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Abstract

Patterns.obee abundance and diversity acrds$ferentspatial scalebave received
thorough research consideration. Howetes,impact oshort and long term tgooral resource
availabilityenbiodiversity has been less explored. This is highly relevardpical agricultural
systemdor pollinators as many foraging periods of pollinators extend beyond flowering of any
single crop species$n this study, we sought to understand how bee comrasimttropical
agroecosystemshanged between seaspaisd ifshort and long term floral resource availability
influencedtheir diversity and abundance. We used a threshold analysis approach in order to
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explorethis relationshifat two time scalesThis study took place in a region dominated by
coffee agroecosystems $outherrMexico. This was an ideal system because the landscape
offers a range of coffee management regimes that maintain heterogeneity in floral resource
availability spatially and temporally.

We found that the bee communitgines significantly betweeseasons. There were
higher abundances native social, solity and managed honeybees during the dry season when
coffee flowers/Additionally, we found that floral resources from groundcover, but not trees,
were associated withee abundance. Furthére temporascale of the availability of these
resources is important, whégeshortterm floral resource availabilitgppeargarticularly
important in maintaining high bee abundaatsites with loweseasonal complementarityle
argue that'in additional to spatial resource heterogenerhporal resource heterogenagy
critical in explainingpee community patterns, and should thus be considered to promote

pollinator conservatian

Key Words: temporal resource availabilitgeasonatomplementarit, beecommunity, coffee,

agroecosystem
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I ntroduction

Landuse change, which includes habitat modification, fragmentation, and degradation, is

a major contributor to changes in resource availability and thus bee population declines
(Winfree et al., 2011&otts et b, 2016). According to the Food and Agricultural Organization
(FAO), agriculture is one of the strgest drivers of land use change, with over 40% of earth’s
terrestrial surface dominated by agriculture (Foley, 200&3. highest rates of agricultural
intensification"have been found in the tropics (FAO), which subsequently decreasesighe spa
and tempealavailability of foraging resources for bees in tropical regions (Peters et al., 2013;
Peters et al., 2016%till, agricultural landscapes are not inherently unsuitidslbiodiversity
(Perfecto et al,1996), and canfact positively impact biodiversifPBES), particularly in the
tropics (Gonthier et al., 201A)hether agricultural landscapes foster biodiversity, particularly
bee populations, appears highly dependent on the level of management (Jha & ¥anderm
2010; Winfree et al., 2011b; Mandelik et al., 2QE3 it influences resource availability across
spatial(Ferreira et al., 2013%ennedy et al., 2013; Kremen et al., 2007; Williams et al., 2010)
and temporalscald®dandelik et al., 2012; Leong et al., 2016; Cerdeira Morellato et al., 2016;
Geslin et al., 2016).

Cofiee agricultural systenteave becomenodel systems to explore how agricultural
intensification influences biodiversity and ecological interact{®esfecto, Vandermeer, &
Philpott, 2014 coffee is managed across a large gradient of intensification, from farms that
structurally.resembléorests with coffee grown underneath a digity of shade trees, snn
coffee farms;"without any non-crop vegetation. The ability aifiee agroecosysteta support
bee populations depends on its ability to maintain necessary foraging and nestingresourc
requirements (Michener, 1969). coffee farms in IndonesigKlein et al, 2003)found that
farms with, greater resource heterogeneity supported a greater diversithratp. While
resource availabilitacross multiple spatial scalbas been shown to influence bee abundance
and diversityin tropical landscape@ylianakis et al., 2008; Basu et al., 2016 impact of
tempordresource heterogeneity (differences in availability of resources throughneiton
biodiversity*has been less explored (Mandelik et al., 2012; Leong et al., 2016; Cerdeira
Morellato et al., 2016; Geslin et al., 201Bges use resources from an array of plant species to
satisfydifferent nutrition requirements throughout their foraging season, wypatally extends
beyond the flowering event of a single plant species (Baker, 1963; Olesen, 2008). Thimgtsites
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havefloral resource available throughout the year satisfy bee forageaggirementswhether by
a single flowering specidhat isalways in flower or throughultiple plants that flower at
different timegseasonatomplementaty) (Bluthgen & Klein, 2011; Mandelik et al, 2013).
Understandingeasonéresource patterns is particularly important in the tropersauséropical
bees forage.all year lor{oubik, 1989). Erther, because the tropics maintain less seasonal
extremes than temperate zones, seasonal variation imposed by climaterohgihgee more
dramatic effects on flowering phenologies (Ceireldi@ellato, 2016; Buckley and Huey, 2016).

In this'study we sought to understand how seasonal complementarity of non-crop floral
resources influences bee diversity and abundanceaffee agroecosystemith two well
defined seasons.offee farmsoffer a valuable opportunity to explore these patterns because they
are managed under a variety of shade tree rediMheguel & Toledo, 1999)Thisleads to a
natural gradient. aemporalfloral resource availability, from farms that provide no floral
resources outside of the coffee flowering, to farms wherecnrgm{loral resources are staggered.
We addressethe following questions: 1) How does the community composition of bees change
across seasons in a tropical coffee agroecosystetap@liinator diversity and abundance better
explained by available floral resources or seasonal complemeitditityal resources (i.e., short
versus long.temporal scales)?

For-gquestion one, we predictthat the community composition of bees would change
between the two different seaspas bee communities have been found to vary in composition
due to temporal drive@randa & Graciolli, 2015; Rollinet al, 2015Samnegaret al, 2015) .
There are fewer floral resources from trees in the rainy season, so we exptigtdocial bees
to be favoredsin the dry seaseovhen there are more floral resources to sustain their nests. We
prediced native solitary bees to be favored in the rainy seassitheyare generally smaller
bodied, which have been found to be favored in the rainy season in previous studies (Samnegard
et al., 2015)We didnot expect the managed honeyb&pi§¢ mellifera scutellaggto change
during the different seasons, as they are given supplemental resources ¢hynsisbeighout
the year andare thus buffered from resource fluctugEaniminezSoto,pers. comm

Building onprevious spatial studige address question two, where local and landscape
level patterns interact to explain bee abundance (Tscharntke et al, 2005), wegtlealicthort
and longtemporal scales woulalso interacto explain bee abundance and richness, as the longer
temporal scaleontrols the shorter scaM/e predicted thanorecontinuoudevelsof site-level
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floral resourcesluring the samplingventfrom trees would explain high bee abundance and
richnesgJha & VandermeerSimilarly, we prediadthat habitats wittmore continuougevels

of local{loral resources from trees throughout different seasons (seasomalementarity)

would alsg generate high bee abundanceri@hdesqKovacs-Hostyanszki et al., 2018)ore
specifically,,we predicted that sites with more even resources across longer temporal scales
would limit.thedmportance of floral resource availability at shorter scilasher, we predied
that the"temporal interactiaf floral resource availabilityvould vary depending on the sociality
group (ie."native solitary, native social, or managed social), due to diffeiiarfoeaging
strategiegRollin et al., 2015).

Methods
Study Area

This study was conducted from June 2014 to April 2015 in the Soconusco region of
Chiapas (15°10'15"N; 92°20'33.192 W), a coffee growing region in MéAlecselected sites
across threesfarms that ranged in management intensifi¢doguel & Toledo, 1999; Philpott
et al., 2008) The rainy season takes place from May to Novembethatty season takes
place from.December to Apritwenty-five 20mx 20msiteswereestablished based on the
estimatedtefmporalcomposition of floral availability provided by plant species within esiteh
with 13sites ina commercial polyculture farand 12sites distributed betwedwo shaded
monoculture farmsAll sites were at least 100 m apart. Sites were evenly distributed between the
commercialpolyculture farm and between the two functionally similar shade mturedalkms.
However, wedltimately ugdonly 22sites due to significant tree removal at three sites half way
throughthe execution of thigproject.

Sites were selected accordingatgradient of temporal floral resource availability from
shade tregawvhich have previously been found to be the most imporsiource stratéor the
bee communitat these farmglha & Vandermeer, 2010%ites were selected if they conformed
to one of thefollowing categories: 1) tree species with continuous floral resaveskedle

throughout'the year, or a combination of dry and rainy season flowering trees; 2) treg speci

! Seasonal floral resource availability from trees was deterniinedprevious personal observations at this field

site, as well as from reported phenologies of specific spéuissouribotanicalgarden.org).
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with floral resources aviaible only in the dry season; 3) floral resources available only in the
rainy season; and 4) trees without floral resources for animals (Tablehn®lgombination of
the four site types during one sampling event represented a gradient déshasowe
availability. The four repeated sampling events across each site type produadiat gif long-
term resource,availabilitll siteshad coffee, which flowers in February during dry season
(Philpottet.al.,2006) and flowering groundcovefloral resources and bee abundance/richness
were measured twice aachsite during the rainy season, June 2014 and July 2014 (n=35) and
twice duringthe dry seasadanuary2015 and February 2015 (n=44). For the July sampling
event, only sites in one farm were collecfed13; Table Spdue tosampling limitationsWe
performed.vegetation and pollinator surveyaultaneouslyduring each sampling event.
Vegetation'Survey

Floral resources from trees, herbaceous ground¢beesafter GCand coffee were all
measured. The availability of floral resources from trees was estimated according to canopy
cover, proportion of trees in flowers, flowering tree abundance and flowteemgichnessThe
availabilitysef-floral resources from GC was estimated according to richness of GC in flower
(based on'morphepeciesand percentage of GC in flow&anopy cover was measured at five
points threughout the site using a handheld spaktensitometer. The proportion of trees in
flower was-€alculated by counting the number of trees in flower over the total nafriteses in
thesite GC was measured by randomly placing four 0.530.§uadrats withireachsite and
measuring.the perce@®C in each quadrat and the percentage of flowering herbs within each
quadrat. Percer@C in flower was calculated by taking the proportion of flowering herbs to the
total GC. When'coffee was in flowdFebruary) percentage of coffee in flower was deteradn
by selecting three coffee bushes and counting flowers and buds.
Pollinator Survey

To quantify pollinator abundance adiversity at each sitduring one samplingvent
pollinators were collected using pan traps and sweep nets. All bees collected during one
sampling event were combined into a single site-sampling event Valugy. 148mL (Gordon’s
Food Supplyplastic bowlg1/3 blue; 1/3 white; 1/3 yellowyere placed across easitein the
shape of an x through the centeeathsite (LeBuhn et al., 2003; Jha & Vandermeer, 2010).
Pan traps were set out before 9am and collected regbiebit began to rain in the rainy season
(around 1pm), and 2pm in the dry seasonimdéctscaught in tle pan traps were preserved in

This article is protected by copyright. All rights reserved



122 alcohol in the field. Specimens were later separated and identified to specresphospecies,
123 in the labwith field guides (Michener et al, 1994gference collections from El Colegio

124  Frontera Sur, and comparisons from previous studies (Jha & Vandermeer, 2010; Nakeglo et
125 2007).Wepobserved bee foragirag each sitbetween the hours of 9am and 11am, optimum
126 foraging houss for bees in this region (Jha & Vandermeer, 2010). We performed obsereations f
127 10 minutes.at each site on the same day pan traps were laid out. Bees found for@giray on
128 low trees were eithadentified on site, ocollectedfor later identificationDuring coffee

129 flowering,coffee bushes were also observed for a period of 10 minutes.

130 Statistical Methods

131 We_ perfermed all the analyses consider@gresentativenonthpairs for each season:

132 June and July«(rainy seasodgnuaryand February (dry seasolye analyzed the differences in
133 community composition between the mompiirsusing a nometric multdimensional scaling

134 analysis (NMDS). We then conducted an analysis of similarity (ANOSIM) using a@reis

135 similarity indexasthe similarity measure in PAST (Hammer ef 2001) The ANOSIM

136 comparesdthe-mean distance withigroup to the mean distance between groups; this

137 statistically*determines separation in species composition between the two different seasons
138 (JimenezSeto & Philpott, 2015).

139 To.see what was explaining the differences in community composition between the
140 sampling events, we used generalized linear mmedels (GLMM)with Poisson error

141 distributions (Bolker, 2008) using the ‘gimer’ package Im&#4 ran models witimonth

142 (sampling.event) as a fixed effeandsite, as a factor of season, and farm as random effects to
143 account forany differences from sdad farm level variationlVe ranall models for the

144  following response variables: bee abundance, native social bee abundance, natiyéselita
145 abundanceand managelee abundance. We then performed post-hoc analyses using the giht
146 function in.the “mulcomp” package in R. This function performs pairwise comparisons of
147 categorical fixed effects. Finally, we used the “car” package to perform Wald Type Il tests to
148 determine.averall model significance.

149 To compare how short and long term temporal resowakadility influence bee

150 abundance and richness, as well as to see if they interact, we tnaateetrics to quantify

151 floral resource availability at the two temporal scalbatwe couldstatistically compare across
152 sites as well abetweernsampling eventsl he first metriccombined individual floral resource
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variables across the four sampling eveatguantify longterm resource availabilityl his metric
was then divided into metric 1a, which represents kengrresource availability from trees
(abundance, richness, and % trees in flower), and metric 1b, which represenésoregource
availability fromGC (richness and % flowering GCyhe second metric osidered shotterm
floral resourees from trees at each sampling elveetric 2ajand shortermfloral resources
from GC at.each sampling evejmetric 2b] (TableS2).

These'metrics were determined using a threshold analysis apprdeaci have
previouslybeen employed in other studiestegrateeffects ofmultiple variablesnto a single
metric (Byrnes et al., 2014; Lefcheck et al., 2018)is approach assignsvalue only to
variables thatrexceed a threshold percenfiageesource levelThe threshold represents a
percentagerof the maximum value of the variable across sites saiveleded this approach
because taccount fowariationin amount ofresources availableather hanaverage resource
availability or variability in resource¢CV) across time.

In order to combinenultiple variables into one metric, each individual variable (ie. Tree
variables orrGCyvariables) that is put into the metric@sidered s.aresponse variable.
Theoretically'eonsidering one variable across four sampling evktiis,response variable
exceeds the selected threshold percentage, then that variable receives a value of 1 for that
sampling.event and if it is below then it receives a value of 0, with a maximum val(&ef 4
variable exceeding the threshold percentage during four sampéngsgand minimum value of
0 (the variable never exceeding the threshold percentdge3elect the best threshold
percentageyallpossible threshold percentages from 5-95% were run to genaestéovdahe
relevant variable and compared with bee richnBlssthreshold percentage was seledieded
on which percentage’s value was best correlated with bee ric{iigsS1; Fig. S2)

Each variable that was included in metric 1a or 1bgisn a threshold value. Then
these individual values wesemmedor thetemporal floral resources from tref@setric 1a]
metric or for.tempordiloral resources fron&C [metric 1b] Metric 1ahadafinal range from ©
11, andVietric'1bhadafinal range from 0-6The 311 range for metric 1la is produced from two
varialles (tree,abundance and tree richness) measured during four sampling events, and one
variable (percentage of trees in flower) measured during only three samplirig, &g to

limited sampling in JulyGC species richness and percentag&®6fin flower were used to
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calculate metric 1b and these variablese only quantified during three sampling events, June,
January and February.

To quantify shortermresources from treegnetric 24, the three variables that
characterize floral resources from segere quantified together to select best threshold
percentagelig. S1). Values were assigned to each site for every time period based on how many
of the three variables exceeded the threshdidpossible threshold percentaggem 595%,
were runto'generate values for the metric, which were then compared to bee richnessto order
select the'mostpredictive percentagig(S2). The percentage used to calculate the metric was
selected based on which percentage’s value was best correlated witthbess, or &d the
highest slope«(Fid52). Metric 2a has a range froma3) This was then repeated for metric 2b
(shorttermiresourceBom GC), which included the two variables that quantified fleesources
from GC (Fig. S1). Metric 2b has a rangedm 0-2.

We tested all of the final metriealues for colhearitiesby calculating correlation
coefficients using linear regressigii@ble S3. To understanthe effect oshort and longerm
floral resourceravailabilitpn the following responseaariables: bee abundance, bee richness,
native social bee abundance, native solitary bee abundance, and managed social bee abundance,
we used generalized linear mixed effect models (GLMM) using the ‘gimer’ package Ime4. All
models were run with a Poisson error distribution and logit link function (Bolker, 208i8).

We constructedive candidate models with the following fixed effect}interaction between
short and'long term resource availability from trees (ITR), interabgbrmeen short and long
term resourceravailability fro8C (IGCR) + coffee +season; 2) ITR+coffee+season; 3)
IGCR+coffeet+season; 4) ITR+IGCR+coffee; 5) ITR+IGCR+season. For each model, site, as a
factor of seasqrand farm were included as random effectadoount for any differences from
site and farm level variationWe then used the package ‘AlCcmodavg’ to conduct maximum
likelihood comparisont selet the best model accordingAdaike’s information criterion
(AIC). To determine term significander the bestit models, we compared nestawdels,
starting withithe bedit model as the global model, and perforntigdlihood ratio tests wittthe
package ‘Imtest.To see ifpredictor variables correlated with response variables, we ran
spearman rank crelations, to account for nguarametric datazinally, weran % canopy cover
as a predictor variable, as canopy cover has previously been found to impact bemitpmm

composition.
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Because some of our sites were only 100 m apart, the degree ofap@aitalrelation in
the residuals of the beBt-models was tested using Moran'’s | test for spatial autocorrelation
with the ‘ape’ packageT@ble S4. We did not find spatial autocorrelation at any of our sites
(Table S4) and thus considered our sites to be spatially indepeAtistatistical analyses were
performed with the software R-Studio v. 0.98.1103 for Macintosh and PAST v. 3.04.

Results

Weridentified 796 bees of 31 species in 3 famildgst beesollected were in the family
Apidae (62.9% of individuals collected) and Halictidae (37% of individe@llected). The most
abundant species wApis melliferascutellata the Africanized honeybee, which are kept in
managedivesron the farm. The secon@$habundant species wa@sratina ignara a solitary
Apidae species: Across sitasd months, bee abundance ranged from O teitBin a sampling
period with an average of 8.9 bees per.dgee richness ranged from 0 to 12, with an average of
3.8 specieger site A total of 312 bees were caught during the rainy season and 484 bees were
caught duringsthe dry season. Flowering vegetation varied between sites and seasensg-|
tree richness rangdrbm 0 to 4 species in flower at a given sampling event asibae
Floweringstree abundance ranged from 0 to 10 treespé&luentagef trees in flower ranged
from 0 t0.68%. The percentage®C€C in flower ranged from 0 to 35% and the richnes&Gfin
flower ranged from 0O to 7 speci€tapleS2).
Changes in the bee community based on season

Beescommunity composition differed between the two seasons, and differed between
each samplingvent (R=0.2406). The NMDS comparing the four months showed an apparent
difference (Stress=0606; Fig. 4)isually. We confrmed this difference statisticallyith an
analysis of similarity (ANOSIM) antbund significant differences the bee community
between June andly, both in the rainy season (p=0.0018), between January and February, both
in the dry season (p=0.0066), and between the dryaang seasonT{ableS6).
Temporal changes in bee abundance and richness

Bee"abundance across all sites was significantly higher in February, when the coffee was
flowering, than any other sampling event$43.4; Df=3; p<0.001Fig. 2). Coffee flowering
waspositively correlated withbee abundace and bee richness, while canopy cover negatively
corrdated with bee richness (Tablg $hort and long term temporal availabilityflairal
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resources fronGC interacted to influence beburdance X?=43.4, p<0.00TableS7?) at
individual sites. At sites wittow seasonal complementarityfloral resources fron®C, high
shorttermfloral resources fromsC waspositivelyassociated withbee abundance. However, at
sites withfloral GC resources more consistently availabdweerthe two seasonshortterm
floral resoureesid notsignificantly correlate withbee abundance (Fig. 3). Thus, high shemta
floral resource availability fron®C was important in explaining bee abundancsitas that did
not maintain‘consistent floral resources throughout the e@al resources from trees waret
included in‘the"best model for bee abundance, buttemy-tree floraresources wertor bee
richnesqTable 3. However,longterm floral esources from trees did not significantly correlate
with bee riechnessHigh seasonatomplementarity in floral resources frd&C was positively
correlated with‘bee richnedsutshorttermfloral resources fronsC did not(Tablel).
Temporal changes betéensociality groups
Native Bee Abundance

Abundance of native social bees remained constant between the four sampling events,
except forindahuary of the dry season, netiewas significantly lower (%43.4, Df=3,
p<0.001; Fig.»2).Native social bee abundance vpasitively correlated witlcoffee flowering
and negatively correlated with canopy cogEable 3. Short and longerm temporal resource
availability-f6rm GC interacted to influence native social bee abundaisé9; p<0.001;
Table S7. At sites with less seasonal complementary in floral resources from GC, high short
term resource availability from GC positively impacted native bee abundance. At sites with more
consistentdfloral resources from GC between the two seasghsshortterm resource
availability'didsnot significantly impact native social bee abundance (Figh® suggestthat
short-term floral resource pulses are important in explaining native bee abanmdterns at
sites that do not have consistent floral resources seasamallgr to what was found faotal
bee abundance,
Solitary Bee Abundance

Nativersolitary bee abundance remained constant throughout the four sampling events,
except during.February, wherssignificantly increased (3¢79.8, Df=3, p<0.001; Fig. 2).
Native solitary bee abundance was found to significantly correlate witkectddivering (Table
1), which occurs in February. Lorgrm floral resources from trees were kept in the best model
predictingsolitary bee abundance (Table 2), and were found to positively correlatgolitiziny
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bee abundance (Table 1). Canopy cover was also negatively correlatedlitaily bee
abundance (Table 1).
Managed Honeybee Abundance

The abundancef managedoneybeesvassignificantly higherduring the period in
which coffee.was floweringx?=84.2, Df=3, p<0.001; Fig. 1). Shaerm resources from trees
and coffeefloweringvere positively correlatedith honeybee abundance (Table 1).
Discussion

Seasonal resource complemertyais importam to support the bee community in which
complementarity in floral resources through time functions to satisfy foragguirements of
bees througheut their foraging season. In caffg®ecosystemspffee is grown under shade
trees and in‘the presenceflofvering GC. These agroecosysteinave the potential to support
bee resource requiremeseasonallydepending on the intensity of their management. We found
more bees to be active during the dry season, which can be explainedjisatiee abundance
of flowering plants. Still, bees were found foraging in the rainy season, as welhagdiry t
season outside ofiajor flowering events. The bee community differed between the two seasons,
as well as ‘between sampling events. The presence of bee foragimgtda two seasons, as
well as differences in the bee community, exemplifies the importance of understanding seasonal
resource.ecomplementarity. We found teaortterm and longerm temporal resource
availability fromGC, but not from trees, interact to explain bee abundance. In faciliyw
foundfloralresources from trees to be important in explaimmagnaged honeybee abundance,
but notnativebee abundance or richne$his was surprising, dbese resources have previously
been founditesbe critical forative beesairns et al, 2005; Jha & Vandermeer, 2010).

Previous studiebave considerethe impact oseasonatomplementarityn bee
abundance and.richnefsem theoretical perspectiggBluthgen & Klein, 2011), complementary
habitat usdetween seasoirisandelik et al., 2012), effects of steady state floral resource
availability from a single non-crop plant (Peters et al., 2013) and seasonalshéts i
abundanceqand richness (Leong et al., 2016). These studies have been foundational in
understanding.how seasonal flowering phenologies impact bee abundance and diversity, which
has been arguably understudied. However, no studies to date have explored how seasonal
flowering phenologies intactwithin the same sitacross different time scales.

Changes in the bee community based on season
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We found that bee community composition differs between the two seasons, and the four
sampling events. Each sampling event had different combinatiore afriégsources available.
The floral resources available are determined by flowering phenologies of trees and coffee
However, theavailability of GC on the farms more reflective of management decisiaghsn
intrinsic phenelogy. Under normal maragent,GC is completely removed several times per
year,which disruptsavailable floral resources for bees from this sourmvever,GC grows
back and flowers within a few weeks (K. Fishggrsonal observatignWe speculate that the
flowering speciesand strata (trees, GC, etduring a sampling event impact how and where
beedsforage for resource®revious empirical studidgave reported how bee foraging behavior
shifts withseasenal variation in resource availability across tropical landsgalees et al.,
2016; Aranda & Graciolli, 2015; Kaluz al.,2016). Native bees foraging on high quality
resourcefiave heen found to be displaced in the presence of managed honeybees (Roubik &
Wolda, 2001). Ithere are other resources available concurrently with the displacement, they will
persist by foraging on the other resources, possibly of lower quality, which may explain why
managed honeybees responded to dkeomresource availability from trees but not other bees.
Similarly, iffone"group is displaced by another on coffee, they can still be found foraging on
floweringtrees or herbaceo@C. Since each samplireyenthas a different combination of
floral resource stratge. GC, trees, coffee), with varying abundances and richness, we see strong
differences in community composition of bees during the different seasons.
Temporal changes in bee abundance and richness

Beeabundance did not respond to floral resosifcem trees, which was unexpected as
previous studies have shown the importance of trees in predicting bee abundance asxl richne
(Jha & Vandermeer, 2010; Klein et al., 2008})he tropicsThe variation we found in floral
resources. from trees across our sites was muchesriean the previous study in this system
(Jha & Vandermeer, 2010), which may hagduced its impacEurther, etween the years of
thesestudies,.one of the farms we sampled significantly reduced the number of shade trees (
Perfectopersi"communicatignAdditionally, native bees may respond to a larger spatial scale
than we used.for this study (Jha & Vandermeer, 2010)aHRlesources frosC however, were
very important in explaining total bee abundance throughout the year. These resouragsdntera
between the two time scales, wheh®rtterm resource availabilityvas more impactful at sites
with less consistent seasdeamplementarityOur resultssuggests that sites with higher
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seasonal complementarity can sustain bee foraging requirements, even at timehorieen
resources are loviPrevious studies have found that bees shift from agricultural habitats, when
there are fewer floral resources available from crops, to more consistent resources in semi
natural habitats_surrounding farms (Mandelik et al., 2012). Because we explored omngnesti
a coffee system that had sites with floral resources from mutjgaeiées and strajave were able
to find patterns‘of complementarity withensingle habitatather than across habitats.

Beerichness respondedntmre consistent seasomamplementarity of floral resources
from GC, but'not shortermavailability. This mg be because different bee species’ dependence
on GCvaries throughout the year dependingspaciesand stratsspecificfloral resource
availability:

Changes between among sociality groups between the sampling events

Floral resource availability influenced bee groups differently as we expected, except for
their response to coffee flowering, which was always positively impathtesl is reasonablas
coffee is aumass flowering, high quality resource that is abundangtiout the landscape when
it flowers. Beswemploydifferent recruitment strategies in response to mass flowering crops
depending'omsociality. managedoneyees forage with a concentration effect, whereas native
solitary and,social bees exhibit a dilutieffect in their foraging response to increases in floral
resources=Additionally, differegiroups have been shownrespond to resources at different
spatialscales native social and solitary bees respond to resources at smaller spatial scales than
managed honeybees (Jha & Vandermeer, 2009). This may explain why they essjoond
temporal availabilityn resources in different ways in our system.

Theabundancef native social beedid not significantly change between sampling
events, except for significantly decreasing in Januahych had the lowest number and richness
of trees in_flower Table ). Previous studies have found this group to respond the strongest to
increases, in floral resourcealability from trees (Jha & Vandermeer, 2010), which may explain
why their abundances decreased during this sampling. &a@nbeithershortterm or longterm
temporalfloral'resourcesrom treeswere found taorrelate withnative bee abundance. Like
total bee abundance, native social bee abundance responded to an interaction betweem short-
and longterm temporal resource availability froGC.

Both foraging and nesting resources from trees have been found to be imijportant
native social bee@ha & Vandermeer, 2010). Abumace may have been lower in January
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because they avoided floral resouroesupied by other species (Johnson & Hubbel, 1974;
Nagamitsu &noue, 1997) by shifting resource use (Roubik, 1978; Roubik et al, Ca@tis et

al, 2005) Native social bees have beemiol to respond negatively to greater distance to forest (
Klein et al, 2003; Ricketts, 2004; Brosi & Briggs, 2013). In a previous stuthe farms we

sampled indistance to forest did not impact bee abundance. This was explained by the diversity
of within farm_resotces being sufficient in sustaining resource requiren(@hts &
Vandermeer,2010But since the significant shattee removal in 2012, the forest fragments
adjacent to the"farms may now be relatively more valuable than they were dunmegwiois

study. The native social bees maywh shifted to forest fragments during this time, which would
explain theirelativelylow numbers on the farm.

Native solitary bees did not change in their abundance during the four saeydintg
except increasing in February. Native solitary beemgty correlated witlpresence of coffee
andseasonal complementarity in floral resources @@ This is similar to other studieghich
have found solitary bees to respond to flowef@@(Klein et al., 2003pMandelik et al., 2012)
and speciesgrichnes$ flowering herbgJha & Vandermer, 2010) High percentages oboopy
cover has alse‘been found to be important for these bees because it provides access to nesting
sites(Jha'&.Vandermeer, 201owever, canopy cover actually negatively correlated with bee
abundanceThis may be because high percentages of caoaysr decrease availability of
herbaceous GC (Jha & Vandermeer, 20Mhile most solitary bees forage on coffee flowers
(Klein et al., 2003h)they will switch toGC resources when sotiaees are foraging (Willmer &
Stone, 1989;Klein et al. 2002). This may explain why they have high abundances during the
coffee flowering event, despite increases in other bee groups.

Managed honeybees were found in the highest proportions during the dry season when
coffee was flowering (February). This is contrary to what we expected, as wetgalatiat their
proportion.would remain the same as they were given supplemental resources at the apiaries
during our.samplingvents.Social bees have been found to positively correlate with blossom
cover of coffegKlein et al., 2003)The Africanized honeybee exhibits a concentration effect in
response tormass flowering, where they increase visitation with increases in floral resource
abundance (Jha & Vandermeer, 2009; Veddeler et al., 20@Bagedoneybees only
correlated with coffee flowering (February) and shert resources from trees. Coffee flowers
are high quality and abundant resources for bdes they are available. As the managed
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honeybees have been found to be the best competitor in obtaining high quality floral resources
(Roubik, 1978; Roubik et al., 1986airnset al., 2005) it is reasonable that they would
significantly respond to coffee flowerin§till, floral resources from trees may also offer higher
guality resourcesutside the coffee flowering everts Africanized honeybees have been found

to be better,cempetitors, they may be displacing the other social groups fromdaradrees.

Conclusion

Floral'resource availabilitywhich is determined by management decisions in agricultural
landscapes, is a key driver of spe@bsndance and richness (Tylianakis et al, 2008). It has been
shown that:.changes in land use can lead to resource mediated pollinator declines (Holzschuh et
al, 2008; Kennedy et al., 2013). Previous studies have found that ebetecogeneity at the
local and &ndscape spatial scale interacexplaindiversity, wherediversityis positively
impacted by improvements in local resource availability in more simpldiedsicapes
(Tscharntke et al, 2005). We used this idea as a&htoexplore how bees respond to different
temporal scales. Similar to bee patterns across spatial sgalés)nd that shoitierm temporal
resource availability was more important for bee abundance at sites thes$adnsistent long
termresource aailability, a novel finding to our knowledge. In addition to spatial resource
heterogeneitytemporal resourcketerogeneity is also critical in explainipgtterns obee
abundance and richness.

The.Intergovernmental Science-Policy Platform on Biodityeesid Ecosystem Services
recentlyevaluated knowledgef pollinators and pollination (201&nd concluded that
agriculturaksystems have the potential to support pollinators. In conjunctiotivgitreport,

(Dicks et al, 2016) suggested the following policy objectives: policies should be iengksin

that support agroecological (ecological intensification) farming practices, which support
ecological functions like pollination and pest contés. part of these complementary objectives,
we suggesthatseasnal or temporalavailability of resources should be consideted
understandspatterns of bee abundance and diversity amghlemensuccessfutonservation
strategiesSpecifically, farms can support pollinators by maintaining complementarity in floral
resources available from both crop and non-crop plart of diversification of their farms
Future studies should further investigate the physiological and ecologidesnm&os driving
these patterns. Particularthey should considdrow specific bee groups shift resource use
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depending on the/hat plant species is in flowand relative availabilityphysiological
requirements alifferentlife history stage (nesting, nutritive, immune, etc.) and competition
with other insects.
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Tables
Table 1: Results of spearman rank correlations; significant predictor variables are italicized.
Df S Rho p-value
Bee Abundance
1 Coffee 42292.71 0.48 <0.001
flowering
1 Canopy 08788,46 -2.02 0.07
Cover
Bee Richness 1 Trees Total | 72769.87 0.1142 0.3159
1 GC Total 51830.34 0.369 <0.001
1 Coffee 48243.82 0.4128 <0.001
flowering
1 Canopy 104805.2 -0.275 0.013
Cover
Native Social Bee 1 Coffee 86541.15 0.23 0.02
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Abundance flowering
1 Canopy 103412.6 -0.258 0.02
Cover
Native Solitary.Bee 1 Trees Total 66040 0.196 0.08
Abundance
1 GC Total 46736 0.43115 <0.001
1 Coffee 58816.85 0.284 0.01
1 Canopy 103410.4 -0.258 0.02
Cover
Managed Bee 1 Present Trees| 53627 0.32 <0.001
Abundance
1 Canopy 70395 0.1098 0.3386
Cover
1 GC Present | 71046 0.101 0.3762
1 Coffee 28496 0.63 <0.001

Table 2: Statistical results of generalized linear mixed effect models (GLMMSs) analyzing the
effect of shert.term and long term temporal resource availability from trees and their interaction,
short term and-long term temporal resource availability froma@dCtheir interaction, presence

of coffee flowering and season on bee abundance, richness and abundance of bee sociality

groups.
Response Best M odel SGC LGC IGCR ST LT ITR CF Season
Variable
Bee SGCLGC+CF <0.01 <0.001 <0.01 NA NA NA <0.001 <0.001

Abundance +Season
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Bee LT+LGC+CF NA <0.001 NA NA 0.47 NA <0.001 <0.001
Richness +Season
Native SGC*LGC+CF <0.001 <0.01 <0.001 NA NA NA <0.001 <0.001

Social Bee  +Season

Abundance

Native ET#LGC +CF  NA <0.001 NA NA 0.08 NA <0.001 <0.001
Solitary +Season

Bee

Abundance

Managed SGC+ST+CF  0.29 NA NA 0.72 NA NA 0.059 <0.001
Bee +Season

Abundance

Significance Levels: p<0.1; *p<0.05; **p<0.01; ***p<0.001

NA indicates that variable was not included in the best model

Numbers showqwalues for predictor variables as determined by likelihood resis t

(SGC:Short termGC availability; LGC: Long term GC availability; IGCR:r@indcover resource interaction; ST:
Short term tree‘resource availability; LT: Long tdree resource availability; ITR: tree resourceriatéon; CF:

coffee flowering).

Figure Legends

Figure I Results of Non Metric Mukdimensional scaling analysis performefccommunity
composition of beeBetween each samplimyent There is an apparenifférence in the bee
community between each sampling ey@itess8.4606). Blue squares and diamonds represent
the months,sampled during the rainy season; green squares and diamonds represatiithe m
sampled ruing‘the dry season.

Figure 2 Bar graphs showing average a) bee abundance, b) native social bee abundance, c)
native solitary bee abundance and d) managed bee abundance across all sites for each sampling
event.A) Theresare significantly more bees in February than the three othelirsgmpinths (;

B) There aressignificantly fewerative social bees in January than the other sampling events; C)
There aressignificantly more native solitary bees in February than the thezesaimpling

months; D) There are significantly more managed beEsbruary than the other three sampling

months.
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Figure 3 The effect of the interaction between floral resources f&&on total bee abundance
(top) and native social bee abundance (bottdimg. xaxis representshortterm resource
availability fromGC. When there is lowaomplementarityn longterm resource availability
from GC shortterm resource availability from Gi€ more important in explaining bee

abundance.
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