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Greater bee diversity is needed to maintain crop

pollination over time

Natalie J. Lemanski

24 Neal M. Williams? and Rachael Winfree'

The current biodiversity crisis underscores the need to understand how biodiversity loss affects ecosystem function in real-world
ecosystems. At any one place and time, a few highly abundant species often provide the majority of function, suggesting that
function could be maintained with relatively little biodiversity. However, biodiversity may be critical to ecosystem function at
longer timescales if different species are needed to provide function at different times. Here we show that the number of wild
bee species needed to maintain a threshold level of crop pollination increased steeply with the timescale examined: two to three
times as many bee species were needed over a growing season compared to on a single day and twice as many species were
needed over six years compared to during a single year. Our results demonstrate the importance of pollinator biodiversity to
maintaining pollination services across time and thus to stable agricultural output.

of human activity'. This crisis has created an urgent need

to understand the consequences of biodiversity loss for the
ecosystem functions and services on which humans depend'”.
One vital ecosystem service that is likely to be threatened by the
biodiversity crisis is crop pollination by wild bees, especially given
current evidence of widespread declines in bee communities’™”.
A wealth of experimental™*"" and theoretical > studies showed
strong evidence that biodiversity loss can adversely affect ecosystem
functions like pollination. However, it is not fully understood how
these experimental and theoretical results translate to degradation
of ecosystem function in real-world systems'®", such as a loss of
crop pollination'®, carbon storage®, pest control'’ or other important
services currently provided by wild species, where there are direct
consequences for human well-being.

One way real-world communities differ from experiments is that
they have highly uneven species abundance distributions, such that
most of the individuals in the community belong to only a few spe-
cies”. As a result, at any one place and time, the majority of func-
tion is commonly provided by a small number of highly abundant
species’'~?’. Previous studies of wild bee communities found that a
few species provide the majority of pollination at any one place and
time*>*****. Because many species in the community are too rare
to contribute notably to function, species richness (the most widely
used measure of biodiversity®***') is a weaker predictor of function
in communities with uneven species abundances than in communi-
ties where abundances are more even®*.

Another way biodiversity experiments typically differ from
real-world systems is their smaller spatial and temporal scale. Many
species may be needed to maintain ecosystem function at larger
scales'”? due to different species providing function in different
places”~*. Similarly, if different species provide function at different
times, more species will be required to maintain a consistent level
of ecosystem function over a longer timescale. Therefore, biodi-
versity may be important to the stability of function across time by
providing insurance against fluctuations in individual species.
Within a year, phenological differences among species mean that
the identity of the most important providers of ecosystem func-
tion will likely change over time in a predictable pattern as different

| he Earth is experiencing rapid biodiversity loss as a result

species peak in abundance at different parts of the season"-*?. For

example, for plants that flower over many weeks within a growing
season, phenological turnover in the bee community may mean
that different bee species pollinate the same plant at different times
of the year'”. Across years, the relative abundance of different spe-
cies may change over time due to differences among species in their
response to environmental fluctuations'****. Indeed, large stochas-
tic fluctuations in population size are the norm for insects and many
other important providers of ecosystem function****-*. In addi-
tion, flowering phenology may fluctuate across years, resulting in
the bloom period overlapping different pollinator assemblages that
are active at different times. As a result, plants may be pollinated by
different bee species in different years. Lastly, fluctuations in total
bee abundance over time, regardless of species-specific abundances,
may increase the number of species needed to provide consistent
function over longer timescales. In low-abundance years, a site may
need all of its species, including rare ones, to achieve a function
threshold*. These phenomena could mean that the number of bee
species needed to maintain pollination over time is much greater
than has been predicted by ‘snapshot’ studies conducted thus far.
There is experimental, but thus far limited real-world, evidence
to support the idea that the importance of diversity can depend on
temporal scale. Studies of experimental communities found that
higher diversity increases the temporal stability of ecosystem func-
tion'>* due to different species contributing to function at different
times*»** or under different environmental conditions®-*. Similarly,
in biodiversity experiments, positive effects of diversity on function
generally increase with longer spatial and temporal scales®****>,
However, it is not well understood how the need for biodiversity
changes with temporal scale in real-world communities. This issue
is particularly important for pollinator-dependent crops because
reliable yields are critical to farmers’ livelihoods and human nutri-
tion. Understanding the role of pollinator diversity across a crop
flowering season and from one year to the next is fundamental to
safeguarding pollinator diversity and its potential role in ensuring
sustainable crop yields. The alternative is increasing reliance on
managed pollinator populations, which is increasingly fraught (for
example, Perry et al.”*) and, in many contexts, does not fully com-
pensate for the contributions of wild pollinator species'®. Thus, it is
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Table 1| GLMM results for the change in the number of species needed with the number of sampling days

Crop Effect size (slope) Factor increase Intercept Marginal R? Conditional R?
Eastern watermelon 0.283+0.053 133 0.825+0.127 0.097 0.307
Western watermelon 0.141+0.025 115 0.479+0.088 0.124 0.157
Blueberry 0.283+0.074 1.33 0.253+0.178 0.105 0.261

Effect sizes are reported as the mean slope of the GLMM + s.e. Because the GLMM uses a log link, exponentiating the effect size gives the factor increase in the number of bee species needed for each
additional date across the growing season. Marginal R? values indicate how much of the variance in the number of bee species needed was explained by the main effect (the duration of the growing season

considered), while the conditional R? also includes variance explained by differences among sites.

important to examine how temporal scale affects the relationship
between pollinator diversity and pollination services in real-world
systems.

In this study, we asked how the number of species needed for
ecosystem function changes with the temporal scale examined, that
is, with the length of time over which the function is required to be
maintained. We addressed this question using three datasets that
measured crop pollination by wild bees, both multiple times over
the course of the flowering season and for multiple years. The study
systems included watermelon farms in the western United States
(hereafter, western watermelon), watermelon farms in the eastern
United States (eastern watermelon) and blueberry farms in the east-
ern United States (eastern blueberry). Specifically, we asked how the
number of wild bee species needed to maintain a threshold level
of pollination changes as we increased the timescale of the analysis
across (1) an increasing number of days within the growing season
and (2) an increasing number of years. To control statistically for
stochastic effects related to sampling bee communities over time,
we developed a null model that resampled from a fixed species pool.
We then compared our observed results to the null model to deter-
mine how much of the increase in the number of species needed
over time was due to biological effects (species turnover) versus
sampling effects.

Results

Bee diversity needed to maintain pollination across the grow-
ing season. In all three study systems (western watermelon, eastern
watermelon and eastern blueberry), increasing the length of the sea-
son over which the pollination threshold must be met increased the
number of bee species needed (Table 1). For the western watermelon
farms, a mean of 1.64 species were needed to meet the threshold at
a single date but the number of species needed increased by 15% for
each added sampling date, with 3 times as many species required
over the entire 12-week season (a 209% increase; Fig. 1a). For the
eastern watermelon farms, the mean number of species needed was
3 for a single date, but increased by 33% for each additional sam-
pling date, increasing 76% over the entire 7-week season (Fig. 1b).
For the blueberry farms, the mean number of species needed was
1.73 for a single date but increased 33% for each additional date
sampled and 76% over the entire 3-week season (Fig. 1¢c). The null
model showed that the majority of this increase was due to actual
turnover rather than sampling effects (Extended Data Fig. 1).
Specifically, species turnover accounted for 95% of the increase for
western watermelon, 65% for eastern watermelon and 77% for east-
ern blueberry (Supplementary Table 7). When only the first 3 time
points are considered for the western watermelon system, to make
its time series the same as the other two crops, the percentage of the
increase attributable to turnover was similar (79%), suggesting that
the strength of biological effects observed increases with the length
of the time series.

A sensitivity analysis showed that the number of species needed
increased with season length over a range of function thresholds.
However, the choice of threshold influenced the magnitude of the
increase, with the number of species needed increasing more steeply

when higher function thresholds were used (Extended Data Fig. 5).
For the western watermelon farms, the number of species needed
more than doubled over the entire season even for the lowest
threshold of 10% and increased over fourfold for the highest thresh-
old of 90% (Supplementary Table 9). For the eastern watermelon
farms, the percentage increase in species needed over the entire sea-
son ranged from 57% at the lowest (10%) threshold to 88% at the
highest (90%) threshold (Supplementary Table 9). Similarly, for the
eastern blueberry farms, the percentage increase in species needed
over the season ranged from 54% at the 10% threshold to 112% at
the 90% threshold (Supplementary Table 9).

Bee diversity needed to maintain pollination across multiple
years. The number of bee species needed to meet the pollina-
tion threshold in all years also increased with the number of
years included (Table 2). For the eastern watermelon farms, the
number of bee species needed increased 26% for each additional
year, with 3 times as many species required for a 6-year period
compared to a single year (a 219% increase; Fig. 2a). Similarly, for
the western watermelon farms, the number of bee species needed
increased by 27% per year, with 62% more species required for
a 3-year period (Fig. 2b). For the blueberry system, the number
of species needed increased by 21% for each additional year, with
47% more species needed for a 3-year period (Fig. 2c). The null
model indicated that the majority of the increase in species needed
was attributable to bee species turnover (a biological effect) rather
than sampling effects (Extended Data Fig. 2). Specifically, spe-
cies turnover accounted for 57%, 63% and 75% of the increase for
western watermelon, eastern watermelon and blueberry, respec-
tively (Supplementary Table 7).

A sensitivity analysis showed that the increase in species needed
with the number of years was relatively robust to the choice of
threshold (Extended Data Fig. 6). For the eastern watermelon
and western watermelon farms, the slope of the increase changed
very little with threshold (Extended Data Fig. 6). For the eastern
watermelon farms, the percentage increase in species needed across
years was actually higher with a lower choice of threshold because
lowering the function threshold also decreased the number of spe-
cies needed for a single year and thus made the relative increase to
subsequent years steeper (Supplementary Table 10). For the western
watermelon farms, the choice of function threshold had essentially
no effect, with the number of species needed increasing 59-66%
for all thresholds tested (Supplementary Table 10). In contrast,
for the eastern blueberry farms, the function threshold influenced
the results: for the highest threshold (90%), the number of species
needed doubled for the full 3-year period compared to a single year,
while for the lowest threshold (10%), there was little change in the
number of species needed with the number of years (Extended
Data Fig. 6). However, given evidence that blueberry fruit set is
often limited by insufficient pollination®*”, requiring only 10% of
observed pollination as a threshold is probably unreasonably con-
servative; indeed even the 90% threshold (for which the number of
species needed doubles over time) is likely insufficient to provide
full pollination.
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Fig. 1| Number of bee species needed for pollination across multiple dates within a flowering season. a-¢, Number of bee species needed to meet
the pollination threshold (50% of mean observed pollination) at every date sampled over the course of a single year for western watermelon farms (a),
eastern watermelon farms (b) and blueberry farms (¢). Each point represents one site-year. The solid line represents the slope and intercept estimated
from the GLMM with random intercepts for site. The shaded area represents the 95% Cl around the GLMM estimates.

Table 2 | GLMM results for the change in the number of species needed with the number of years

Crop Effect size (slope) Factor increase Intercept Marginal R? Conditional R?
Eastern watermelon 0.232+0.033 1.26 0.943+0.191 0.258 0.761
Western watermelon 0.240+0.112 1.27 0.910+0.193 0.093 0.093
Blueberry 0.191+0.103 1.21 112+0.219 0.085 0.266

Effect sizes are reported as the mean slope of the GLMM = s.e. Because the GLMM uses a log link, exponentiating the effect size gives the factor increase in the number of bee species needed for each
additional year considered. Marginal R? values indicate how much of the variance in the number of bee species needed was explained by the main effect (the number of years), while the conditional R? also

includes variance due to differences among sites.

Discussion
A wealth of experimental evidence suggests that biodiversity loss
adversely affects ecosystem function®** but uncertainty remains
over how these results translate to the larger scales at which biodi-
versity losses occur in real-world systems. The insurance hypothesis
suggests that diversity will be more important for function when
measured over a longer time scale because having more species
provides functional redundancy, which buffers ecosystem func-
tion against fluctuations in species abundances®***. Our results
provide some of the strongest support to date for insurance effects
in real-world communities. We found that 2-3 times as many bee
species were needed to meet a target level of crop pollination over
the course of a growing season compared to a single date (Fig. 1).
Similarly, twice as many species were needed to provide pollination
over the course of 6 years compared to a single year (Fig. 2). These
effects were most apparent for our longer time series and did not
show signs of levelling off, suggesting that looking at a longer time
series may reveal even stronger effects of timescale.

The main mechanism by which the need for diversity has been
hypothesized to increase with timescale is through the turnover in
the identity of functionally important species'””"*. Because natural

NATURE ECOLOGY & EVOLUTION | www.nature.com/natecolevol

communities are often characterized by highly uneven species abun-
dance distributions, relatively few species are abundant enough to
be important to function at any one place or time”*"***. However,
the insurance hypothesis predicts that the number of species needed
will increase with timescale because of changes over time in species
relative abundances™*". We found that the number of bee species
needed increased 76-209% over the course of the growing season
due to changes in abundances (Fig. 1). Phenological data for the bee
species in our studies supports the conclusion that these changes
in abundance are due to phenological difference among species
(Extended Data Figs. 3 and 4). In addition, our null model confirms
that species turnover, not merely sampling effects, generates the need
for greater diversity, especially for our longest time series (Extended
Data Fig. 1). This result suggests that pollinator diversity may be espe-
cially important for crops with a long flowering season and for farms
growing a variety of crops that bloom at different times of the year.
Of course, pollinator diversity will be even more important in natural
(non-agricultural) systems where there are even more plant species
that co-occur in one place®. Our results demonstrate that a ‘snapshot’
view can underestimate the need for biodiversity when communities
change in either composition or total abundance over time.
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Fig. 2 | Number of bee species needed for pollination across multiple years. a-c, Number of bee species needed to meet the pollination threshold (50%
of mean observed pollination) in all years at eastern watermelon farms (a), western watermelon farms (b) and blueberry farms (c). Each point represents
one site. The solid line represents the slope and intercept estimated from the GLMM with random slopes and intercepts for site. The shaded area

represents the 95% Cl around the GLMM estimates.

Across multiple years, we predicted that changes in species rela-
tive abundances would occur due to asynchronous fluctuations in
the populations of different species across years. These asynchro-
nous changes should allow species experiencing high abundance
in a given year to functionally compensate for species experiencing
low abundance in that year'”*"**%, resulting in a greater number of
species needed to maintain a given level of function over time. Our
results provide support for this prediction of the insurance hypoth-
esis: in the 6-year time series, we found a 47-219% increase in the
number of species needed as we increased the number of years (Fig.
2). The null model again confirms that this increase was largely
due to interannual turnover of bee species, not merely to sampling
effects (Extended Data Fig. 2). Together, these findings suggest that
for crop pollination, pollinator diversity provides insurance against
fluctuations in species abundance over time as predicted by the
insurance hypothesis™***",

A third mechanism through which the need for biodiversity
may increase with the scale examined, and one that has largely
been overlooked in the biodiversity—ecosystem functioning litera-
ture (but see refs. '*'?2%4) is variation in the total abundance of
individuals across space or time. In our results, variation in total
bee abundance across time was a major source of accumulation of
bee species needed. Dates with high bee abundance typically only
needed a few species to meet the target pollination threshold (Fig.
3). In contrast, many dates with lower abundance needed all of their
species to reach the threshold (Supplementary Table 8). This result
suggests that species diversity may result in a different type of insur-
ance effect, in which low abundance years or weeks lead to an ‘all
hands on deck’ situation where even rare species are needed for a
target level of ecosystem function to be achieved***. The conserva-
tion literature has tended to emphasize the role of diversity while
de-emphasizing the role of total abundance in ecosystem function*.

However, both diversity and abundance can decrease as a result of
anthropogenic impacts, for bees*> and most other taxa that have
been studied®*. Our results suggest that losses of both abundance
and diversity can have important effects on ecosystem function.

One limitation of our analytical approach is that the threshold is
based on the amount of pollination currently received, rather than
the amount that is actually needed to maximize crop yield. While
the number of pollen grains needed to maximize fruit set on a single
flower has been estimated empirically (that is, the biological polli-
nation threshold***”°), it would not be meaningful to compare our
observed function data to this per-flower threshold. This is because
our data are in units of pollen deposition per transect per unit time,
rather than per flower over its entire lifetime, which are the units
of the biological pollination threshold. Net collecting all bees in a
transect is necessary to get species identifications on the entire bee
community since many species cannot be identified in the field.
These species-level identifications were essential for our study’s goal
of measuring the pollination function contributed by each bee spe-
cies. Because we could not observe flowers over their entire lifetime,
and do not know for how long we looked at each individual flower
in the transect, we cannot convert our transect-level function mea-
surements to the units of pollen deposition per flower.

How conservative our threshold based on 50% of observed func-
tion is regarding the number of bee species needed for consistent
pollination will depend to some degree on whether the amount of
pollination a crop currently receives is close to the amount needed
to maximize yield, which can vary across cultivars and environ-
mental contexts’”". Studies have found that blueberry is often
pollen-limited, suggesting that our 50% threshold is likely conser-
vative for this crop and that in fact more bee species are needed
than we report in this study*. While watermelon has often been
found to currently receive adequate pollination in our eastern study
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Fig. 3 | Accumulation curves of pollination provided at a single site on
three different days, across which aggregate bee abundance varied from
low (yellow) to medium (blue) and high (purple). The solid lines show the
cumulative pollination received versus cumulative bee species richness.
Bee species are added on the x axis in descending order of function. Each
vertical dotted line shows the minimum number of bee species needed to
meet the function threshold (dashed grey line) for that date. For the date
with the highest overall bee abundance at the site (27 bees, solid purple
line), only 2 of the 7 species were needed to meet the threshold, while for
the date with the lowest abundance at the site (18 bees, solid yellow line),
all species present were needed.

system’’%, our sensitivity analysis found that our results for water-
melon were relatively robust to our choice of threshold (Extended
Data Figs. 5 and 6). Indeed, given that our objective was to deter-
mine the relative number of bee species needed over different
timescales, rather than the absolute number of species needed at
a particular place or time, we believe that our more abstracted mea-
sure provides a consistent framework that can be broadly applied
and can reveal important information about how the need for spe-
cies diversity changes with timescale.

There are several other limitations of our study, which could be
useful topics for future work. First, given that our research focused
on ecosystem services, our data and analysis are based on func-
tion provided by wild bees; indeed, we did not have permission
to net-collect honeybees, which are a domesticated (and privately
owned) species in our study system. But we acknowledge that there
were domestic honeybees present at most of our study farms and
that they are a dominant crop pollinator. Nonetheless, wild bees
often make important contributions to crop yield even in the pres-
ence of high honeybee abundance'*”¢ and there is evidence that
the demand for crop pollination is growing faster than the supply
of managed honeybees”, suggesting a vital need to understand the
magnitude of ecosystem services that would be lost if wild bee spe-
cies were lost from the system.

Second, we acknowledge that additional factors beyond bee phe-
nology can produce changes in species abundances on crop flowers
over time. For example, bees may change their visitation to flow-
ers over time due to competitive interactions or switching to more
rewarding flower species. Such rewiring of interactions can occur
over time even without turnover of species present®. If other bee
species would increase their visitation to crop flowers following the
loss of a competitor, then the results reported in this study might
overestimate the number of bee species needed. However, previous
work suggested that such compensatory effects are generally more
important in influencing abundance in experiments than in natural
systems’”. In addition, the interpretation that phenology plays a
role in the species turnover we observed is supported by the fact that
interspecific differences in phenology occur for specimens sampled
across a wide variety of habitats, rather than just on a single flower
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species (Extended Data Figs. 3 and 4). Lastly, regardless of the exact
cause of the temporal turnover we observed in the bee species visit-
ing crop flowers, the consequence for crop pollination is the same:
more bee species are needed to achieve the pollination threshold
over a longer timescale.

Although we only had 1 system with data for more than 3 years
(eastern watermelon) and 1 with data spanning a wide range of dates
within a year (western watermelon), the magnitude of increase in
species needed with timescale was remarkably consistent among
crop systems when considered over the same interval of time. In
addition, the fact that the relationship between timescale and the
number of species needed did not level off suggests that even longer
time series, spanning multiple seasons, may further bolster the need
for biodiversity to ensure reliable ecosystem service.

Conclusions

Given the current biodiversity crisis, it is vital to understand how
species diversity affects ecosystem function at the spatio-temporal
scales at which biodiversity loss occurs in real-world systems. Our
results suggest that for the important real-world ecosystem service
of crop pollination, a greater number of bee species are needed at
longer timescales due to turnover in species composition and varia-
tion in abundance of the most functionally important bee species.
At any given time, most pollination is performed by a few highly
abundant species. However, the identity of these abundant species
changes within and across years; even numerically dominant spe-
cies are not always present in sufficient numbers to meet function
thresholds without additional contributions by less abundant spe-
cies. These results support the idea that biodiversity provides insur-
ance against fluctuations in ecosystem function across time.

Methods
Study sites. We collected three datasets in which we measured crop pollination by
wild bees: one from highbush blueberry (Vaccinium corymbosum L., cultivars Duke
and Bluecrop) in the eastern United States, one from watermelon (Citrullus lanatus,
various cultivars) in the eastern United States and one from watermelon (cultivars
Crimson Sweet and Yellow Baby) in the western United States. The blueberry study
sites consisted of 16 farms within a 35X 55km? area in southern New Jersey. Sites
were sampled 3 times, over a 17-23 d period each year, for 3 years (Supplementary
Tables 1 and 2). The eastern watermelon study sites consisted of 25 farms within
290X 60km? area of central New Jersey and east central Pennsylvania. Farms
were sampled 1-3 times, over a 24-52d period each year, for a total of 6 years
(Supplementary Tables 1 and 2). The western watermelon study sites consisted of
36 farms within a 64 X 49 km? area of the Northern Central Valley of California.
Farms were sampled between 3 and 9 times, over an 8-12-week period each year,
for 3 years (Supplementary Tables 1 and 2).

One of the common challenges to measuring seasonal changes in pollination
is that as the plant community changes, bees must be collected off different plants;
therefore, it can be difficult to determine whether phenological turnover in the
pollinator community is due to plant identity or bee phenology. A useful feature of
the western watermelon farms is that the planting times within a field are staggered
so that the same fields experience multiple peak blooms at several times across
the growing season. This gives us the rare opportunity to measure changes in bee
diversity and abundance over a long seasonal timescale on a single plant species
and in the same locations. To ensure that each farm represented an independent
bee community, all sites were separated by a minimum of 1.0km, which is outside
the flight range of most bee species in these communities*. Further details on these
field studies can be found in refs. *'.

Flower visitation measurements. We used parallel study designs and methods to
measure crop pollination by wild bees in our three systems. We chose sampling
dates to correspond with the peak bloom of each crop (Supplementary Table 1).
On each sampling day, we netted all bees observed visiting crop flowers within a
predefined 50-200 m? transect. Netting was repeated in four 10 min periods each
sampling day for the western watermelon sites and in three 20 min periods each
sampling day for the eastern watermelon and blueberry sites. All collected bee
specimens were curated in the laboratory and identified to species where possible
with the remainder lumped into groups of indistinguishable species. Overall,
97.8% of the specimens were identified to the species level, with most of the
remaining 2.2% consisting of unidentified morphospecies of the diverse subgenus
Lasioglossum (subgenus Dialictus). Specimens were identified using a combination
of published taxonomic keys and assistance by expert taxonomists, including R.
Thorp, J. Gibbs, J. Ascher and Z. Portman.
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Pollination function measurements. To measure the per-visit pollination
provided by each type of bee, we experimentally measured the number of
conspecific pollen grains deposited on stigmas by individual bees in single visits to
flowers. Before data collection, we placed pollinator exclosures around unopened
flowers. Once flowers were open, we removed the exclosures, cut the flowers and
offered them individually to foraging bees. One individual bee was allowed to
visit each flower, after which the flower was protected from further visitation.
Bees visiting experimental flowers were visually identified to morphogroups
(Supplementary Tables 3-5) since it is not possible to identify many wild bees to
species without catching them. In the western watermelon study, bees were also
identified to sex, when possible, for pollen deposition measurements.

After being visited, experimental flowers were allowed to sit in water at room
temperature for 24 h (watermelon) or 48 h (blueberry) to permit pollen tube
growth. Stigmas were then softened in 10% KOH and stained with 1% fuchsin
(watermelon) or softened in 1 M NaOH and stained with 0.01% aniline blue
(blueberry). We then counted the number of conspecific pollen grains on each
stigma using a compound microscope. We assumed that most ungerminated
grains fall off the stigma during processing and that this count therefore represents
germinated pollen grains™. Blueberry packages pollen in tetrads (groups of four
pollen grains) but it is rare that all four grains develop pollen tubes. Therefore,
we counted only tetrads with at least one germinating pollen tube as in Cariveau
et al.”’. Single-visit pollen deposition data were collected at all farms for blueberry
and a subset of farms that had sufficient bee abundance and diversity to get
adequate sample sizes for the two watermelon systems. Pollen deposition data were
pooled across sites and a mean pollen deposition value was calculated for each
morphospecies; therefore, we assumed that for bees foraging in monoculture crop
fields, the same bee species had similar per-visit pollen deposition at all farms.

Minimum set analysis. To examine how the number of bee species required for
pollination changes with timescale, we first calculated the total pollination that
each bee species provides at each site-date in a given crop system. Site-date is a
logical unit of analysis for measuring pollination because watermelon flowers are
only open for 1d. Although blueberry flowers are open for 5-8 d, we used the same
site-date unit to allow comparison among study systems. In addition, sampling
effort was standardized across site-dates, allowing us to directly compare total
species abundance. We calculated the pollination provided by each bee species at a
site-date as the number of visits by that species at that site-date X the mean per-visit
pollen deposition for the morphogroup to which that species belonged****!. We
summed the pollination provided by all species at the site-date to estimate the total
observed pollination for each site-date.

For each crop system, we then defined a single threshold level of pollination
to be met at all site-dates in that system (pollination threshold). We defined this
threshold as 50% of the mean observed pollination per site-date, with the mean
taken across all site-dates in the crop system. Finding the level of biodiversity
required to retain 50% of the observed function is a standard approach used in
the biodiversity-ecosystem function literature***>** and is analogous to a half
maximal effective concentration in ecotoxicology. While a threshold of 50% of
the maximum function has been used in previous work'*, we chose 50% of the
mean function as our threshold because the mean is less sensitive to sampling
effort and outliers (that is, the maximum function across samples increases as more
samples are taken but we do not expect the same pattern for mean function across
samples). Setting the pollination threshold based on mean function makes our
results more conservative than previous work, which used the higher threshold of
50% of maximum function. Lastly, because the function threshold is necessarily
arbitrary, we also performed a sensitivity analysis to determine whether our choice
of threshold influenced the relationship between temporal scale and the number of
bee species needed to meet the threshold. Specifically, we repeated the minimum
set analysis using thresholds of 10-90% of the mean function.

We first examined how the number of species needed to meet the pollination
threshold at a site changes with the number of sampling days over the course of
a single year for which the threshold must be met. Across the 3 crop systems, the
mean time interval between successive rounds of sampling was 6 d with a range
of 1-41d. We defined the minimum set for  dates as the minimum number of
species needed to meet the pollination threshold for all dates in the set 1...m,
starting with the earliest and adding dates 1 at a time in chronological order. We
then plotted the cumulative number of bee species needed to meet the function
threshold against the number of dates in the set. We repeated this calculation, using
the same mean function threshold for each site-year combination in the dataset.
Site-years therefore act as replicates in our within-year analysis.

We next examined how the number of species needed to meet the pollination
threshold at a site changes with the number of years over which the threshold
must be met. We defined the minimum set for » years as the minimum number
of species needed to meet the 50% function threshold for all years in the set 1...n,
starting with the earliest and adding years 1 at a time in chronological order. For
the threshold to be met for a given year, we required that the threshold be met
on each of three sampling days for the blueberry and western watermelon crops.
Because the eastern watermelon sites were only sampled 1d in 3 years of the study,
we required the threshold be met on 1 sampling day each year for the eastern
watermelon crop. We then plotted the cumulative number of bee species needed

to meet the function threshold against the number of years in the set. We repeated
this calculation, using the same mean function threshold, for each site in the
dataset. Sites therefore act as replicates in our across-years analysis.

For both the across-season and across-years analyses, we determined the
minimum number of species needed to meet the function threshold for each set
of sampling dates (as in Winfree et al.**). We calculated the minimum number of
species as follows: (1) starting with the earliest date in the set, first add the species
that deposits the most pollen at that site-date; (2) continue adding species in
descending order of pollen deposition until the function threshold is met or until
all species present at that date have been added; (3) if the running species list for
the first date also satisfies the threshold for the second date in the set, move on
to the third date, and so on; (4) if not, add species present at the next date to the
running list until the threshold is met for that date or all the species present at
that date have been added; (5) repeat this process for each additional date until
a running list is created that meets the function threshold for all dates in the set.
Because the species that provide the most function on any single date may not be
the best species for meeting the function threshold on other dates, the minimum
set may depend on the order in which species are added. To ensure that we found
the actual minimum set of species, we used a genetic algorithm optimizer to shuffle
the order in which species are added to the list. We performed the optimization
using the GAPerm function in the R package gaoptim*. To achieve a stable
minimum set, we ran the optimizer until the resulting number of species did not
change for 30 generations.

Statistical analysis. To assess how the number of species in the minimum set
changed with the number of dates within a year over which the threshold must

be met, we fitted generalized linear mixed models (GLMM:s) on the results of the
minimum set analysis using the R package Ime4 v.1.1.26 (ref. *°). For each model,
we also performed tests for overdispersion and extracted R* values using the R
package performance v.0.7.0°. For each crop system, we fitted a full model with the
number of dates as a fixed effect and site as a random effect. Because the data were
right-skewed, as is typical for count data, we used a Poisson distribution with a log
link for the blueberry and western watermelon datasets. For the eastern watermelon
dataset, we detected overdispersion (dispersion ratio=2.126, *=501.67, P<0.001).
Therefore, we used a negative binomial distribution with a log link function instead
of a Poisson distribution, using the R package MASS v.7.3.53.1*". For each crop,

we fitted a full mixed model with random slopes and intercepts, as well as a mixed
model with only the fixed effect and random intercepts. For all three crops, we
retained the mixed model with random intercepts because it had the lowest Akaike
information criterion (AIC) (Supplementary Table 6).

To assess how the number of species in the minimum set changed with the
number of years over which the threshold must be met, we fitted GLMMs using
a Poisson distribution with a log link function. For each crop system, we fitted a
full model with the number of years as a fixed effect and site as a random slope
and intercept. For the western watermelon, we fitted the GLMM using the R
package glmmTMB v.1.1.3 instead of Ime4 due to small random effects*. We also
fitted a simpler GLMM with only the fixed effect and random intercepts. For each
crop, we selected the model with the lowest AIC. For the eastern watermelon, we
retained the full mixed model with random slopes and intercepts. For the western
watermelon and blueberry, we retained the simpler mixed model with random
intercepts. No overdispersion was detected.

Because our statistical analyses were performed on a derived quantity (the size
of the minimum species set), we did not feel it was appropriate to use P values to
perform significance tests on our results. We instead report the effect sizes, along
with confidence intervals (CIs) and R? values, estimated from the GLMMs (Tables
1 and 2). We performed all statistical analyses in R v.4.0.4 (ref. *°).

Null model. Even in the absence of real turnover in the community, repeated
samples taken from the same species pool may differ in species composition and
abundances due to chance differences in which individuals are sampled (sampling
effects). Therefore, we developed a null model to determine how much of the
increase in the number of bee species needed to meet the pollination threshold
was due to biological effects (species turnover over time) versus sampling effects.
We estimated the magnitude of sampling effects by resampling from our pool of
collected bees. For the within-years analysis, we compared a series of resamples
taken from the same site-date (that is, the null) to a series of resamples taken from
different dates at the same site (that is, the observed). For the across-years analysis,
we compared a series of resamples taken from the same site-year (the null) to a
series of resamples taken from different site-years (the observed). Specifically, for
each resample, we randomly drew 30 individuals with replacement.

For each series of resamples, we recalculated the pollination threshold (as
50% of the mean pollination across all resamples) and then reran the minimum
set analysis on the resampled data (as described above). For the across-season
analysis, we repeated the resampling procedure 100 times for each site-year. For
the across-years analysis, we repeated the resampling procedure 100 times for
each site. We then compared the observed results, in which resamples were drawn
from different species pools (that is, different dates) to the null results, in which
resamples were drawn from the same species pool (that is, a single site-date). Any
difference between the null and observed in the increase in the bee biodiversity
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needed over time can be attributed to biological turnover in the bee community
rather than sampling effects. We calculated the factor increase in the number of
species needed with timescale as: the number of species needed for the maximum
number of days minus the number of species needed for 1d, divided by the
number of species needed for 1d. We also calculated the proportion of the increase
that was due to turnover, rather than sampling effects, as the change in the number
of species needed in the observed minus the change in number of species needed
in the null, divided by the change in the number of species needed in the observed.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data used to generate the results of this study have been deposited in
Figshare (https://doi.org/10.6084/m9.figshare.20083916, https://doi.org/10.6084/
m9.figshare.20010191, https://doi.org/10.6084/m9.figshare.20010179). The

bee specimens on which the data are based are permanently housed at Rutgers
University and University of California, Davis.

Code availability
The R code used to generate the results of this study is available on GitHub (https://
github.com/nlemanski/Bee_diversity_ecosystem_function).
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Extended Data Fig. 1| Minimum set analysis on a subsample of the data in which 30 individuals were randomly drawn each different date within a
site-year. We compared the results (dashed blue line) to a null model (solid red line) in which subsamples of 30 individuals were all drawn from the
same date. Shaded areas represent the 95% confidence intervals across 100 replicates of the sampling process. Each point represents the mean across
all replicates for a single site-year. The difference between the endpoints of the observed and null accumulation curves represents the increase in the
minimum set that is due to turnover across days within a year.
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Extended Data Fig. 2 | Minimum set analysis on a subsample of the data in which 30 individuals were randomly drawn from each different year within
a site. We compared the results (dashed blue line) to a null model (solid red line) in which subsamples of 30 individuals were all drawn from the same
year. Thus, confidence intervals include both variation across sites in the number of bee species needed, and uncertainty from the sampling process.
Specifically, shaded areas represent the 95% confidence intervals across 100 replicates of the sampling process. Each point represents the mean across
all replicates for a single site. The difference between the endpoints of the observed and null accumulation curves represents the increase in number of
species needed that is due to turnover in species composition across years.
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Extended Data Fig. 3 | Phenological windows of bee species observed at eastern watermelon farms. Horizontal lines show the timing of peak abundance
for each bee species observed at the eastern watermelon farms. Phenological data is based on all observations of that species across all datasets collected
by the lab. Comparable data for species visiting western watermelon farms was not available.
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Extended Data Fig. 4 | Phenological windows of bee species observed at blueberry farms. Horizontal lines show the timing of peak abundance for each
bee species observed at the blueberry farms. Phenological data is based on all observations of that species across all datasets collected by the lab.
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Extended Data Fig. 5 | Sensitivity analysis of the effect of function threshold on the number of bee species needed for analyses done across the growing
season within one year. The function threshold is a percentage of the mean observed pollination per site-date, averaged across all site-dates.
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Extended Data Fig. 6 | Sensitivity analysis of the effect of function threshold on the number of bee species needed for analyses done across years. The
function threshold is a percentage of the mean observed pollination per site-date, averaged across all site-dates.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
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Data collection  No software was used to collect data for this study.

Data analysis All analyses were performed using R (version 4.0.4). All code for the analyses, null model, and figures are deposited on GitHub (https://
github.com/nlemanski/Bee_diversity_ecosystem_function).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data used to generate the results of this study have been deposited in Figshare (doi.org/10.6084/m9.figshare.20083916, doi.org/10.6084/
m9.figshare.20010191, doi.org/10.6084/m9.figshare.20010179). The bee specimens upon which the data are based are permanently housed at Rutgers University
and University of California Davis.
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Study description The study used three existing datasets of bees visiting crop flowers. The bee community at a single farm field was sampled on
different days throughout the year and for multiple years. In this study we calculated the minimum number of bee species needed to
provide a threshold level of pollination services at a single site across different periods of time (number of dates within a year and
number of years). Sites acted as replicates for the across-years analysis and site-years acted as replicates for the within-years
analysis. The number of sites sampled was 16 for blueberry, 25 for eastern watermelon, and 36 for western watermelon.
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Research sample Samples consisted of all bees (Hymenoptera, clade Anthophila) observed on crop flowers within a predefined 50- to 200-m?2 transect
at a single farm field on a single date. The samples collected are meant to represent the community of bees pollinating the crop at
that site-date. Farm fields were far enough apart to represent independent bee communities. In addition, farm field is a scale at
which pollination services are relevant to individual producers.

Sampling strategy Samples consisted of all bees observed visiting crop flowers within a predefined 50- to 200-m?2 transect. Sampling was repeated 1-9
times per year and for 3-6 years at each site. The number of sites sampled was 16 for blueberry, 25 for eastern watermelon, and 36
for western watermelon.

Data collection The observers walked the transect, net collecting all bees observed visiting crop flowers. Netting was repeated in four ten-minute
periods for western watermelon sites and in three 20-minute periods for eastern watermelon and blueberry sites. Sampled bees
were then preserved and identified to species in the lab.

Timing and spatial scale  The blueberry study sites consisted of 16 farms within a 35 by 55 km area. The eastern watermelon study sites consisted of 25 farms
within a 90 x 60 km area. The western watermelon study sites consisted of 36 farms within a 64 x 49 km area. Western watermelon
data was collected in 2010, 2011, and 2012, between May 29 and Aug. 21, with 2-41 days (mean 6 days) between consecutive
sampling rounds. Eastern watermelon data was collected in 2004, 2005, 2007, 2008, 2010, 2011, and 2012, between June 26 and
Aug. 20, with 3-12 days (mean 5 days) between consecutive sampling rounds. Blueberry data was collected in 2010, 2011, and 2012,
between Apr. 13 and May 12, with 1-18 days (mean 7 days) between consecutive sampling rounds.

Data exclusions Data from 2004 was excluded for the eastern watermelon data. This year was excluded because it was a pilot study with lower
sampling effort and slightly different sampling methods than the other years of the study.

Reproducibility No attempts have been made to reproduce the analysis presented in the current manuscript.

Randomization Randomization is not relevant to the current study because no experimental manipulation of samples was done. Only observational
data (the number and species identity of bees visiting crop flowers) was collected.

Blinding Blinding was not relevant to this study. Observers collected all bees observed on flowers within the transects.

Did the study involve field work?  [X] Yes [ Jno

Field work, collection and transport

Field conditions Samples were collected during clear (sunny to overcast) weather to ensure that bees would be active.

Location The datasets used in the study were collected in agricultural fields located in southern New Jersey (blueberry data), central New
Jersey and east-central Pennsylvania (eastern watermelon data), and the Northern Central Valley of California (western watermelon
data).

Access & import/export  All bee specimens were collected from private farms with the permission of the landowners. No samples were imported/exported
across international borders.

Disturbance Bee specimens were collected from the field in order to sample the community of bees visiting crop plants. Previous work suggests

that the number of individuals collected in a study of this type is not large enough to have a noticeable impact on the bee
populations at the study sites.
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The study did not involve laboratory animals.

Wild animals Wild bees were collected by net in the field and killed on site using standard procedures. Collected specimens were then pinned,
preserved, and identified in the lab.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight No ethical approval was required because the study only involved invertebrate animals (insects).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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