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Wild pollinators are critical to maintaining ecosystem services and facilitating

crop production, but habitat degradation and resource loss are leading to

worldwide pollinator declines. Nutrient enrichment and changes in rainfall due

to global warming are drivers of global environmental change, and likely to

impact pollinator foraging behavior and reproductive success through changes

to the growth and phenology of flowering plants. Here, we provide a short

review of pollinator conservation in the context of nutritional ecology and plant-

pollinator interactions. Then, we present novel research into the effects of

nutrient and rainfall variation on plant phenology. In this study, we experimentally

manipulated the amount of water and supplemental nutrients available to wild

sunflower (Helianthus annuus) and goldenrod (Solidago spp.) throughout their

growing season. We evaluated how changes in growth and bloom time could

impact resource availability for bumble bee (Bombus impatiens) queens preparing

to overwinter. We found that fertilizer and rainfall alter plant bloom time by

2–18 days, though flowering response was species-specific. Fertilizer did not

significantly affect plant growth or number of flowers produced when plants

were grown under drought conditions. When water was not limiting, fertilized

sunflowers bloomed in floral pulses. These findings carry important implications

for growers and land managers, providing insight into potential drivers of wild

pollinator decline and possible conservation strategies.

KEYWORDS

pollination, drought, rainfall, nutrient enrichment, agriculture, bumble bees, phenology,
global change biology

Introduction

Wild pollinators are essential to ecosystem function in natural systems and provide
critical ecosystem services in agricultural systems (Vanbergen et al., 2013; Goulson et al.,
2015). However, insect pollinators are in decline around the world, and their loss could
have profound environmental, economic, and social consequences (Vanbergen et al., 2013;
Goulson et al., 2015). Though managed honey bees (Apis mellifera Linnaeus) may provide
adequate pollination to most crops, a diverse and abundant wild, native insect community
can double fruit set even when honey bees account for half of all crop visitation (Garibaldi
et al., 2013). Wild pollinators are particularly important to agricultural production as the
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majority of food crops require pollination to set fruit (Garibaldi
et al., 2013). Though native bee communities could provide full
pollination services to crops with heavy pollination requirements,
the wild bee community on most farms is currently too small to
provide sufficient pollination on their own due to lack of semi-
natural habitat (Kremen et al., 2002).

Habitat loss and degradation due to climate change and land
use intensification are in part responsible for insect pollinator
decline (Vanbergen et al., 2013). Habitat alteration can directly
impact pollinators or indirectly affect their performance through
changes in floral abundance. For example, eutrophication may shift
the abundance and timing of flowering in ways that may cause
a phenological mismatch between flowering time and pollinator
activity (David et al., 2019). Phenological mismatch as a potential
driver of pollinator decline is generating increased attention
(Ogilvie and Forrest, 2017; Stemkovski et al., 2020). Generalist
pollinators rely on an abundant and diverse floral community
for food resources from spring through fall in temperate regions
(Woodard and Jha, 2017; Leach and Drummond, 2018). Since
environmental change may alter plant nutritional chemistry, floral
production, and flowering phenology, this may reduce both the
quality and quantity of floral resources available to pollinators
at critical periods in the foraging season (Ogilvie and Forrest,
2017). Resource loss and nutritional deficiencies leave wild insects
more vulnerable to disease and can prohibit reproduction, reducing
the pollinator community and pollination services to crops and
other flowering plants (Roger et al., 2017). Climate change and
agricultural intensification are two major drivers of habitat change
that are rapidly altering growing conditions on regional and
local scales (Brown et al., 2016; Ogilvie and Forrest, 2017; David
et al., 2019; Descamps et al., 2021). Research in the field of
nutritional ecology, the study of how an organism interacts with its
environment to meet its nutritional needs, could provide a critical
link in understanding how landscape-level changes directly impact
pollinator health and behavior (Lihoreau et al., 2015; Woodard and
Jha, 2017).

Inorganic chemical fertilizer, composed mainly of nitrogen,
phosphorus, and potassium, is used widely in agriculture and land
management to supplement nutrient-poor soil (Vitousek et al.,
1997; Li et al., 2019). Nutrient enrichment from agrochemical
runoff and industrial waste, a major driver of habitat change
worldwide (David et al., 2019), may affect pollinators in diverse
ways. While fertilizer application can result in plants that grow
larger, faster, and yield more fruit (Muñoz et al., 2005; Burkle
and Irwin, 2009; Li et al., 2019), fertilizer can also alter flower
production and bloom time, and nectar and pollen quality (Hoover
et al., 2012; David et al., 2019; Russo et al., 2020).

When fertilizer is applied in excess or at the wrong time in the
growing season, nutrients can affect non-target plants and habitats
through runoff (Shepherd et al., 2018; Russo et al., 2020). The
result could be a change in the chemical landscape that reduces
floral abundance by promoting nitrogen-limited fast-growth plants
and shifting the phenology of those non-target plants (Hunter,
2016; David et al., 2019). Most agricultural fields produce flowers
in synchronous pulses that do not offer a continuous supply of
flowering plants throughout the growing season and may not offer a
full range of essential nutrients (Goulson et al., 2008; Winfree et al.,
2008). Wild pollinators must therefore rely on seminatural areas

surrounding farms to fill these gaps in plant bloom (Goulson et al.,
2008; Winfree et al., 2008).

When fertilizer runs into these adjacent seminatural fields, the
timing of bloom may change to potentially widen gaps in resource
availability. A change in flowering alters the availability of nectar
and pollen to bees and nutrient enrichment can affect the quality of
those resources. For example, fertilized Succisa pratensis (Devil’s-
Bit) plants, compared against unfertilized plants, produced pollen
with a higher total amino acid concentration and altered amino acid
profile that was associated with increased larval mortality in bumble
bees (Ceulemans et al., 2017).

The effects of chemical fertilizer must be considered in the
context of climate change, as environmental conditions alter how
plants take up and use soil nutrients (Bassirirad, 2000; Walter,
2018). Though many plants can survive periods of low or high
rainfall, extended dry or wet periods can be detrimental to plant
growth and to pollinators relying on those plants (Lawson and
Rands, 2019; Descamps et al., 2021). Climate change is predicted
to bring increasingly long droughts and more frequent extreme
precipitation events to many parts of the globe (Trenberth, 2008).
Drought-stressed plants tend to bloom earlier, produce fewer
flowers, restrict nutrient uptake from soil, and reduce nectar and
pollen production (Shavrukov et al., 2017; Walter, 2018; Descamps
et al., 2021). While adequate water will increase plant biomass
and flower production (Zhang et al., 2020), excessive water that
leaves soil saturated for extended periods can inhibit plant growth
through reduced soil oxygen, root loss, nitrogen leaching, and
limited nutrient uptake by plants (Bedard-Haughn, 2009). As such,
fertilizer is likely to affect plants and their pollinators differently
when applied under low vs. high rainfall conditions.

Studies in pollinator nutritional ecology examine the
distribution and diversity of plants across the landscape and
the quality of their floral rewards, which drives foraging behavior,
delivery of pollination services, and population stability of both
pollinators and plants (Woodard and Jha, 2017). Though insects
need food throughout their lives, nutritional deficiencies during
certain life cycle stages may have a disproportionate effect on
reproductive success and population size. Using wild bees as an
example: larvae cannot develop into functional adults without
adequate food (Leach and Drummond, 2018); egg-laying females
need the protein and fat in pollen to develop and maintain their
ovaries (Leach and Drummond, 2018); and diapausing insects have
short time frames to build fat body stores ahead of months-long
diapause (Hahn and Denlinger, 2011; Woodard and Jha, 2017).
Improper nutrition during any of these periods can result in
population declines and a breakdown of plant-pollinator networks.
In eusocial species like bumble bees (Bombus spp.), which rely on a
single queen to survive diapause, initiate nests, and reproduce, the
effect of inadequate nutrition on population size and pollination
may be magnified.

Bumble bees are among the most important native pollinators
for agricultural fields in the US, serving as the primary pollinators of
crops like tomatoes, blueberries, and melons, and in some regions
providing the majority of crop visitation (Winfree et al., 2008).
Several species of bumble bees are in decline in North America
and local population distributions are changing, due in large part
to habitat loss and disease (Cameron et al., 2011; Carvell et al.,
2011). In Europe, bumble bee species declines are closely linked
to habitat loss and a narrowing of floral resource diversity and
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abundance from agricultural intensification (Goulson et al., 2008).
As generalist pollinators with months-long flight seasons, bumble
bees depend on phenological variation in plant communities to
provide diverse floral resources from spring to early fall (Rundlöf
et al., 2014; Mallinger et al., 2016; Malfi et al., 2019). The bumble bee
colony cycle lasts for approximately 1 year (Alford, 1975; Goulson,
2003). Solitary queens establish nests underground or in thatched
grass in the spring and lay eggs that develop into workers. Once
workers emerge, queens remain in the nest and no longer forage.
During the summer, queens produce workers that forage for food
or care for brood before switching from worker production to male
and new queen production in the fall. A new queen mates and
then diapauses underground through the winter before initiating
her own nest in the spring (Alford, 1975; Goulson, 2003).

There are several important nutritional windows for bumble
bees, with most research focusing on nest initiation in the spring
and gyne production in the fall. Early season resources can dictate
a colony’s rate of growth, maximum size, and whether the colony
will reach the reproductive switch point (Crone and Williams, 2016;
Malfi et al., 2019). Late-season resource availability affects new
queen production, and the success of these new queens in preparing
for diapause (Rundlöf et al., 2014; Woodard et al., 2019; Timberlake
et al., 2020). Bumble bees can store food in their colonies for just a
few days, requiring food resources to be available near continuously
(Goulson, 2003). Larvae require approximately 8 more days of
feeding to develop into queens rather than workers (Cnaani et al.,
2002). The feeding period for queen larvae is typically 14–20 days
followed by approximately 10 days pupation, while worker feeding
period lasts approximately 7–11 days followed by a 10-day pupation
(Cnaani et al., 2002). Body size is strongly associated with nutrition
during larval development, and small queens are unlikely to survive
diapause (Owen, 1988; Couvillon and Dornhaus, 2009). For queens
that eclose at appropriate body size and weight, nutrition after
eclosion is a critical period as mass gain in the week post-eclosion is
a strong predictor of overwintering survival (Woodard et al., 2019;
Treanore and Amsalem, 2020). New queens have only 6–7 days
within their natal nests after emergence to build the necessary fat
and energy stores for 6–9 months of overwintering (Woodard et al.,
2019).

If a new queen does not consume enough food during larval
development or post-eclosion to build energy stores, she may not
survive overwintering or will emerge from diapause too weak to
initiate a nest (Woodard et al., 2019; Timberlake et al., 2020;
Treanore and Amsalem, 2020). Insufficient food during larval
development would result in small queens unable to build fat
body stores post-eclosion (Owen, 1988; Couvillon and Dornhaus,
2009). Poor nutrition also leaves her more vulnerable to disease or
parasitoids, like the gut parasite Crithidia bombi, that can diminish
diapause survival and spring nest initiation (Brown et al., 2003;
Schlüns et al., 2010). If fertilizer or rainfall extremes alter the timing
or quality of blooms in the late summer or early fall, then colonies
may not have the food resources needed to produce queens or for
queens to survive diapause (Aldridge et al., 2011). In this study, we
examine how agricultural practices and climate change are altering
the timing of plant growth and flowering in ways that could reduce
resource availability to bumble bees during colony reproduction.

Using the common eastern bumble bee (Bombus impatiens)
as a model pollinator, we measured growth in wild sunflower

(Helianthus annuus) and goldenrod (Solidago spp.) under
different fertilizer and precipitation treatments, and tracked
bumble bee forager activity and timing of gyne emergence, to
identify phenological mismatch between bloom time and colony
reproduction. Wild sunflower and goldenrod are both commonly
found on farmland in New England and can bloom into early
October (Dr. R. Malfi, Dr. L. Russo, personal communication).
These species were selected to represent flowering plants on farms
or along field margins that provide important late-season food
resources to pollinators and could be target or non-target recipients
of chemical fertilizer (Kremen and M’Gonigle, 2015; Russo et al.,
2020). This study took place over 2 years and captured the effects
of fertilizer as it interacted with rain along a continuum from
months-long drought in 2020 to extremely high rainfall in 2021.

Several studies have found that fertilizer and changes in rainfall
impact plant phenology. Fertilizer can accelerate flowering or
extend a plant’s bloom period (Burkle and Irwin, 2009; Russo et al.,
2020), while drought can induce early flowering as a mechanism
of drought escape (Nord and Lynch, 2009; Shavrukov et al., 2017;
Phillips et al., 2018). Plants grown with sufficient water can increase
flower production or bloom early, but excessive water can hinder
growth (Bedard-Haughn, 2009; Huang et al., 2018). Plant responses
to resource variation are species specific, as one study found
that nitrogen addition together with water addition accelerated
flowering onset in some species of desert annuals, while delaying
onset in others (Huang et al., 2018). However, no studies have
examined the combined effects of fertilizer and rainfall on plant
phenology through the lens of pollinator nutritional ecology.

Given previous research, we predict that fertilizer and drought
will create resource gaps in the late growing season that leave
bumble bees at risk for nutritional stress as colonies switch to
reproduction (Figure 1). Fertilized plants will bloom earlier than
unfertilized plants regardless of water availability, with increased
bloom duration and flower production in normal to high rainfall.
We predict that bloom duration, flower production and plant
growth will decline when plants are grown under both low and very
high rainfall conditions. However, fertilizer may replace nutrients
leached from soil under high rain, mitigating some of the negative
effects of excessive water on growth.

Fertilizer and drought are two stressors affecting pollinators
across biological scales, from changes in individual plant
physiology and single colony nutrition that trickle up to affect
pollinator foraging selection, delivery of pollination services, and
population dynamics (Brown et al., 2016; Walter, 2018; David et al.,
2019). Studying these drivers of global change biology as they affect
pollinator health and reproduction, may provide important insight
into disruptions in critical plant-pollination networks.

Materials and methods

Site description

Experiments to study the effects of nutrient enrichment and
precipitation variation on plant growth took place in 2020 and 2021
at the Boston Area Climate Experiment (BACE) in Waltham, MA
(42◦ 23′ 3′′ N, 71◦ 12′ 52′′ W). BACE was established in 2007 as
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FIGURE 1

Predicted effect of fertilizer and drought on phenology. We predict that fertilizer and rain treatments will result in an increase in blooming floral
resources earlier in the season and a reduction in resources available to reproductive colonies in the fall. Lines are colored by precipitation and
represent time from summer to fall.

a long-term study site to learn how ecosystems would respond to
changes in rainfall due to climate change (Hoeppner and Dukes,
2012). The field site is located on a four-acre organic farm with
an active community garden. BACE is a previously managed old
field system with three experimental blocks each consisting of
three precipitation treatments: 100% ambient rainfall, 75% ambient
rainfall, and 50% ambient rainfall. The latter two rain treatments
represent drought conditions under average rainfall. Precipitation
in each treatment was controlled by clear corrugated polycarbonate
slats spaced at regular intervals above experimental plots to allow
75 or 50% rainfall to reach the plots below. The ambient treatment
plots were covered with deer fencing to reduce photosynthetically
active radiation by about 5% to approximate light interception by
the polycarbonate slats in the drought treatments (Hoeppner and
Dukes, 2012; Scott et al., 2019).

The study site receives approximately 8–11 cm of precipitation
per month, based on the last 30 years of rainfall data in eastern
Massachusetts (National Oceanic and Atmospheric Administration
[NOAA], 2021). In the northeastern US, climate change is
predicted to bring more frequent, prolonged droughts punctuated
by heavy rainfall events (Runkle et al., 2017). In 2020, a prolonged
drought affected BACE from July to October (Lombard et al.,
2020), with 6.8 cm rain in June, 5 cm in July, and 5.8 cm
in August (National Oceanic and Atmospheric Administration
[NOAA], 2021). In 2021, eastern MA experienced the wettest
July on record with 25.4 cm of rain. June 2021 received 6.5 cm
of rain, and 17.8 cm of rain in August (National Oceanic and
Atmospheric Administration [NOAA], 2021). The result is a
precipitation continuum that ranges from extremely dry in the 2020
50% ambient (8.8 cm total rain June-August) rainfall treatment to
extremely wet in the 2021 100% ambient rainfall treatment (49.7 cm
total rain June-August), allowing us to examine the effects of both
precipitation extremes predicted with climate change.

Study system

Pollinators
The common eastern bumble bee (B. impatiens) is a frequent

forager in New England farm fields and a bumble bee species
with one of the longest summer foraging periods (Novotny et al.,
2021; Pugesek and Crone, 2021). B. impatiens fly until the end of
October in Eastern Massachusetts, producing queens and males
from August to October (Pugesek and Crone, 2021). As one of
the few bees still active in September and October, growers may
rely disproportionately on B. impatiens for fall crop and plant
pollination. Though this species is not in decline in Massachusetts,
a decline in local populations could create a problem for fall crop
pollination.

Plants
Sunflower and goldenrod are native to North America,

common to farm fields in New England, and flower in the late
summer or early fall. Wild sunflowers are annuals and at times
planted as crops for seeds, oil, or cut flowers (Kaya et al., 2012).
Plants typically bloom from July to October in New England.
Goldenrod are perennials and often grow along field margins in
undisturbed ground, or are planted in pollinator habitat (Werner
et al., 1980). Goldenrod occur in clonal stands, in which stems
form at a rhizome node and grow outward from a central area
(Werner et al., 1980). Goldenrod bloom from August to October.
Both species are considered drought tolerant.

Goldenrod and sunflower provide important nutritional
resources for late-season foragers and reproductives in bumble
bee colonies. Sunflower pollen is typically low in protein but
carries important medicinal properties that can reduce instances
of the gut pathogen Crithidia bombi—a pathogen that can reduce
queen overwintering survival and nest initiation in the spring
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(Garibaldi et al., 2013; Adler et al., 2020). Goldenrod supplies an
important source of pollen and nectar for bumble bees as new
queens are produced in the fall at a time when overall floral
abundance is declining (Oertel, 1967; Ziska et al., 2016).

Experimental approach

Plant propagation
For goldenrod (Solidago spp.), severed rhizomes were obtained

from an existing clonal stand at BACE in both 2020 and 2021. To
limit transplant shock the apical meristem was removed so that
each stem was approximately 50 cm in height.

For wild sunflowers (Helianthus annuus), different seed sources
were used for 2020 and 2021. In 2020, goldenrod were transplanted
and sunflowers were planted from seed (Silver State seeds, Great
Basin Supply) directly into pots in the field on June 12–13th, 2020.
Seed germination was low in 2021, requiring us to source plants of
three different sunflower varieties. These three varieties included:
wild-type H. annuus seeds (American Meadows) planted in basic
potting mix (Lambert Professional Growing Media, Germination
and Seedlings) in a greenhouse on Tufts University campus;
seedlings of the Soraya variety purchased from Russell’s Garden
Center in Wayland, MA, USA, and multi-headed wild sunflowers
seedlings of unknown heritage sourced from a local grower in
Burlington, MA, USA, and grown in basic potting mix. Hereafter,
these varieties will be referred to as Wild-Type, Soraya, and S3.

Each sunflower treatment (2 m × 1 m plot) contained 1 Wild-
Type, 2–3 S3, and 4 Soraya sunflowers. Sunflower were transplanted
on June 24th and goldenrod on June 9th (goldenrod control
transplanted June 19th). All plots were watered for the first 2 weeks
after transplant as needed, and then watered only by rainwater. In
watering control plots, plants were watered when soil moisture was
low based on soil moisture measurements and visual inspection.
Watering was needed only in June of 2021 as July–September saw
record weekly rainfall.

Treatments
Sunflowers and goldenrod were grown under two fertilization

treatments (fertilized and unfertilized) and three precipitation
treatments (50, 75, and 100% ambient rainfall) (Supplementary
Table 1 and Figure 1). In each of the three precipitation treatments,
sunflower and goldenrod were planted in separate 2 m × 2 m
(meter) plots, separated by at least 2 m to avoid water pooling
between plots, and each plot divided into two 2 m × 1 m sections.
Twelve plastic 2-gallon pots were nested below the soil in each
2 m × 1 m section of the plot, with one section randomly
assigned to the fertilized treatment (Supplementary Table 1).
Plants were arranged in two rows within a treatment, and the
orientation of those rows (North-South or East-West) alternated
between treatment blocks to control for variation in sunlight.
Fertilized plants received 15 mL of controlled-release fertilizer
pellets (Osmocote, 14-14-14 NPK) mixed in the top 5 cm of soil
on the day of planting. Plants were watered manually in the first
2 weeks after planting, and then watered only by rainfall for the
remainder of the growing season.

In 2021, the same planting design was used in the 100, 75, and
50% rainfall plots as in 2020, with 12 plants per goldenrod plot and
8 plants per sunflower plot. An additional manually watered control

treatment was added to BACE to ensure at least one treatment with
adequate water in the case of drought. Each water control treatment
consisted of a 2 m × 1 m plot, divided into two equally sized
1 m× 1 m halves that each contained either 6 pots of goldenrod, or
4 pots of sunflowers.

Plant measurements

In 2020, sunflower and goldenrod heights were measured twice
per week throughout the month of August, and the number
of flowering units within a treatment were counted throughout
the bloom period. We recorded an average height of plants for
each treatment replicate (2 m × 1 m plot) rather than record
height for individual plants. During the month of August, pollen
was manually removed from sunflower heads for a separate
experiment, and data on flowering phenology were not recorded
for sunflowers in 2020.

In 2021, height, flower number, and leaf size were recorded
once per week for each sunflower from the time of transplanting
through bloom until all flower heads were senesced. The number
of leaves and nodes along the stalk were also recorded weekly
until the first sunflower blooms appeared in July (Supplementary
Table 2). Height and flower number were recorded once per
week for each goldenrod plant from the time of transplanting to
senescence. The width of 1–3 sunflower heads from each sunflower
plant and the length of 1–3 goldenrod inflorescences from each
goldenrod plant were recorded once during the growing period
(Supplementary Table 2). Volumetric water content was measured
weekly from each pot using a soil moisture probe (Campbell
Scientific Hydrosense II) (Supplementary Table 3). When plants
were in bloom, the number of flowering units in each sunflower or
goldenrod treatment replicate was counted three times each week
from the time of first bloom until final bloom, to provide more
detailed phenology data.

Bumble bee surveys

To determine the timing of bumble bee reproductive activity,
specifically the duration of queen development and timing of
emergence in the field, we surveyed bumble bee visitation to
flowers in the neighboring community garden and farm three
times per week in 2021 (methods modified from Pollard, 1977).
Males are produced before queens, and male emergence is thought
to cue the rearing of queen larvae (Goulson, 2003; Belsky et al.,
2020). Field observations of males would likely signal the start
of queen production within the nest, and the time between male
emergence and queen emergence would therefore represent queen
larval development plus the 6–7 day preparation to leave the nest
(Goulson, 2003; Woodard et al., 2019; Belsky et al., 2020; Treanore
and Amsalem, 2020).

We surveyed bumble bee activity three times per week, weather
permitting, from July 26th when the first sunflowers opened until
October 22nd when the last goldenrod flowers senesced. Surveys
took place between 9:00 and 16:00 when temperatures were above
60 degrees F, and never in rainy conditions. In total, we surveyed
4 community garden plots, and 3 locations on the farm. Survey
plots were added in the community garden as the growing season
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FIGURE 2

Maximum goldenrod and sunflower height (cm) in 2020 and 2021 from July to August. Rain level along the x-axis displays precipitation treatments
(A–C represent 50–100% rainfall in 2020; D–F represent 50–100% rainfall in 2021). Boxplots represent the maximum height reached in each of 3
treatment replicates, measured by average plant height within the plot (n = 12 in goldenrod; n = 7 in sunflower). Averages for sunflower include
three sunflower varieties in each plot. Fertilized treatments in green, unfertilized in orange. Rainfall totals for each treatment from June to August of
each year from low to high: 8.8 cm (A), 13.2 cm (B), 17.6 cm (C), 24.9 cm (D), 37.3 cm (E), 49.7 cm (F). Each *represents statistical difference
(p < 0.05) in average maximum height (cm) between fertilized vs. unfertilized plants.

progressed and some plants were no longer flowering while others
started to bloom. On the farm, we surveyed a strip of pollinator
garden in the middle of the farm field, one pollinator garden
along the edge of the farm, and a selection of row flowers grown
for cut flowers (Supplementary Table 4). For each survey, an
observer walked slowly (approximately 20–25 steps/min) once
along the perimeter of or within the survey area, depending on
size and accessibility, and recorded each bumble bee that was on a
flower. Bumble bees were identified to species (Three species largely
found in this area from August to October: Bombus impatiens,
Bombus griseocollis, and Bombus vagans) and caste (i.e., worker,
male, queen), but only B. impatiens data were used for this
study (Supplementary Table 4). We chose walking surveys rather
than stationary timed surveys because we tested both methods
before surveys began and found that walking surveys reduced the
likelihood of counting the same individual more than once.

We also surveyed bumble bee visitation in experimental plots
within BACE three times per week from the time of the first flower
in a treatment replicate until the final flower senesced. Each survey
lasted for 5 min, to capture a snapshot of bee visitation. Stationary,
timed surveys were used for experimental plots because each plot
had fewer flowering units overall than the farm or community
garden, and plants were evenly spaced. We were thus unlikely to
count the same bee multiple times.

Data analysis

We used generalized linear mixed models (GLMMs) to
compare changes in plant growth and flower production as they
varied with fertilizer and rain treatments. All statistical analyses

were performed in R version 3.6.1. We used the functions
glmer() or lmer() from the package “lme4”for all GLMMs (Bates
et al., 2015). Separate analyses were performed for goldenrod and
sunflower, and each sunflower variety was analyzed both in a single
model and separately. Data from 2020 were analyzed separately
from 2021 because rain totals varied dramatically (17.6 cm rain
from June-August in 2020, 49.7 cm rain from June-August in
2021). Soil moisture content was not measured in 2020 so exact
comparisons of rain treatments between years are not possible.

To measure maximum plant height (cm), leaf size (cm), and
inflorescence length/width (cm), we used normally distributed
GLMMs with fertilizer and rain as fixed effects, and either plot
ID, greenhouse, and/or observer as random effects. Whether
fertilizer and rain were included as an interactive effect, and which
random effect was included, was decided using Akaike Information
Criterion (AIC). Models to compare height in 2020 goldenrod
included an offset for number of plants because height data were
collected as an average value for the entire plot rather than for
individual plants. In 2021, sunflower variety was included as a
fixed effect when comparing all varieties in a single model. The
number of leaves per plant was compared using GLMMS with a
Poisson distribution, fertilizer and rain treatment as fixed effects,
and greenhouse as a random effect.

To compare the number of flowers produced over the growing
period in each treatment, we used either normally distributed or
negative binomial GLMs, selecting the distribution that best fit the
data using AIC. We summed all flowering unit counts over the full
season for each plot and interpreted this value as the number of
“flower days,” a value that reflects both how many flowers were
produced and how many days these flowers remained open. In
this way, a single open flower can be counted multiple times if it
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remained open and available to pollinators for several days. This
resulted in a single flower count for each treatment replicate. For
some plant varieties, this count was large enough to fit a Gaussian
distribution. Fertilizer and rain variety were included as fixed
effects, with observer, greenhouse, or plot ID as random effects.
Number of plants in each treatment replicate was included as an
offset in all models of flower counts.

We used quantile regression to estimate patterns in the start
and end of bloom in goldenrod and sunflowers across treatments,
and to estimate timing of bumble bee foraging activity between
workers, males and new queens (Cade and Noon, 2003). The onset
of bloom or caste observations was estimated at the slope of the 0.2
quantile of flowering unit observations as a function of fertilizer
and/or rain, or of the slope of the 0.2 quantile of bumble bee
counts (Michielini et al., 2021). The end of bloom or bumble
bee observations was estimated at the slope of the 0.8 quantile
(Michielini et al., 2021). Predictor variables were compared using
marginal hypothesis testing by hand, adding or removing variables
from models and using anova.rq() to determine whether the main
effects of rain and fertilizer or their interaction had a significant
effect on bloom onset. If removing the variable did not result in
a significantly worse model, the variable was removed from the
analysis. Quantile regression was performed using the rq() function
from the package “quantreg” (Koenker et al., 2019).

Phenology analysis of bumble bee activity used only data from
farm and community garden surveys because these captured a wide
variety of flowering plants and their bee visitors. Experimental plots
had low visitation with single plant varieties in small survey areas
relative to field surveys and may bias slope coefficients at 0.2 and
0.8 quantiles. The switch to reproduction in bumble bee colonies
at this site was identified by the switch from majority workers
to majority males in bumble bee counts during surveys. Since
male production typically precedes queen production in bumble
bee colonies (Goulson, 2003), we used the relative abundance of
males to estimate reproductive switchpoint and queen development
period.

Results

Plant growth

In 2020, when all plants grew under some level of water
deficit, both goldenrod and sunflower height increased with rainfall
while fertilizer did not increase plant growth (Figure 2). Rain
had a significant effect on height in goldenrod (GLM, χ2 = 7.0,
df = 2, p-value = 0.0303) and sunflower (GLM, χ2 = 23.01, df = 2,
p-value < 0.0001), but there was no significant difference in height
between fertilizer treatments in either species. Goldenrod height
increased with rainfall in both fertilized and unfertilized treatments.
Fertilized sunflowers grew larger in the 100% (t = 3.319) and 75%
(t = −4.601) rain treatments than in the 50% rain treatments
(pairwise comparison, Tukey’s adjustment, p-value < 0.0226).

In 2021, one of the wettest summers on record in
Massachusetts, goldenrod and sunflower height generally increased
with fertilizer, but plateaued or decreased as rain increased from
50 to 100% ambient rainfall (Figure 2). However, specific growth
responses to fertilizer and rainfall varied between species and
among sunflower varieties (Figure 3). Fertilizer had a significant

effect on goldenrod height (GLM, χ2 = 13.06, df = 1, p = 0.0003)
and fertilized goldenrod grew larger than unfertilized in 100% rain
(pairwise comparison, Tukey’s adjustment, t = 2.75, p = 0.0174)
(Figure 2). There was a significant effect of fertilizer (GLM,
χ2 = 51.21, df = 1, p-value < 0.0001), plant variety (GLM,
χ2 = 157.02, df = 2, p-value < 0.0001), and the interaction
between fertilizer and plant variety (GLM, χ2 = 18.07, df = 2,
p-value = 0.0024) on sunflower growth (Figure 3). The S3
sunflower variety showed no significant difference in growth
between rain and fertilizer treatments. In the Soraya variety,
there was a significant effect of fertilizer but not rainfall on
growth (GLM, χ2 10.99, df = 1, p-value = 0.0009), and fertilized
plants in 100% (t = 2.76) and 75% (t = 2.42) rain grew larger
than unfertilized (pairwise comparison, Tukey’s adjustment,
p-value < 0.0328). And in the Wild-Type variety, fertilizer (GLM,
χ2 = 8.12, df = 1, p-value = 0.0044) and rain (GLM, χ2 = 7.82,
df = 2, p-value = 0.0200) main effects were significant predictors of
plant growth but with no interaction.

For full summary of plant growth data, refer to Supplementary
Table 5.

Total flower production

In 2020 we counted a total of 2,545 flowers on fertilized
goldenrod and 2,709 flowers on unfertilized goldenrod. In 2021,
we counted 2,453 flowers on fertilized goldenrod and 1,134 flowers
on unfertilized goldenrod. Goldenrod produced more flowers
with more water in both fertilized and unfertilized treatments,
but only when water was limiting in 2020. When water was
not limiting (2021), fertilized goldenrod produced more flowers
than unfertilized and flower production increased with rainfall
(Figure 4). In 2020, we found that rain has a significant effect on
goldenrod flower production (negative binomial GLM, χ2 = 8.04,
df = 2, p-value = 0.018) while fertilizer did not influence number
of flowers. A total of 100% rain treatments produced significantly
more flowers (348 ± 65 95% CI) than 50% rain treatment
(245 ± 41) (pairwise comparison, Tukey’s adjustment, t = 2.71,
p-value = 0.0182). In 2021, fertilizer (negative binomial GLM,
χ2 = 41.89, df = 1, p-value < 0.0001) and the interaction
between fertilizer and rain (negative binomial GLM, χ2 7.28,
df = 2, p-value = 0.0263) had significant effects on goldenrod
flower production. Rain alone did not have a significant effect on
flower production (negative binomial GLM, χ2 0.422, df = 2,
p-value = 0.8096). Fertilized goldenrod produced more flowers in
100% (241± 50 fertilized, 130± 25 unfertilized) (t = 4.30) and 75%
(267± 46 fertilized, 126± 24 unfertilized) (t = 5.31) rain treatments
(pairwise comparison, Tukey’s adjustment, p-value < 0.0001).

In 2021, we counted a total of 2,616 flowers in fertilized
sunflowers and 2,765 flowers in unfertilized sunflowers. Sunflowers
grown in 50% rain had significantly more “flower days” than
those under 75 and 100% rainfall. However, specific responses to
fertilizer and rainfall varied between sunflower varieties (Figure 5).
Flower production of sunflowers in 2020 was not analyzed due to
manipulation of flowering heads for a separate experiment that
affected number of flowers per plant. In a model that includes
all plant varieties, rainfall and plant variety had significant effects
on the number of flowers produced (negative binomial GLM,
χ2 = 7.93, 203.55; df = 2, 2; p-value < 0.0190). Each of the three
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FIGURE 3

Average height (cm) of three sunflower varieties in July–October of 2021. Height is averaged over three replicate treatments of each rainfall and
fertilizer treatment. Each replicate plot contained 4 Soraya plants, 2–3 S3 plants, and 1–2 Wild-Type plants. Each *represents statistical difference
(p < 0.05) in average maximum height (cm) between fertilized vs. unfertilized plants. In all species, there was no significant difference in maximum
growth between rain treatments. Error bars represent standard error.

FIGURE 4

Average number of flowering units in goldenrod treatments over time in 2020 (dry year) and 2021 (wet year). Number of flowers averaged over three
replicate treatments of each rainfall and fertilizer treatment. Each replicate contained approximately 12 plants. Fertilized treatments in green and
unfertilized in orange. Each *represents statistical difference (p < 0.05) in total flowers produced between fertilized vs. unfertilized plants. Letters
represent difference in flower production between rainfall treatments within a given year (row). Error bars represent standard error.
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FIGURE 5

Average number of flowering units in three sunflower varieties over time in 2021 (wet year). Number of flowers averaged over three replicate
treatments of each rainfall and fertilizer treatment. Each replicate plot contained 4 Soraya plants, 2–3 S3 plants, and 1–2 Wild-Type plants. Fertilized
treatments in green and unfertilized in orange. Each *represents statistical difference (p < 0.05) in total flower days (not flowering rate) between
fertilized vs. unfertilized plants. Upper case letters (AB) represent differences in total flower days with rain treatments among fertilized plants in a
given sunflower variety (row). Lower case letters (ab) represent differences with rain treatment among unfertilized plants in a given variety. Error bars
represent standard error.

varieties produced more flowers over the growing period in the 50%
rain treatment than in the 75 and 100% rain treatments.

In analyzing each 2021 variety separately, fertilizer (GLM,
χ2 = 9.60, df = 1, p-value = 0.0020) and rain (GLM, χ2 = 16.72,
df = 2, p-value = 0.0002) had significant effects on number of
flowers produced in S3 sunflowers. S3 sunflowers in 50% rain
produced significantly more flowers than those growing in 75%
(t = 2.55) and 100% (t =−4.04) rain and unfertilized S3 sunflowers
produced significantly more flowers across all rain treatments
(pairwise comparison, Tukey’s adjustment, p-value < 0.0289).

In Soraya variety, fertilizer (negative binomial GLM, χ2 = 5.02,
df = 1, p-value = 0.0250) and the interaction between fertilizer and
rain (negative binomial GLM, χ2 = 7.40, df = 2, p-value = 0.0248)
had significant effects on number of flowers produced. Unfertilized
Soraya produced more flowers than fertilized in 75% rain (pairwise
comparison, Tukey’s adjustment, t = −3.14, p = 0.0017), and
fertilized plants in 75% rain produced fewer flowers than fertilized
in 100% (t = 3.20) and 50% (t = 2.60) rain (pairwise comparison,
Tukey’s adjustment, p-value < 0.0259). There was no significant
difference in number of flowers produced between rain treatments
in unfertilized plants, but overall unfertilized Soraya produced
more flowers than fertilized.

In Wild-Type sunflowers, fertilizer but not rainfall had a
significant effect on open flowers (negative binomial GLM,
χ2 = 7.33, df = 1, p-value = 0.0068). Unfertilized Wild-Type
plants produced fewer flowers than fertilized (pairwise comparison,
Tukey’s adjustment, t = 2.20, p-value = 0.0281).

For full summary of plant growth and flower data,
refer to Supplementary Table 5.

Phenology—Goldenrod

In both 2020 and 2021, fertilized goldenrod bloomed and
senesced earlier than unfertilized goldenrod across all rain
treatments (Figure 6). In both years, fertilizer alone had a
significant effect on bloom onset and end (quantile regression,
marginal hypothesis test, p-value < 0.0306) with no significant
interaction between rain and fertilizer. In 2020, goldenrod bloom
onset and end occurred 4 days earlier in fertilized plants than
unfertilized. Bloom duration was 2 days longer in unfertilized
plants. In 2021, bloom began 4 days earlier in fertilized plants, and
ended 2 days earlier. Thus, bloom duration was 2 days shorter in
unfertilized plants. Fertilized goldenrod bloomed earlier under all
rain treatments, and bloomed for a longer period than unfertilized
goldenrod in 2021 when water was not limited.

Phenology—Sunflower

Sunflower bloom phenology data were collected only in 2021
due to a different experiment in 2020 that altered flowering.
Therefore, sunflower bloom phenology was collected during the
year of record rainfall but not in the drought year. In 2021, the
timing bloom onset and end in sunflowers were highly variable
among plant variety (Figure 6). In Wild-Type plants, there was
no significant difference in date of bloom between different
fertilizer and rain treatments, but both the interaction between
rain and fertilizer (quantile regression, marginal hypothesis test,
p-value = 0.0497) and the main effect of rain (p-value < 0.0001)
had significant effects on the end of bloom. In fertilized Wild-Type
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FIGURE 6

Activity period for B. impatiens and flowering period of four plant varieties influenced by fertilizer and rain treatments. Black lines represent
abundance of B. impatiens workers, males and queens. As lab studies predict, queen development within the nest likely occurred during the male
activity period. Green and orange lines represent bloom start and end points at 0.2 and 0.8 quantiles in 2021, color by fertilizer treatment and line
style by rain treatment. X-axis represents number day of year, and y-axis represents plant species or variety. We observed 2,950 workers, 1,902
males, and 55 queens. Each goldenrod treatment represents flower counts from approximately 36 plants. Each sunflower treatment represents
counts from 12 Soraya, 6–9 S3, and 3–5 Wild-Type.

sunflowers, plants in 75% rain ended bloom approximately 17 days
before those in 50 and 100% rain. Among unfertilized Wild-Type
sunflowers, plants grown under 50% rain reached the end of bloom
approximately 18 days before those grown in 100% rain. Bloom
duration in Wild-Type sunflowers ranged from 14 days in fertilized
75% rain to 37 days in unfertilized 50% rain. All Wild-Type plants,
regardless of treatment, began to bloom at approximately the same
time. However, end of bloom varied by up to 18 days between rain
and fertilizer treatments.

In Soraya plants, the interaction of rain and fertilizer had a
significant effect on the start and end of bloom (quantile regression,
marginal hypothesis test, p-value < 0.0407), but the main effects of
fertilizer and rain were not significant predictors of bloom time.
Among fertilized Soraya, the dates of bloom and senescence were
latest in 100% rain and earliest in 75% rain, by a difference of
approximately 7 days. In unfertilized Soraya, the dates of bloom
and senescence were earliest in 100% rain and latest in 50% rain,
by a difference of approximately 5 days. Bloom duration in Soraya
was approximately 2 days longer in fertilized plants. The interaction
between fertilizer and rainfall resulted in a non-additive effect on
bloom onset and end in Soraya sunflowers, without any pattern that
tracks with rain or fertilizer treatment alone.

In the S3 variety, fertilizer had a significant effect on
bloom onset (quantile regression, marginal hypothesis test,
p-value = 0.0022), while both rain (p-value = 0.0014) and fertilizer
(p-value = 0.0006) had significant effects on bloom end, though
there was no significant interaction between the two predictors.
Fertilized S3 plants bloomed 8 days later than unfertilized S3 plants.
Unfertilized S3 senesced 8 days earlier than fertilized, and bloom

end occurred approximately 8 days later in 100% rain than in
75 and 50% rain in both fertilized and unfertilized plants. Bloom
duration in S3 plants was longest in 100% rain, with bloom lasting
approximately 8 days longer in 100% rain in both fertilized and
unfertilized treatments than 75 and 50% of ambient rain. On
average, bloom onset and bloom end was later in fertilized S3
sunflowers than in unfertilized S3 sunflowers.

Bumble bee reproductive switch point

In 2021 we spent approximately 68 h surveying bumble bees
and observed a total of 2,950 B. impatiens workers, 1902 males
B. impatiens, and 55 B. impatiens queens. The observed activity
periods for males and queens in the field suggest that there is a
period of approximately 16 days, measured by the number of days
between the 0.2 quantile slope of male activity and that of queen
activity, in which most colonies have reached the point of queen
larval development and feeding (Figure 6). If measured by the 0.1
quantile slope of male and queen emergence, queen development
occurs over approximately 23 days, which provides an estimate
of queen development in this field site that likely encompasses
colonies that switched to reproduction early or late. We used the
slopes from 0.2 to 0.8 quantiles to estimate the reproductive period
with which the majority of colonies coincide.

Observations prior to July 30th were removed from the dataset,
along with observations by a single observer on August 20th and
21st due to mistakes in species and/or caste identification. The first
20% of male observations occurred on day 258, just 2 days before
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80% of worker observations were recorded, and at which point we
estimate most colonies reached the reproductive switch point. The
first 20% of queen observations occurred on day 274 and queens
were observed through the end of the survey period. These queens
were likely developing from larvae to eclosion and then feeding
prior to foraging within the nest (Cnaani et al., 2002; Woodard
et al., 2019) during the 16-day period in which most males were
observed from September 15th (day 258) to October 3rd (day 276)
(Supplementary Table 6).

Discussion

We experimentally manipulated the amount of water and
supplemental nutrients available to plants throughout their
growing season to understand the effects of these treatments on
flowering phenology. We then evaluated how these changes could
impact resource availability for B. impatiens queens preparing to
overwinter. We found that fertilizer and rain interact to affect the
growth and phenology of sunflower and goldenrod, altering bloom
time between 2 and 18 days, but that this effect varies between
species and varieties. Our original hypothesis was that fertilized
plants would grow more and bloom earlier than unfertilized plants
because fertilizer would accelerate growth (Burkle and Irwin, 2009;
Russo et al., 2020). We expected that under average conditions,
plants grown in 50% rainfall would grow smaller and bloom earlier
than those grown in 100% rainfall, since water limitation can
reduce growth and result in drought escape (Nord and Lynch, 2009;
Shavrukov et al., 2017).

However, neither 2020 nor 2021 were average rainfall years:
the summer and fall of 2020 brought a prolonged drought, and
summer 2021 was one of the wettest summers on record in the
Boston area. We found that fertilizer can increase both sunflower
and goldenrod growth when water is sufficient, but fertilizer does
not affect maximum height or flowers produced when water is
limiting. In sunflower, fertilized plants produce most flowers within
a narrow window, resulting in a floral resource pulse. In goldenrod,
fertilizer results in earlier bloom and senescence regardless of
rainfall. Finally, field observations of bumble bees suggest the
majority of colonies are simultaneously producing and feeding new
queens over an approximately 16-day window. This indicates a
short, critical nutritional window in which the most colonies would
benefit from available floral resources.

Finding no effect of fertilizer on plant growth under drought
conditions somewhat contradicts some studies that find fertilizer
to increase plant growth under moderate drought, mitigating the
negative effects of drought on plant growth (Garg et al., 2004;
Barbosa et al., 2014; Kelso et al., 2020). We may have seen this
difference because the total rainfall in 2020 surpassed moderate
drought intensity: rainfall totals in July and August of 2020 were 50
and 68% of average rainfall, respectively, leaving the 50% ambient
rainfall treatments at just 25 and 34% average rainfall (National
Oceanic and Atmospheric Administration [NOAA], 2021). Plants
tend to reduce uptake of nutrients during drought (Bista et al.,
2018) and as soil dries it becomes primed to leach nutrients during
the first significant rewetting (Shepherd et al., 2018). It is possible
that in 2020, additional nutrients provided by fertilizer did not
affect growth because plants were restricting nutrient uptake to

conserve water, and that nutrients were lost from soil during
the first significant rainfall. In 2021, growth may have declined
in 100% rainfall among unfertilized plants because heavy rainfall
leached nutrients from the soil (Bedard-Haughn, 2009) which
were supplemented in fertilized treatments, resulting in no growth
decline in fertilized plants as water increased. This finding carries
important implications for growers and land managers, suggesting
that fertilizer should not be applied as insurance against damage
from dry conditions (Shepherd et al., 2018).

Flowering phenology was also altered in the experiments.
Fertilizer resulted in floral pulses—narrow windows of resource
availability (Hemberger and Gratton, 2018)—in sunflower in 2021
but not in goldenrod. Specifically, sunflower blooms were produced
all at once rather than produced at an even rate over the bloom
period. Comparing the sum of open flowers over time revealed
that S3 and Soraya varieties produced significantly more flowers
in unfertilized treatments regardless of rainfall. We concluded that
fertilizer may have induced accelerated bloom in which plants
produce more flowers over a short period, so that most flowers are
open and available to pollinators over a shorter window of time
than in unfertilized plants. Goldenrod, on the other hand, produced
flowers at a similar rate between fertilizer treatments rather than
in floral pulses. The number of goldenrod flowers and flower days
did not differ significantly between fertilizer treatments in 2020, but
was significantly higher in fertilized treatments in 2021. Flowering
and flower days increased with rainfall in both study years.

Plants may respond to stress or external stimuli in two ways:
flower to produce seed for the next generation, or delay flowering
through slowed metabolism (Cho et al., 2017). Sunflowers are
considered drought tolerant largely due to drought escape, which
results in earlier and more rapid flowering (Hussain et al., 2018).
It is possible that these sunflower varieties respond to other stimuli
with rapid flowering as well, which could increase the number of
flowers produced all at once and decrease the number of flowers
produced later in the season. Goldenrod responds to drought and
herbivory stress by reallocating resources to asexual reproduction
via rhizome maintenance rather than increased or rapid flowering
(Shibel and Heard, 2016; Rosenblatt, 2021). This stress response
would explain why we observed a similar flowering rate across
treatments but higher overall flowers and flower days with more
rainfall and, in 2021, fertilizer addition.

Floral pulses that produce abundant food resources can
support bumble bee colony growth, but may not increase colony
reproduction (Riedinger et al., 2015; Hemberger et al., 2020).
Hemberger et al. (2020) found that bumble bee microcolony
reproduction was maximized when food rations were high and
constantly available, but may be resilient to pulsed food sources if
those pulses produce abundant food. Microcolony growth suffered
under low abundance regardless of temporal availability. However,
this study does not examine queen production, which is more
costly than male production (Rundlöf et al., 2014), and colonies can
store food for only a few days in the nest (Goulson, 2003) which
could result in reduced resiliency to food pulses during queen
reproduction. In field studies, bumble bee colony reproduction did
not benefit from mass-flowering crops when colony flight periods
extended beyond the floral pulse (Riedinger et al., 2015), but queen
and male abundance increased when this floral pulse coincided
with colony reproduction (Rundlöf et al., 2014).
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Bloom time in each plant species and variety grown in this
study varied with fertilizer and rain treatments by as much as
18 days. This species-specific response is a common finding among
resource manipulation studies that make broad predictions difficult
(Tilman and Wedin, 1991; Burkle and Irwin, 2009; Burkle and
Runyon, 2016; Cho et al., 2017). Burkle and Irwin (2009) tested
the effects of nutrient addition on floral characteristics in two
subalpine plant species and found that life-history traits likely
played a role in determining the growth response of each plant to
soil nutrients. Even within a single species, individual response to
resource availability can differ (Burkle et al., 2013; Alvarez-Maldini
et al., 2020).

Though there was no single pattern in plant response across
species, both fertilizer and rainfall significantly alter the timing
and duration of bloom, creating potential phenological mismatch
between late-season flowering plants and reproductive bumble
bee colonies. Food availability and nectar quality in the fall is
one of the strongest predictors of bumble bee populations in the
spring (Timberlake et al., 2020). Because the effects of fertilizer
and rainfall vary dramatically with plant species, it is essential that
habitat surrounding farmland include a diverse community of fall-
blooming plants. In this way, low levels of nutrient runoff will
increase heterogeneity in bloom time rather than uniformly shift
the bloom time of a few species in any direction.

Field observations of bumble bee activity suggest a period of
just 16 days between male and queen emergence in which most
colonies have reached the reproductive switch point. Though each
colony varies in the exact timing of reproduction, these finding
suggest that available resources during this short period would
support reproduction for the largest number of colonies. Colony
reproductive success hinges on a short window with two sensitive
nutritional periods: queen larval development, and post-eclosion
mass-gain (Owen, 1988; Couvillon and Dornhaus, 2009; Woodard
et al., 2019). Food reserves within the nest last only 24–48 h
(Goulson, 2003; Rotheray et al., 2017), so food resources outside the
nest must be continuously available during reproduction. If food
is insufficient during the development period, the colony fails to
reproduce or queens do not prepare effectively for winter, leading
to lower winter survival and fewer nests in the spring (Goulson,
2003; Fliszkiewicz and Wilkaniec, 2007; Woodard et al., 2019). The
changes we observed in plant bloom—most notably the 8-day delay
in fertilized S3 sunflower bloom and 4-day acceleration in fertilized
goldenrod bloom—may be biologically significant to reproductive
bumble bee colonies and warrant further investigation.

Changes in the timing of food availability locally can be
overcome if workers fly farther to forage for their queens, or if
queens delay diapause to forage after leaving the nest. Queens
cannot fly for the first 3–5 days post-eclosion but can delay mating
and overwintering by several days to forage for themselves farther
from the nest if they have not gained needed energy stores (Watrous
et al., 2021). Overwintering survival is optimized when queens
enter diapause between 6 and 17 days post-eclosion (Treanore and
Amsalem, 2020). However, the sublethal effects of delayed weight
gain and the energy expenditure for queens to fly further from the
nest to find food are unknown (Watrous et al., 2021). Further, a shift
in colony foraging range to overcome local misalignment in bloom
time and reproduction could result in changes to local pollination
networks. Bumble bees show strong floral constancy (Ogilvie et al.,
2017), and this shift in range could persist through the end of the

season, resulting in new pollination patterns and potentially fewer
visitors to some late-blooming plants.

Nutrient pollution from fertilizer is a major problem and its
interactive effect with rain on plant growth may be exacerbated
as rainfall frequency and intensity become more variable each
year (Vitousek et al., 1997; Lawson and Rands, 2019). Chemical
fertilizer has increased farm yield, but at the cost of eutrophication
in soils and waterways, and at high economic expense to growers.
Methods to make fertilizer use more efficient and reduce its use
altogether are therefore important to the sustainability of food
production (Watrous et al., 2021). More research is needed into
how plant communities, rather than single plant species, respond
to fertilizer and rainfall variation. This study does not capture the
potential effects of belowground interactions between plants and
competition for resources that would also drive changes in bloom
in plant communities. Research is also needed to study changes not
only in resource availability, but in resource quality measured by
pollen and nectar nutritional value.

There is no pinpointing a single cause of pollinator decline,
largely because it is the combined effects of stressors that have
the largest impact on pollinator foraging, health and population
size (Goulson et al., 2015). It is therefore essential that more
studies examine how global drivers of change interact to affect
potentially sensitive life cycle stages of pollinators through changes
to plant growth and physiology. Overall, our study suggests that
nutrient enrichment and changes in rainfall affect plant bloom
time, and in some plant species this shift falls uniformly along
nutrient treatments. Variation in the floral landscape determines
pollinator foraging behavior, delivery of pollination services,
and gyne production (Cardoza et al., 2012; Mallinger et al.,
2016; Ceulemans et al., 2017; Adler et al., 2020; Timberlake
et al., 2020). Anthropogenic nutrient deposition and increasingly
varied rainfall alter this landscape, threatening the plant-pollinator
interactions that support biodiversity and plant productivity
(Brown et al., 2016; David et al., 2019). Wild pollinators are
critical to successful and reliable crop pollination, especially under
an increasingly unpredictable climate (Winfree et al., 2007). Our
findings suggest that nutrient addition on managed landscapes
without consideration for environmental factors like climate
change could further reduce suitable habitat for already threatened
pollinators. The results of our study have important implications
for agricultural management in a time of increasingly variable
climate that can prioritize both crop yield and native pollinator
conservation.
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