant species in either floral subset are displayed. Photograph credits: Medicago sativa photograph courtesy of iNaturalist 
user jon_sullivan (https://www.inatu ralist.org/photo s/1185717). All other photographs are provided by Illinois Natural History Survey 
[Colour figure can be viewed at wileyonlinelibrary.com]
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followed by wetlands and then forests (Figure 4b). The compari-
son of the flowering period of all bumblebee plants to the records 
of castes for the total bumblebee community similarly shows that 
queen activity occurs when forests contain the most flowering re-
sources (Figure 5; Appendix S1).

4  | DISCUSSION

We found evidence for changes in resource availability for bumble-
bees over the survey period depending on habitat and focal plant 
subset. Grasslands contained the highest density of bumblebee 
plants and had stable or increasing cover and richness, but this 
within- habitat increase was more than offset by a reduction of total 
grassland habitat within the region. We found a decline in focal plant 
species within forests that may be important to critical life stages of 
bumblebees. This finding is striking within the context of our other 
results showing that forest resources overlap most strongly with the 
activity of spring bumblebee queens (Figures 4 and 5). Our results 
lend further support to the importance of complementary habitats 
for bumblebees and to considering temporal patterns of resource 
availability in species conservation (Mandelik et al., 2012; Ogilvie & 
Forrest, 2017).

The reduction of bumblebee resources in forests included a 
decline in key early season species like Geranium maculatum and 
Hydrophyllum virginianum (Figure 3), which declined from a combined 
mean of 10.2% of site cover in the first sampling period to 6.2% in 
the most recent sampling period (Table S5). Although our dataset 
precludes a formal analysis of phenology across each sampling 

period, the decline in forest resources over the past couple decades 
appears to lead to a decrease in estimated spring resource availabil-
ity (Figure S4). Due to a large variability among sites, the explanatory 
power of our models is somewhat limited. However, declining food 
plant abundance in forests is consistent with studies showing how 
factors like increasing deer browse (Shelton et al., 2014), invasive 
shrubs (Miller & Gorchov, 2004) and disturbance from introduced 
earthworms (Bohlen et al., 2004) reduce spring ephemeral abun-
dance within woodlands across the eastern United States. The de-
clining abundance of G. maculatum has been documented in other 
studies in Illinois (Augspurger & Buck, 2017; Burkle et al., 2013) and 
New York (Greller et al., 1990). Notably, the understorey herb flow-
ering in central Illinois has advanced by >1 week in the last 20 years 
(Augspurger & Zaya, 2020), compounding the effects of resource 
loss by potentially increasing the asynchrony between plant flower-
ing and pollinator emergence. Except for the most recent sampling 
period, the loss of resources in forests appears to be driven by a 
decline in plant cover (Figure 2a), not species richness (Figure 2b), 
consistent with evidence that species richness of plant communities 
lags behind trends in abundance (Price et al., 2018). If the loss of flo-
ral richness in the most recent sampling period continues, this could 
compound the impact on bumblebee populations as poor nutrition is 
associated with reduced nest founding success (Watrous et al., 2019) 
and persists through queen ontogeny (Woodard et al., 2019).

In contrast to the trends in forests, we found that grassland 
resources for bumblebees generally remained stable or increased 
(Figure 2c,d) with expected increases in midsummer resource 
availability (Figure S4), potentially due to restoration efforts 
and improved guidelines for conservation programs (e.g. USDA 

F I G U R E  4   The abundance of Bombus 
affinis plants varies by season and habitat. 
(a) Estimated mean floral cover of forest 
(green), grassland (coral) and wetland 
(blue) habitats from the phenology model. 
Bombus affinis database records from 
Illinois (USA) are shown as smoothed 
kernel density estimates for spring queens 
(solid black), workers (rust), males (yellow) 
and fall gynes (dashed black). (b) Boxplots 
of estimated floral cover during peak 
abundance of each caste within forest, 
grassland and wetland sites. Letters show 
significance at p < 0.01 level from Tukey 
HSD post hoc test of linear mixed- effects 
model with site as a random effect. 
(F = Forest, G = Grassland, W = Wetland) 
[Colour figure can be viewed at 
wileyonlinelibrary.com]
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Conservation Reserve Program). However, total grassland land 
area declined ~7.5% within the study region, offsetting modest 
gains in within- habitat plant cover or richness. These recent results 
further the large- scale losses that have already occurred across 
the Midwest over the past century (Meehan et al., 2011), includ-
ing the loss of nearly all native prairies (Samson & Knopf, 1994). 
Promisingly, we did not find evidence that sites within more ag-
riculturally dominated landscapes have lower bumblebee plant 
cover or richness compared to less intensively cropped areas 
(Table S4), as might be expected from the increased use of herbi-
cides applied to genetically modified herbicide- tolerant crops and 
simplified landscapes (e.g. a herbicide effect; Zaya et al., 2017). 
However, bumblebees within agriculturally dominated landscapes 
face numerous other challenges including insecticide and fungicide 
exposure and competition with managed bees (Potts et al., 2010; 
Williams & Osborne, 2009).

Habitats exhibited strong differences in flowering seasonality 
that could be an important consideration in conservation plan-
ning for B. affinis (Figure 4) and bumblebees generally (Figure 5). 
Grasslands and wetlands provide the bulk of forage for established 
colonies in midsummer, but these habitats lack floral resources in 
early spring. Forests bloom predominantly in the spring when re-
sources within other habitats are scarce and queens are begin-
ning to emerge. This is a critical period for bumblebee populations 
because floral resource availability for queens and small colonies 
is closely tied to population demographics (Carvell et al., 2017; 
Malfi et al., 2019). Because of the timing of forest surveys, our 
study likely underestimates the abundance of spring ephemerals 
and resources for bumblebees within deciduous woodlands rel-
ative to the other habitat types, suggesting resource availability 
within forests may be higher. However, this detection should be 
consistent across sampling periods and not bias estimates of trend 
over time. Our analysis focused on ground layer vegetation, but 
concurrent shrub and tree layer surveys show most forest sites 
contain at least one tree or shrub species used as forage by bum-
blebees. Comparatively, less than 25% of grassland and wetland 
sites had tree or shrub species used by bumblebees (Tables S6 and 
S7). European studies have found tree pollens to be dominant in 
the diets of early season B. terrestris (Bertrand et al., 2019; Kämper 
et al., 2016) and in Japan overwintered queens make use of both 
nectar- rich understorey ephemerals and pollen- rich canopy flow-
ers (Inari et al., 2012). Although a comparable analysis of trends 
in taller woody plants was not possible with our dataset, future 
efforts to understand canopy resources would be worthwhile. 
Taken together, we conclude that consideration of habitat com-
plementarity among forest and grassland sites could be important 
in creating continuous seasonal pollinator habitat and warrants 
targeted investigation.

A loss of resources in early spring is likely to exacerbate threats 
to bumblebees but is hardly the only consideration in understand-
ing the decline and recovery. Our study focuses on B. affinis, a 
species which has undergone large declines in the past ~30 years 
(USFWS, 2019). However, population trajectories of North 
American bumblebees are not monotonic (Grixti et al., 2009; 
Williams & Osborne, 2009), with some species declining within the 
region while others remain stable or even increase in abundance. 
Given the general concordance between our observed trends for 
all bumblebee plants and B. affinis focal plants, it seems likely that 
the patterns observed here affect a range of Midwestern pollina-
tor species. Although novel pathogen exposure is thought to be 
the primary cause of B. affinis decline and threatens other species 
(Cameron et al., 2016; USFWS, 2019), poor resource availability 
can compound the effects of pathogen exposure. For example, 
higher pathogen loads were found to be present in B. impatiens in 
sites with lower spring resource availability (McNeil et al., 2020), 
suggesting additive stress from pathogen exposure, resource 
availability and nutrition, which are further compounded by other 
threats to bee populations like pesticides or climate change (Potts 
et al., 2010). In total, although declining resource availability, 

F I G U R E  5   Seasonal distribution of all bumblebee plants and 
bumblebee specimen records. (a) Similar to the analysis for only 
Bombus affinis plants, forest (green) is the predominant resource 
habitat in the spring followed by grasslands (coral) and wetlands 
(blue) in midsummer. (b) Horizontal bars represent the inner 90th 
percentile range of records of bumblebee specimens (B.affinis 
excluded) in the Bumble Bees of North America database for 
each caste. Darkened section of the bar represents the inner 
50th percentile of records [Colour figure can be viewed at 
wileyonlinelibrary.com]

 13652664, 2021, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.13886 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [20/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.wileyonlinelibrary.com


     |  1439Journal of Applied EcologyMOLA et AL.

especially at modest levels like those observed here, is unlikely 
to have been the primary cause of declines for B. affinis and other 
species, substantial negative effects of declining resources are 
likely to be realized through interactions with several stressors.

5  | CONCLUSIONS

Habitat degradation and quality play a central role in the decline 
and recovery of species. In the present study, we find evidence for 
declines in bumblebee forage plants that vary by habitat type and 
therefore season. If these trends continue, they will further impede 
bumblebee conservation efforts if early season resources limit col-
ony establishment or make colonies more prone to the effects of 
other stressors. Much of the present restoration and monitoring ef-
fort focuses on grassland restoration (Requier & Leonhardt, 2020), 
but our results suggest such efforts may benefit from greater em-
phasis on early season resources in forest habitats and increasing 
complementarity and connectivity between forests, grasslands , and 
wetlands.

ACKNOWLEDG EMENTS
The authors M. Simanonok for providing comments on a draft of the 
manuscript. This work relies on the many botanists who surveyed 
plants across Illinois for over two decades and the many contributors 
to the BBNA database. Without this labor these analyses would not 
be possible –  thank you. The CTAP program was supported by the 
Illinois Department of Natural Resources. Any use of trade, firm or 
product names is for descriptive purposes only and does not imply 
endorsement by the US Government.

AUTHORS'  CONTRIBUTIONS
J.M.M. and I.S.P. developed the initial goals of the study; G.S. and 
D.N.Z. provided CTAP data and expertise on Illinois plants; L.L.R. 
provided access to the BBNA database and guidance on its use; 
J.M.M. conducted analysis and wrote the initial draft of the manu-
script. All the authors contributed to revisions and approved the final 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
All raw data, intermediate output and scripts are available via the 
Dryad Digital Repository https://doi.org/10.25338/ B88G96 (Mola 
et al., 2021).

ORCID
John M. Mola  https://orcid.org/0000-0002-5394-9071 
Leif L. Richardson  https://orcid.org/0000-0003-4855-5737 
David N. Zaya  https://orcid.org/0000-0001-7393-3889 
Ian S. Pearse  https://orcid.org/0000-0001-7098-0495 

R E FE R E N C E S
Augspurger, C. K., & Buck, S. (2017). Decline in herb species diversity 

over two decades in a temperate deciduous forest in Illinois. The 

Journal of the Torrey Botanical Society, 144(4), 392– 405. https://doi.
org/10.3159/TORRE Y- D- 16- 00036.1

Augspurger, C. K., & Zaya, D. N. (2020). Concordance of long- term shifts 
with climate warming varies among phenological events and herba-
ceous species. Ecological Monographs, 9(4), https://doi.org/10.1002/
ecm.1421

Bates, D., Sarkar, D., Bates, M. D., & Matrix, L. (2007). The lme4 package. 
R package version, 2(1), 74.

Baude, M., Kunin, W. E., Boatman, N. D., Conyers, S., Davies, N., Gillespie, 
M. A. K., Morton, R. D., Smart, S. M., & Memmott, J. (2016). Historical 
nectar assessment reveals the fall and rise of floral resources in 
Britain. Nature, 530(7588), 85– 88. https://doi.org/10.1038/natur e 
16532

Bertrand, C., Eckerter, P. W., Ammann, L., Entling, M. H., Gobet, E., 
Herzog, F., Mestre, L., Tinner, W., & Albrecht, M. (2019). Seasonal 
shifts and complementary use of pollen sources by two bees, a 
lacewing and a ladybeetle species in European agricultural land-
scapes. Journal of Applied Ecology, 56(11), 2431– 2442. https://doi.
org/10.1111/1365- 2664.13483

Bohlen, P. J., Scheu, S., Hale, C. M., McLean, M. A., Migge, S., Groffman, 
P. M., & Parkinson, D. (2004). Non- native invasive earthworms as 
agents of change in northern temperate forests. Frontiers in Ecology 
and the Environment, 2(8), 427– 435. https://doi.org/10.1890/1540- 
9295(2004)002[0427:NIEAA O]2.0.CO;2

Bonser, S. P., & Aarssen, L. W. (2009). Interpreting reproductive al-
lometry: Individual strategies of allocation explain size- dependent 
reproduction in plant populations. Perspectives in Plant Ecology, 
Evolution and Systematics, 11(1), 31– 40. https://doi.org/10.1016/ 
j.ppees.2008.10.003

Brazner, J. C., Danz, N. P., Trebitz, A. S., Niemi, G. J., Regal, R. R., 
Hollenhorst, T., Host, G. E., Reavie, E. D., Brown, T. N., Hanowski, 
J. M., Johnston, C. A., Johnson, L. B., Howe, R. W., & Ciborowski, 
J. J. H. (2007). Responsiveness of great lakes wetland indicators to 
human disturbances at multiple spatial scales: A multi- assemblage 
assessment. Journal of Great Lakes Research, 33, 42– 66. https://doi.
org/10.3394/0380- 1330(2007)33[42:ROGLW I]2.0.CO;2

Burkle, L. A., Marlin, J. C., & Knight, T. M. (2013). Plant- pollinator inter-
actions over 120 years: Loss of species, co- occurrence and function. 
Science, 339(6127), 1611– 1615. https://doi.org/10.1126/scien ce. 
1232728

Cameron, S. A., Lim, H. C., Lozier, J. D., Duennes, M. A., & Thorp, R. 
(2016). Test of the invasive pathogen hypothesis of bumble bee 
decline in North America. Proceedings of the National Academy of 
Sciences of the United States of America, 113(16), 4386– 4391. https://
doi.org/10.1073/pnas.15252 66113

Carroll, C., Dassler, C., Ellis, J., Spyreas, G., Taft, J. B., & Robertson, 
K. (2002). Plant sampling protocols. Critical Trends Assessment 
Program Monitoring Protocols. Illinois Natural History Survey, Office 
of the Chief Technical Report, p. 2.

Carvell, C., Bourke, A. F. G., Dreier, S., Freeman, S. N., Hulmes, S., Jordan, 
W. C., Redhead, J. W., Sumner, S., Wang, J., & Heard, M. S. (2017). 
Bumblebee family lineage survival is enhanced in high- quality 
 landscapes. Nature, 543(7646), 547. https://doi.org/10.1038/natur e 
21709

Carvell, C., Roy, D. B., Smart, S. M., Pywell, R. F., Preston, C. D., & 
Goulson, D. (2006). Declines in forage availability for bumblebees at 
a national scale. Biological Conservation, 132(4), 481– 489. https://doi.
org/10.1016/j.biocon.2006.05.008

Clark, R. M., & Thompson, R. (2011). Estimation and comparison of flow-
ering curves. Plant Ecology & Diversity, 4(2– 3), 189– 200. https://doi.
org/10.1080/17550 874.2011.580382

Ebeling, A., Klein, A.- M., Schumacher, J., Weisser, W. W., & Tscharntke, T. 
(2008). How does plant richness affect pollinator richness and tem-
poral stability of flower visits? Oikos, 117(12), 1808– 1815. https://
doi.org/10.1111/j.1600- 0706.2008.16819.x

 13652664, 2021, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.13886 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [20/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.25338/B88G96
https://orcid.org/0000-0002-5394-9071
https://orcid.org/0000-0002-5394-9071
https://orcid.org/0000-0003-4855-5737
https://orcid.org/0000-0003-4855-5737
https://orcid.org/0000-0001-7393-3889
https://orcid.org/0000-0001-7393-3889
https://orcid.org/0000-0001-7098-0495
https://orcid.org/0000-0001-7098-0495
https://doi.org/10.3159/TORREY-D-16-00036.1
https://doi.org/10.3159/TORREY-D-16-00036.1
https://doi.org/10.1002/ecm.1421
https://doi.org/10.1002/ecm.1421
https://doi.org/10.1038/nature16532
https://doi.org/10.1038/nature16532
https://doi.org/10.1111/1365-2664.13483
https://doi.org/10.1111/1365-2664.13483
https://doi.org/10.1890/1540-9295(2004)002%5B0427:NIEAAO%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2004)002%5B0427:NIEAAO%5D2.0.CO;2
https://doi.org/10.1016/j.ppees.2008.10.003
https://doi.org/10.1016/j.ppees.2008.10.003
https://doi.org/10.3394/0380-1330(2007)33%5B42:ROGLWI%5D2.0.CO;2
https://doi.org/10.3394/0380-1330(2007)33%5B42:ROGLWI%5D2.0.CO;2
https://doi.org/10.1126/science.1232728
https://doi.org/10.1126/science.1232728
https://doi.org/10.1073/pnas.1525266113
https://doi.org/10.1073/pnas.1525266113
https://doi.org/10.1038/nature21709
https://doi.org/10.1038/nature21709
https://doi.org/10.1016/j.biocon.2006.05.008
https://doi.org/10.1016/j.biocon.2006.05.008
https://doi.org/10.1080/17550874.2011.580382
https://doi.org/10.1080/17550874.2011.580382
https://doi.org/10.1111/j.1600-0706.2008.16819.x
https://doi.org/10.1111/j.1600-0706.2008.16819.x


1440  |    Journal of Applied Ecology MOLA et AL.

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, 
S. R., Chapin, F. S., Coe, M. T., Daily, G. C., Gibbs, H. K., Helkowski, 
J. H., Holloway, T., Howard, E. A., Kucharik, C. J., Monfreda, C., Patz, 
J. A., Prentice, I. C., Ramankutty, N., & Snyder, P. K. (2005). Global 
consequences of land use. Science, 309(5734), 570– 574. https://doi.
org/10.1126/scien ce.1111772

Greller, A. M., Locke, D. C., Kilanowski, V., & Lotowycz, G. E. (1990). 
Changes in vegetation composition and soil acidity between 
1922 and 1985 at a site on the north shore of long Island, New 
York. Bulletin of the Torrey Botanical Club, 117(4), 450. https://doi.
org/10.2307/2996843

Grixti, J. C., Wong, L. T., Cameron, S. A., & Favret, C. (2009). Decline 
of bumble bees (Bombus) in the North American Midwest. 
Biological Conservation, 142(1), 75– 84. https://doi.org/10.1016/ 
j.biocon.2008.09.027

Hines, H. M., & Hendrix, S. D. (2005). Bumble bee (Hymenoptera: Apidae) 
diversity and abundance in tallgrass prairie patches: Effects of local 
and landscape floral resources. Environmental Entomology, 34(6), 
1477– 1484. https://doi.org/10.1603/0046- 225X- 34.6.1477

Hothorn, T., Bretz, F., Westfall, P., Heiberger, R. M., Schuetzenmeister, A., 
& Scheibe, S. (2016). Package ‘multcomp’. In Simultaneous Inference in 
General Parametric Models. Project for Statistical Computing. http://
multc omp.r- forge.r- proje ct.org/

Inari, N., Hiura, T., Toda, M. J., & Kudo, G. (2012). Pollination linkage 
between canopy flowering, bumble bee abundance and seed pro-
duction of understorey plants in a cool temperate forest. Journal of 
Ecology, 100(6), 1534– 1543. https://doi.org/10.1111/j.1365- 2745. 
2012.02021.x

Kämper, W., Werner, P. K., Hilpert, A., Westphal, C., Blüthgen, N., Eltz, T., 
& Leonhardt, S. D. (2016). How landscape, pollen intake and pollen 
quality affect colony growth in Bombus terrestris. Landscape Ecology, 
31(10), 2245– 2258. https://doi.org/10.1007/s1098 0- 016- 0395- 5

Malfi, R. L., Crone, E., & Williams, N. (2019). Demographic benefits of 
early season resources for bumble bee (B. vosnesenskii) colonies. 
Oecologia, 191(2), 377– 388. https://doi.org/10.1007/s0044 2- 019- 
04472 - 3

Mandelik, Y., Winfree, R., Neeson, T., & Kremen, C. (2012). Complementary 
habitat use by wild bees in agro- natural landscapes. Ecological 
Applications, 22(5), 1535– 1546. https://doi.org/10.1890/11- 1299.1

McNeil, D. J., McCormick, E., Heimann, A. C., Kammerer, M., Douglas, 
M. R., Goslee, S. C., Grozinger, C. M., & Hines, H. M. (2020). Bumble 
bees in landscapes with abundant floral resources have lower patho-
gen loads. Scientific Reports, 10(1), 22306. https://doi.org/10.1038/
s4159 8- 020- 78119 - 2

Meehan, T. D., Werling, B. P., Landis, D. A., & Gratton, C. (2011). 
Agricultural landscape simplification and insecticide use in the 
Midwestern United States. Proceedings of the National Academy 
of Sciences of the United States of America, 108(28), 11500– 11505. 
https://doi.org/10.1073/pnas.11007 51108

Miller, K. E., & Gorchov, D. L. (2004). The invasive shrub, Lonicera maackii, 
reduces growth and fecundity of perennial forest herbs. Oecologia, 
139(3), 359– 375. https://doi.org/10.1007/s0044 2- 004- 1518- 2

Mola, J. M., Richardson, L. L., Spyreas, G., Zaya, D. N., & Pearse, I. S. 
(2021). Data from: Data for Long- term surveys support declines 
in early season forest plants used by bumblebees. Dryad Digital 
Repository, https://doi.org/10.25338/ B88G96

Mola, J. M., & Williams, N. M. (2019). A review of methods for the study 
of bumble bee movement. Apidologie, 50(4), 497– 514. https://doi.
org/10.1007/s1359 2- 019- 00662 - 3

Mortelliti, A., Amori, G., & Boitani, L. (2010). The role of habitat qual-
ity in fragmented landscapes: A conceptual overview and prospec-
tus for future research. Oecologia, 163(2), 535– 547. https://doi.
org/10.1007/s0044 2- 010- 1623- 3

Ogilvie, J. E., & Forrest, J. R. (2017). Interactions between bee forag-
ing and floral resource phenology shape bee populations and 

communities. Current Opinion in Insect Science, 21, 75– 82. https://
doi.org/10.1016/j.cois.2017.05.015

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., & 
Kunin, W. E. (2010). Global pollinator declines: Trends, impacts and 
drivers. Trends in Ecology & Evolution, 25(6), 345– 353. https://doi.
org/10.1016/j.tree.2010.01.007

Price, E. P., Spyreas, G., & Matthews, J. W. (2018). Biotic homogenization 
of regional wetland plant communities within short time- scales in the 
presence of an aggressive invader. Journal of Ecology, 106(3), 1180– 
1190. https://doi.org/10.1111/1365- 2745.12883

R Core Team. (2020). R: A language and environment for statistical comput-
ing. (Version 4.0.0) [Computer software]. R Foundation for Statistical 
Computing. Retrieved from https://www.R- Proje ct.org/

Requier, F., & Leonhardt, S. D. (2020). Beyond flowers: Including non- floral 
resources in bee conservation schemes. Journal of Insect Conservation, 
24(1), 5– 16. https://doi.org/10.1007/s1084 1- 019- 00206 - 1

Samson, D. A., & Werk, K. S. (1986). Size- dependent effects in the anal-
ysis of reproductive effort in plants. The American Naturalist, 127(5), 
667– 680. https://doi.org/10.1086/284512

Samson, F., & Knopf, F. (1994). Prairie conservation in North America. 
BioScience, 44(6), 418– 421. https://doi.org/10.2307/1312365

Scheper, J., Reemer, M., van Kats, R., Ozinga, W. A., van der Linden, 
G. T. J., Schaminée, J. H. J., Siepel, H., & Kleijn, D. (2014). Museum 
specimens reveal loss of pollen host plants as key factor driving wild 
bee decline in The Netherlands. Proceedings of the National Academy 
of Sciences of the United States of America, 111(49), 17552– 17557. 
https://doi.org/10.1073/pnas.14129 73111

Shelton, A. L., Henning, J. A., Schultz, P., & Clay, K. (2014). Effects of 
abundant white- tailed deer on vegetation, animals, mycorrhizal 
fungi, and soils. Forest Ecology and Management, 320, 39– 49. https://
doi.org/10.1016/j.foreco.2014.02.026

Simanonok, M. P., Otto, C. R. V., Cornman, R. S., Iwanowicz, D. D., 
Strange, J. P., & Smith, T. A. (2021). A century of pollen foraging by the 
endangered rusty patched bumble bee (Bombus affinis): Inferences 
from molecular sequencing of museum specimens. Biodiversity and 
Conservation, 30(1), 123– 137. https://doi.org/10.1007/s1053 1- 020- 
02081 - 8

Spiesman, B. J., Bennett, A., Isaacs, R., & Gratton, C. (2017). Bumble 
bee colony growth and reproduction depend on local flower dom-
inance and natural habitat area in the surrounding landscape. 
Biological Conservation, 206, 217– 223. https://doi.org/10.1016/j.
biocon.2016.12.008

Timberlake, T. P., Vaughan, I. P., & Memmott, J. (2019). Phenology of 
farmland floral resources reveals seasonal gaps in nectar availabil-
ity for bumblebees. Journal of Applied Ecology, 56(7), 1585– 1596. 
https://doi.org/10.1111/1365- 2664.13403

USDA- National Agricultural Statistics Service. (2019). USDA- National 
Agricultural Statistics Service, Cropland Data Layer. United States 
Department of Agriculture, National Agricultural Statistics Service, 
Marketing and Information Services Office.

USFWS. (2019). U.S. Fish and Wildlife Service Draft Recover Plan for the 
Rusty Patched Bumble Bee (Bombus affinis) (p. 12). Midwest Regional 
Office.

Watrous, K. M., Duennes, M. A., & Woodard, S. H. (2019). Pollen diet 
composition impacts early nesting success in queen bumble bees 
Bombus impatiens Cresson (Hymenoptera: Apidae). Environmental 
Entomology, 48(3), 711– 717. https://doi.org/10.1093/ee/nvz043

Wilcove, D. S., Rothstein, D., Dubow, J., Phillips, A., & Losos, E. (1998). 
Quantifying threats to imperiled species in the United States. 
BioScience, 48(8), 607– 615. https://doi.org/10.2307/1313420

Wilhelm, G., & Rericha, L. (2017). Flora of the Chicago region: A floristic and 
ecological synthesis. Indiana Academy of Sciences.

Williams, P. H., & Osborne, J. L. (2009). Bumblebee vulnerability and 
conservation world- wide. Apidologie, 40(3), 367– 387. https://doi.
org/10.1051/apido/ 2009025

 13652664, 2021, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.13886 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [20/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1126/science.1111772
https://doi.org/10.1126/science.1111772
https://doi.org/10.2307/2996843
https://doi.org/10.2307/2996843
https://doi.org/10.1016/j.biocon.2008.09.027
https://doi.org/10.1016/j.biocon.2008.09.027
https://doi.org/10.1603/0046-225X-34.6.1477
http://multcomp.r-forge.r-project.org/
http://multcomp.r-forge.r-project.org/
https://doi.org/10.1111/j.1365-2745.2012.02021.x
https://doi.org/10.1111/j.1365-2745.2012.02021.x
https://doi.org/10.1007/s10980-016-0395-5
https://doi.org/10.1007/s00442-019-04472-3
https://doi.org/10.1007/s00442-019-04472-3
https://doi.org/10.1890/11-1299.1
https://doi.org/10.1038/s41598-020-78119-2
https://doi.org/10.1038/s41598-020-78119-2
https://doi.org/10.1073/pnas.1100751108
https://doi.org/10.1007/s00442-004-1518-2
https://doi.org/10.25338/B88G96
https://doi.org/10.1007/s13592-019-00662-3
https://doi.org/10.1007/s13592-019-00662-3
https://doi.org/10.1007/s00442-010-1623-3
https://doi.org/10.1007/s00442-010-1623-3
https://doi.org/10.1016/j.cois.2017.05.015
https://doi.org/10.1016/j.cois.2017.05.015
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1111/1365-2745.12883
https://www.R-Project.org/
https://doi.org/10.1007/s10841-019-00206-1
https://doi.org/10.1086/284512
https://doi.org/10.2307/1312365
https://doi.org/10.1073/pnas.1412973111
https://doi.org/10.1016/j.foreco.2014.02.026
https://doi.org/10.1016/j.foreco.2014.02.026
https://doi.org/10.1007/s10531-020-02081-8
https://doi.org/10.1007/s10531-020-02081-8
https://doi.org/10.1016/j.biocon.2016.12.008
https://doi.org/10.1016/j.biocon.2016.12.008
https://doi.org/10.1111/1365-2664.13403
https://doi.org/10.1093/ee/nvz043
https://doi.org/10.2307/1313420
https://doi.org/10.1051/apido/2009025
https://doi.org/10.1051/apido/2009025


     |  1441Journal of Applied EcologyMOLA et AL.

Williams, P. H., Thorp, R. W., Richardson, L. L., & Colla, S. R. (2014). Bumble 
bees of North America: An identification guide. Princeton University Press.

Wood, T. J., Gibbs, J., Graham, K. K., & Isaacs, R. (2019). Narrow pollen 
diets are associated with declining Midwestern bumble bee species. 
Ecology, 100(6), e02697. https://doi.org/10.1002/ecy.2697

Woodard, S. H., Duennes, M. A., Watrous, K. M., & Jha, S. (2019). Diet 
and nutritional status during early adult life have immediate and per-
sistent effects on queen bumble bees. Conservation. Physiology, 7(1). 
https://doi.org/10.1093/conph ys/coz048

Zaya, D. N., Pearse, I. S., & Spyreas, G. (2017). Long- term trends in Mid-
western milkweed abundances and their relevance to monarch butterfly 
declines. BioScience, 67(4), 343– 356. https://doi.org/10.1093/biosc i/biw186

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Mola JM, Richardson LL, Spyreas G, 
Zaya DN, Pearse IS. Long- term surveys support declines in 
early season forest plants used by bumblebees. J Appl Ecol. 
2021;58:1431– 1441. https://doi.org/10.1111/1365- 2664. 
13886

 13652664, 2021, 7, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.13886 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [20/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ecy.2697
https://doi.org/10.1093/conphys/coz048
https://doi.org/10.1093/biosci/biw186
https://doi.org/10.1111/1365-2664.13886
https://doi.org/10.1111/1365-2664.13886

