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Abstract.  Phenological shifts have been observed in a wide range of taxa, but the fitness 1 

consequences of these shifts are largely unknown, and we often lack experimental studies to 2 

assess their population-level and evolutionary consequences.  Here, we describe  3 

an experimental study to determine the fitness consequences of phenological shifts in blue 4 

orchard bee (Osmia lignaria) emergence, compare the measured seasonal fitness landscape with 5 

observed phenology in the unmanipulated population, and assess seasonal variation in key 6 

factors related to reproduction, foraging, and brood parasitism that were expected to affect the 7 

shape of the fitness landscape. By tracking individually marked females, we were able to 8 

estimate the lifetime fitness impacts of phenological advances and delays. We also measured 9 

parasitism risk, floral resource use, and nesting behavior to understand how each varies 10 

seasonally, and their combined effects on realized fitness. Survival to nesting decreased non-11 

monotonically throughout the season, with a 20.4% decline in survival rates between the first and 12 

second cohorts. The total reproductive output per maternal bee was 14.9% higher in the second 13 

cohort compared the first, and 161% higher in the second cohort compared to the third. 14 

Combining seasonal patterns in survival and reproductive output, experimentally advanced 15 

females showed 30.6% higher fitness than bees released at the historic peak. In contrast, the 16 

nesting phenology of unmanipulated bees showed nearly equal numbers of nesting attempts in 17 

the first two cohorts. Both increased resource availability and reduced parasitism risk favored 18 

earlier emergence. These results are consistent with a population experiencing directional 19 

selection for earlier emergence, adaptive bet-hedging, or developmental constraints.  Our study 20 

offers insight into the fitness consequences of phenological shifts, the mechanisms affecting the 21 

fitness consequences of phenological shifts in a community context, and the potential for 22 

adaptive responses to climate change.  23 
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INTRODUCTION 27 

Climate change has affected the timing of seasonal life history events across broad 28 

taxonomic and geographic ranges (Parmesan 2006). Although the timing of these recurring 29 

events appears to be advancing for many species (Cook et al. 2012, Ge et al. 2015), the rate and 30 

direction of phenological shifts varies by species (Parmesan 2007, Thackeray et al. 2010). As a 31 

result, differential shifts in timing may lead to reduced temporal overlap between species, 32 

potentially changing species interactions (“phenological mismatch”; Kudo and Ida 2013) and 33 

modifying population vital rates (i.e. reproduction and survival; Miller-Rushing et al. 2010).  34 

Complex interactions among seasonally variable factors determine the fitness impacts of 35 

phenological shifts. An experimental approach can be used to determine where the fitness peak 36 

occurs in relation to a population’s current range of phenotypes ("phenotype space"; O’Neil 37 

1999). With regard to phenology, this approach involves experimentally manipulating a 38 

population’s phenology, measuring the fitness of manipulated individuals, and comparing the 39 

fitness landscape to the current distribution of phenological phenotypes.  40 

Experimental manipulation of phenology offers a powerful tool for investigating fitness 41 

landscapes in natural populations. Observed phenology may be confounded with other factors 42 

that make it difficult to isolate the effect of seasonal timing, such as vigor (e.g. weaker 43 

individuals emerge earlier because they’re not able to sustain a longer diapause period). Under 44 

an observational approach, it may also be difficult to determine individual phenologies with 45 

certainty. For instance, a nesting female observed late in the season may simply be older, rather 46 

than a late-emerging individual. While several studies have manipulated the phenology of plants 47 

(Adler et al. 2007, Liu et al. 2011, Parsche et al. 2011, Rafferty and Ives 2011, Warren et al. 48 

2011, Kharouba et al. 2015), a relatively limited number of studies have manipulated animal 49 
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phenology (Myers 1992, Kerslake and Hartley 1997, Gienapp and Visser 2006, Rasmussen et al. 50 

2014). Of these, few have tracked the fitness of individually marked organisms (but see Gienapp 51 

and Visser 2006).  52 

Here, we report on a field study that used experimental manipulations of phenology to 53 

investigate the effect of spring emergence timing on fitness, foraging, and parasitism in the blue 54 

orchard bee (Osmia lignaria propinqua). In this species, emergence timing can be manipulated 55 

using artificial incubation and cooling (Bosch and Kemp 2001). This species also shows a high 56 

degree of within-season nest site fidelity (Tepedino and Torchio 1994), which facilitates the 57 

tracking of individually marked females. The foraging behavior (Rust 1990, Williams and 58 

Tepedino 2003), development (Bosch and Kemp 2003), and nesting preferences (Phillips and 59 

Klostermeyer 1978) of this species have been well-studied.  60 

This paper aims to address three questions: 1) What are the fitness consequences  61 

of variation in seasonal timing? 2) How do fitness-related environmental factors, specifically 62 

parasitism risk and resource availability, vary seasonally? and 3) How does the observed 63 

phenology compare to the experimentally determined fitness landscape?  64 

MATERIAL AND METHODS 65 

Study system and field site preparation 66 

Solitary cavity-nesting bees (Apoidea) are a diverse group of insects that construct nests 67 

in hollow twigs and beetle burrows (Krombein 1967). Nests consist of a linear sequence of 68 

individual cells, each containing a single egg and a nectar-pollen provision and separated by a 69 

partition of mud and/or leaf material (Krombein 1967).  70 

The blue orchard bee (Osmia lignaria) is a solitary, univoltine cavity-nesting species 71 

native to North America. After emergence in early spring (March–May, depending on 72 
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geographic location) and mating, females provision nests in naturally occurring cavities. Progeny 73 

overwinter in the natal nest as adults and emerge the following spring. Over the last 130 years, 74 

the eastern subspecies (O. lignaria lignaria) has advanced its spring emergence phenology by 75 

approximately 1.2 days/decade (compared to 0.8 days/decade for other springtime solitary bees) 76 

(Bartomeus et al. 2011). In alpine environments, the western subspecies (O. lignaria propinqua) 77 

may be at risk of emerging prior to the bloom of any flowering plant species under future climate 78 

conditions (Forrest and Thomson 2011). 79 

A diverse assemblage of parasitoids, cleptoparasites, and fungal pathogens attack O. 80 

lignaria (Torchio and Bosch 1992, Bosch and Kemp 2001). Common parasitoids in the western 81 

U.S. include Monodontomerus spp. (Hymenoptera: Torymidae) and Melittobia chalybii 82 

(Hymenoptera: Eulophidae). Cleptoparasitic species include Stelis montana (Hymenoptera: 83 

Megachilidae) and Tricrania stansburyi (Coleoptera: Meloidae) (Bosch and Kemp 2001). These 84 

species access the host nest using a variety of strategies and display varying degrees of 85 

dependence on host phenology.  86 

This study was conducted in Mountain Green, Utah, USA on a 7 ha tract of private land 87 

(41°10'2.49"N 111°41'35.44"W) that has large natural populations of O. lignaria propinqua 88 

(Appendix S1: Fig. S1). Using metal tree spikes, we attached 75 pine nest blocks (15 x 14 x 15 89 

cm) each containing 48 nest cavities (Appendix S1: Fig. S2) to the south-facing side of 90 

narrowleaf cottonwood trees (Populus angustifolia) 1.5m above the ground. The average 91 

distance between experimental nests was 25m.  92 

Bee marking and release 93 

Experimental O. lignaria bees were collected as cocooned adults from trap-nests in 94 

Mountain Green, UT in mid-August 2013. In October 2013, cocoons were removed from nesting 95 
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materials and screened for parasites. During nest dissection, all bees were exposed to ambient 96 

outdoor conditions (0–3°C at night, 5–8°C during the day). All individuals were overwintered at 97 

5°C from October 30, 2013 to March 5, 2014. 98 

In early March 2014, we removed all females from their cocoons and individually paint-99 

marked each thorax with a unique four-color combination using enamel model paint (Testors®, 100 

Vernon Hills, IL) (Appendix S1: Fig. S2). We then placed each female in a paper tube (7.5 mm 101 

diameter x 15 cm long) capped on one end with an empty O. lignaria cocoon. Females were 102 

oriented facing the cocoon-capped end to allow emerging bees to chew through the cocoon. All 103 

females were maintained at a constant 4°C during marking. Male bees were not marked nor 104 

removed from their cocoons. 105 

We released five cohorts of 225 female O. lignaria at five time points: April 19, 2014 106 

(cohort 1, day 109-142); April 30, 2014 (cohort 2, day 120-150); May 19, 2014 (cohort 3, day 107 

139-170); June 2, 2014 (cohort 4, day 153-178) and June 16, 2014 (cohort 5, day 167-178). Most 108 

females emerged within a day of release, and the nests were monitored throughout the day ranges 109 

corresponding to each cohort to track individual nesting. Each cohort was composed of 15 110 

groups of 15 individually marked females, with each group released at one of 15 experimental 111 

nest blocks. The first cohort represented a shift to earlier emergence phenology, whereas the 112 

second was released at roughly the historic peak in O. lignaria nesting activity at the field site, 113 

based on six years of previous sampling (D. Nielson, unpublished data). Cohorts 3 – 5 114 

represented delays in emergence phenology to varying degrees.  115 

For each release date, we divided 600 cocooned O. lignaria males among 15 emergence 116 

boxes (25 x 15 x 5 cm) for a total of 40 males released per experimental nest block. To ensure 117 

males emerged naturally in the field, we incubated emergence boxes at room temperature (20–118 
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21°C) for 24 hours before release. Two days prior to female release, we randomly assigned male 119 

emergence boxes to each experimental nest block.  120 

Prior to female release, we randomly assigned each bundle of fifteen paper tubes to an 121 

experimental nest block. To ensure consistent nest cavity availability for all experimental 122 

cohorts, each nest block was associated with a single cohort of experimental bees (i.e. 15 marked 123 

female O. lignaria and 40 unmarked male O. lignaria). We positioned an iButton temperature 124 

logger (Maxim Integrated Products, San Jose, CA) on the underside of each nest block to record 125 

the temperature three times per hour over the course of the study. 126 

Nest observations 127 

We observed each nest for 20 minutes per day between day 109 and day 178 to record the 128 

number of newly mud-capped nests and the position of marked nesting females. Marked bees 129 

were identified based on individual color combinations and were assigned to cohorts based on 130 

their first sighting at a nest block. We also recorded the nesting locations of unmanipulated O. 131 

lignaria females, though we did not attempt to differentiate among them. To track nest cell 132 

provisioning rate, we removed nest tubes every 2–3 days and marked the leading edge (i.e. the 133 

edge of the most recent brood cell) with a pen in order to calculate the number of cells 134 

provisioned per day. We observed the nest blocks associated with each cohort for one month, 135 

after which we covered each nest with burlap to ensure O. lignaria emerging later in the season 136 

at neighboring nests did not nest in remaining nest holes or destroy existing nests. Due to the 137 

extremely low number of nesting females in cohort 5, we observed these nests for two weeks 138 

rather than one month. By the end of the two-week observation period (day 178), no females 139 

were present at the nests.  140 

Pollen collection and acetolysis 141 
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Differences in the nutritional content of pollen resources are known to affect the 142 

development and survival of O. lignaria progeny (Levin and Haydak 1957). To track O. lignaria 143 

floral resource use, we collected pollen samples directly from a randomly selected subset of nest 144 

cells within 1–2 days of completion. Samples were collected with fine forceps through a small 145 

incision in the tube without dislodging the host egg and preserved in 70% ethanol.  146 

We collected pollen samples from 990 individual brood cells between 5-May-2014 and 147 

21-June-2014. We acetolyzed all pollen samples in order to reveal pollen exine structure 148 

(Appendix S2; Erdtman 1969) and visually identified pollen grains to genus (with the exception 149 

of Rosaceae) using compound light microscopy. We combined samples by week in order to 150 

provide an overall time series of genus-level pollen diversity throughout the season. 151 

Nest dissections 152 

We removed nest tubes from the field in early July 2014 and incubated them at room 153 

temperature (20—21°C) for two months to ensure occupants matured to adulthood prior to nest 154 

dissection. The multivoltine parasitoid Monodontomerus sp. is capable of parasitizing large 155 

numbers of brood cells sequentially (Bosch and Kemp 2001), particularly when nests are stored 156 

in dense aggregations in the lab. To prevent reparasitism of developing bees, we used blacklights 157 

suspended over dishes of soapy water to capture emerging Monodontomerus sp. parasitoids. 158 

In late August 2014, we x-rayed all nest tubes using a bench-top digital radiography 159 

machine to assess which nest cells were parasitized (8-s exposure at 20 kVp) (Faxitron 43804N; 160 

Faxitron Bioptics, Tucson, AZ, USA) (Appendix S1: Fig. S4). In October 2014, we dissected 161 

6472 cells in 2033 nest tubes and sorted 5038 O. lignaria progeny by sex. We also recorded 162 

progeny weight after removing fecal particles attached to the cocoon exterior. We identified all 163 
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nest occupants to species (with the exception of Monodontomerus sp., which may be 164 

undescribed) and individual abundance per nest cell.  165 

Lipid extraction 166 

To determine whether overwintering duration reduced O. lignaria fat stores, we used a 167 

subset of adult females collected in spring 2014 from Mountain Green, UT for lipid analysis. 168 

These females were stored at 3–4°C beginning on November 1, 2014. We then froze groups of 169 

20 females sequentially in spring 2015, where the freeze dates corresponded to the release dates 170 

used in the 2014 study. 171 

In November 2015, we oven-dried all previously frozen bees for 24 hours at 50°C. Prior 172 

to lipid extraction, we recorded the dry weight of each individual bee. Lipids were extracted in 173 

2:1 chloroform:methanol (Folch et al. 1957).  174 

Statistical analysis of experimental, marked bees 175 

Our analysis of the seasonal fitness landscape included components of survival, 176 

reproduction, resource availability and parasitism for phenologically manipulated and marked 177 

bees. Survival and reproduction are direct components of fitness, and provide information about 178 

the seasonal fitness landscape. Metrics of resource availability and parasitism provide 179 

information about the bottom-up and top-down factors which may contribute to the observed 180 

seasonal fitness landscape.   181 

For analyses of individually marked bees, we used a series of linear models, including 182 

generalized linear models (GLM), linear mixed models (LMM), generalized linear mixed models 183 

(GLMM) and permutational linear models, to assess the effect of emergence timing (i.e. 184 

“cohort”) on survival rate, total reproductive output of surviving bees, expected reproductive 185 

output per released bee, mean progeny mass per surviving bee, total progeny mass per surviving 186 
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bee, provisioning rate, and parasitism rate (package lme4, Bates et al. 2015). All analyses were 187 

conducted in R version 3.4.4 (R Core Team 2018).  188 

We used the proportion of marked females that were observed nesting after release as a 189 

proxy for maternal bee survival; if a marked female was not observed at an experimental nest 190 

block after release, we assume it did not survive to the nesting stage. We calculated the 191 

proportion of marked females that were observed after release for each cohort, regardless of the 192 

outcome of its nesting attempts. We tested the effect of cohort on survival rate by cohort using a 193 

binomial generalized linear model with a logit link function.  194 

We calculated the reproductive output of surviving marked bees as the number of viable 195 

offspring produced by each marked female that was observed nesting, and evaluated the effect of 196 

cohort on reproductive output using a generalized linear model initially including cohort, sex and 197 

the cohort*sex interaction with Poisson error distributions. The progeny sex*cohort interaction 198 

was significant (χ2(4)=18.5, p=0.001), so we examined the effect of cohort on male and female 199 

progeny production separately.  200 

We estimated the expected reproductive output per released bee in each cohort as the 201 

product of the cohort-specific survival rate and the cohort-specific mean reproductive output of 202 

surviving marked bees. This provides a single estimate of the expected fitness for marked bees 203 

released at each cohort, combining seasonal changes in survivorship and reproductive success. 204 

We used this metric to plot the experimentally determined seasonal fitness landscape for this 205 

study. In order to evaluate whether the expected reproductive output of manipulated bees varied 206 

by cohort, we analyzed a dataset of all 1125 marked bees, including non-surviving bees with a 207 

reproductive output of zero. Because this dataset is highly zero-inflated, we tested for the effect 208 
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of cohort using a permutational linear model analysis with 5000 iterations that is free of 209 

distributional assumptions (package lmPerm, Wheeler and Torchiano 2016).  210 

We assessed the effects of cohort on individual progeny weight among surviving marked 211 

bees using a linear mixed model with cohort and sex as fixed factors and maternal bee identity 212 

and nest block as random factors. The cohort*sex interaction was significant (χ2(3)=8.94, 213 

p=0.03), so we analyzed the effect of cohort on male progeny weight and female progeny weight 214 

separately.  215 

In order to assess the total progeny biomass of surviving marked bees, we compared 216 

models evaluating the effect of cohort on the cumulative mass of surviving progeny at the end of 217 

the experiment. The sex*cohort interaction was not significant in these models (χ2(3)=5.76, 218 

p=0.12), so we compared a linear mixed model using cohort and sex as fixed factors and origin 219 

nest block as a random factor with a null model excluding the cohort factor.  220 

To understand whether nesting behavior varied seasonally, we calculated the mean nest 221 

provisioning rate (cells provisioned per day) for each maternal bee. We tested for an effect of 222 

cohort on nest provisioning rate in the context of a linear mixed model with cohort as a fixed 223 

factor and origin nest block as a random factor.  224 

We used a binomial general linear model with a logit link function to assess the effect of 225 

cohort on parasitism rates by blister beetles (Tricrania stansburyi), cuckoo bees (Stelis montana), 226 

and a torymid wasp (Monodontomerus sp.) on the progeny of marked bees. Parasitism rate is 227 

defined as the proportion of host cells parasitized. We tested the effect of cohort on each species-228 

specific parasitism rate and their combined parasitism rate. We excluded cohort 5 from these 229 

analyses to avoid presenting proportional data based on a small sample size; of the 2650 cells 230 
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included in this analysis, 12 (<0.5%) were observed in the fifth cohort. The qualitative results of 231 

the model analysis are unchanged with the inclusion of these data.  232 

Statistical analysis of unmanipulated bees 233 

To evaluate how unmanipulated bee reproductive activity varies over the season, we 234 

calculated the number of progeny in each nest block that were produced by unmanipulated bees 235 

in the population. We assessed the effect of cohort on the number of progeny in each nest block 236 

using a Poisson-distributed generalized linear model with a log link function.  237 

For the analysis of progeny weight, we used a linear mixed model including cohort, sex 238 

and the sex*cohort interaction as fixed factors, and nest block and tube as random factors. 239 

Because the sex*cohort interaction was significant, we evaluated the effect of cohort on male 240 

and female progeny weight separately.  241 

For the unmanipulated bees, nest provisioning rate was calculated per tube. To assess 242 

whether this provisioning rate varies seasonally, we compared a linear mixed model including 243 

cohort as a fixed factor and nest block as a random factor with a model excluding cohort.  244 

Other statistical analyses 245 

 To evaluate the effect of overwintering duration on parental bee condition, we considered 246 

both the total biomass and the lipid-extracted biomass of bees that overwintered for different 247 

durations. We assessed the role of overwintering duration on total biomass using a linear model 248 

with an emergence day factor. We assessed the role of overwintering duration on lipid biomass 249 

using a linear model with lipid-extracted biomasses as the response variable, emergence day as 250 

the factor of interest, and the pre-extraction biomasses as an offset. This is analogous to an 251 

analysis of proportional lipid loss, but avoids disadvantages associated with the empirical logistic 252 

transformation (Warton and Hui 2011).  253 



 

14 

 To assess changes in floral resources, we used Dirichlet regression (package 254 

DirichletReg, Maier 2015) to examine the composition of the pollen community over time. We 255 

used a linear model to assess whether the Shannon diversity index declined throughout the 256 

season (Appendix S2; package vegan, Oksanen et al. 2018). We also quantified the weekly 257 

turnover of pollen species in nest provisions using Jaccard’s dissimilarity index (Appendix S2; 258 

package vegan, Oksanen et al. 2018). We use this measure to assess temporal changes in 259 

sequential pairwise weekly pollen provision samples. Approximately 14% of sampled pollen 260 

remained unidentified; we retained these data for the compositional analysis and removed them 261 

for taxonomic analyses of diversity and dissimilarity, but observed qualitatively identical results 262 

regardless of their inclusion.  263 

 Daily mean temperatures were analyzed using a linear mixed model including cohort as a 264 

fixed factor and nest block as a random factor.  265 

RESULTS 266 

Assessment of the fitness landscape 267 

The survival of marked maternal bees was strongly dependent on cohort (binomial GLM, 268 

χ2(4)= 233.3, p<0.0001), showing a pattern of non-monotonically declining survival throughout 269 

the season (Fig. 1A). Survival rates were 20.4% higher in the first cohort compared with the 270 

second (historical mean control) cohort (Dunnett’s test, p<0.001) 271 

The reproductive output of surviving, manipulated maternal bees varied significantly by 272 

cohort for both male (Poisson GLM: χ2(4)=159.6, p<0.0001) and female progeny (Poisson GLM: 273 

χ2(4)=106.9, p<0.0001). Marked bees produced 1544 progeny overall, and 3.9 times as many 274 

male than female progeny throughout the season (Poisson GLM: χ2(1)=578.2, p<0.0001). For 275 

both male and female progeny, the maximum number of progeny per surviving bee was 276 
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produced in the second cohort, though this pattern is more pronounced for male progeny (Fig. 277 

1B). The total (male and female) reproductive output per maternal bee was 14.9% higher in the 278 

second (historical mean control) cohort compared the first (Dunnett’s test, p=0.052), and 161% 279 

higher in the second cohort compared to the third (Dunnett’s test, p<0.001).  280 

The expected fitness of experimentally marked maternal bees combines survivorship of 281 

all released bees with the reproductive output of surviving bees to estimate the expected fitness 282 

of experimental bees in each cohort. The expected fitness of experimental bees showed a 283 

significant monotonic decline throughout the season (Fig. 2A; permutational linear model, 284 

F4.1120=66.9, p<0.0001, R2
adj=0.19), more strongly reflecting the monotonic decline of the 285 

seasonal survivorship landscape than the seasonal pattern of reproduction among surviving bees. 286 

Expected fitness declined by 23.4% between the first cohort and the second (historical mean 287 

control) cohort (Dunnett’s test, p=0.0085).  288 

The mean mass of male progeny of marked maternal bees showed a significant 289 

monotonic decline throughout the season (LMM; χ2(4)=36.6, p<0.0001), but we did not detect 290 

any significant seasonal changes in female progeny mass (Fig. 1C, LMM, χ2(3)=4.3, p=0.231). 291 

The cumulative lifetime progeny biomass per marked maternal bee changed significantly over 292 

the season (LMM, χ2(4)=54.3, p<0.0001), with the largest cumulative progeny biomasses 293 

observed in the second cohort (Fig. 1D). Cumulative progeny biomass was 12.7% higher in the 294 

second cohort compared to the first and 231% higher in the second cohort compared to the third.  295 

Non-experimental bees attempted nesting in 4520 nest cells throughout the season, with 296 

nearly equal numbers of nesting attempts in the first and second cohort and nesting activity 297 

declining throughout the remainder of the season (Fig. 2A, Poisson GLM: χ2(4)=5148, 298 

p<0.0001). Unmanipulated bees produced 2927 progeny, with the greatest reproductive output in 299 
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the second cohort (Appendix S1: Fig. S5A, Poisson GLM: χ2(4)= 3038, p<0. 0001). Both male 300 

and female progeny weight were affected by cohort (Appendix S1: Fig. S5B, LMM, male 301 

progeny: χ2(4)=67.7, p<0.0001; female progeny: χ2(2)=26.0, p<0.0001), showing gradually 302 

declining progeny weights throughout most of the season. However, unmanipulated bees did not 303 

produce any female progeny after the third cohort, and less than 0.4% of male progeny were 304 

produced after the third cohort (Appendix S1: Fig. S5B).  305 

Seasonal variation in environmental factors 306 

The provisioning rate of marked bees was highest in the second cohort, before declining 307 

throughout the remainder of the season (Fig. 2B, LMM: χ2(4)=13.7, p=0.0084). A similar pattern 308 

was observed among non-experimental bees (Appendix S1: Fig. S5B), but these seasonal 309 

changes were not significant (LMM: χ2(3)=5.42, p=0.1431). 310 

The taxonomic composition and diversity of pollen provisions varied over the course of 311 

the season (Appendix S1: Fig. S6A, Dirichilet regression: χ2(8)=167.7, p<0.0001). In early to 312 

mid-May (day 124–138), bees visited at least five distinct plant taxa. Beginning in late May (day 313 

145), bees began collecting pollen from Acer and pollen collection from all other plant groups 314 

declined. Shannon diversity of pollen groups within the nest provisions declined steadily over the 315 

season (Appendix S1: Fig. S6B; LM, F(1,19)=87.8, p<0.0001) and the Jaccard’s dissimilarity 316 

index peaked between late May to early June (day 145–151) as bees transitioned from visiting a 317 

diverse plant assemblage to collecting primarily Acer pollen (Appendix S1: Fig. S6C). Much of 318 

the Acer pollen likely originated from big tooth maple (A. grandidentatum), which was abundant 319 

in the study region. By the end of the sampling period, nest provisions contained an average of 320 

80% Acer pollen.  321 

Parasitism by T. stansburyi increased throughout the season (Fig. 3A; binomial GLM: 322 
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χ2(3)=314.1, p<0.0001), and a similar pattern was observed for S. montana (Fig. 3B; binomial 323 

GLM: χ2(3)=114.1, p<0.0001). In contrast, the parasitism rate of Monodontomerus sp. decreased 324 

throughout the season (Fig. 3C; binomial GLM: χ2(3)=162.4, p<0.0001). The overall parasitism 325 

rate varied significantly throughout the season (binomial GLM: χ2(3)=211.7, df=3, p<0.0001) 326 

and was lowest in the second cohort (Fig. 2B).  327 

There was no detectable effect of overwintering duration on total body mass (Appendix 328 

S1: Fig. S7A, F(1,92)=0.74, p=0.39) or lipid proportion for overwintering female bees 329 

(Appendix S1: Fig. S7B, F(1,92)=0.76, p=0.38). This indicates that the observed seasonal 330 

patterns are unlikely to be an artifact of our experimental manipulation. 331 

Temperatures varied strongly by cohort (Appendix S1: Fig. S8, LMM: χ2(4)=192.9, 332 

p<0.0001). 333 

The primary results of this analysis are summarized in Appendix S1, Table S1.  334 

DISCUSSION 335 

This study suggests a disparity between the phenology of reproductive activity in 336 

unmanipulated bees and the experimentally determined peak of the seasonal fitness landscape. 337 

Unmanipulated bees in the wild population attempted nesting nearly equally during the first and 338 

second cohorts, but the expected fitness of phenologically manipulated bees was greatest in the 339 

first cohort (Fig. 2A). We suggest three hypotheses to explain this observed mismatch between 340 

current population phenology and the experimentally determined fitness peak.  341 

First, these results are consistent with a population experiencing directional selection for 342 

earlier emergence in the context of climate change, where the phenological phenotype lags 343 

behind an advancing fitness peak. Consistent with this hypothesis, the second cohort coincides 344 

with the historic peak in emergence at the study site based on 6 years of previous sampling 345 
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efforts (D. Nielson, unpublished data), but our experimental results suggest that maternal bees 346 

emerging 11 days earlier would have experienced higher survivorship and higher expected 347 

fitness overall. If this population is experiencing directional selection for earlier emergence, 348 

continued study could shed light on population responses to climate change. On one hand, such 349 

responses may allow populations to respond adaptively to changing conditions. Alternatively, 350 

rapid climate-driven shifts in the fitness peak could result in an increased risk of population 351 

extinction, particularly when climate change is occurring faster than the rate of phenological 352 

adaptation, or if sustained directional selection in response to a continually shifting fitness peak 353 

depletes existing genetic variation for future adaptive responses (Anderson et al. 2012).  354 

Second, the disparity between current population phenology and the experimental fitness 355 

peak could also result from an adaptive bet-hedging strategy which seeks to maximize long term 356 

geometric mean fitness by avoiding gainful but risky early emergence if there is occasional 357 

strong selection favoring later emergence (Hopper 1999). Thus, while earlier emergence would 358 

have yielded higher fitness in our study year, this hypothesis suggests that genotypes that 359 

generally emerge earlier would be disfavored in the longer term.  In the course of this study, late-360 

season snowfalls occurred prior to the release of the first cohort in early and late April. While 361 

developing flower buds were not visibly affected during either event, more severe weather events 362 

could kill or damage flowers, resulting in the starvation of early-emerging individuals who rely 363 

on pollen and nectar for survival (Inouye 2000). Thus, these results could also reflect bet-364 

hedging strategies that avoid the earliest emergence phenologies as an adaptive safeguard against 365 

occasional strong selective pressure.  366 

Finally, population phenology may be delayed relative to the fitness peak if 367 

developmental constraints in the overwintering stage preclude earlier emergence. In this system, 368 
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O. lignaria generally requires an overwintering period of at least 90 days, with shorter periods 369 

resulting in significantly higher mortality and protracted emergence times (Bosch and Kemp 370 

2003). This overwintering period may constrain advances in springtime phenology and limit the 371 

range of potential evolutionary responses to shifts in the fitness landscape, especially if warm 372 

weather conditions in the fall delay the initiation of diapause, and by extension, springtime 373 

emergence. 374 

Multiple factors contributed to the shape of the experimentally determined seasonal 375 

fitness landscape. At a fundamental level, the expected fitness of maternal bees was determined 376 

by their survival and reproduction. While surviving bees produced more offspring and greater 377 

cumulative progeny biomass in the second cohort (Fig. 1B and 1D), the survivorship of maternal 378 

bees showed a strong seasonal decline (Fig. 1A). In combination, these two components resulted 379 

in a seasonal fitness landscape with an observed maximum expected fitness in the first cohort 380 

(Fig. 2A). 381 

At a more detailed level, we can examine some of the factors that may have affected 382 

survival and reproduction. We had anticipated that the condition of overwintering females might 383 

decline with overwintering duration, potentially affecting survival rates, but did not observe any 384 

effect of overwintering duration on the overall mass or lipid proportion of maternal bees prior to 385 

emergence (Appendix S1: Fig. S8). While we cannot eliminate all experimental artifacts, such as 386 

the possibility of a handling effect due to the marking process, all cohorts were handled 387 

identically, and we do not have any reason to suspect a seasonal bias in these effects. Notably, 388 

we did not observe any marked maternal bees that failed to emerge, further supporting the 389 

hypothesis that post-release environmental conditions contributed to the observed pattern of 390 

survivorship more than pre-release condition. Nest block temperatures do not show a strong 391 
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seasonal warming trend and short periods of substantially cooler weather occurred throughout 392 

the study period (Appendix S1: Fig. S9). Thus, the seasonal decline in survivorship seems more 393 

likely to have been driven by other post-release environmental factors, such as the availability of 394 

floral resources or the presence of predators.  395 

Examining the mechanistic drivers of reproduction, the observed pattern of offspring 396 

production is consistent with independent measurements of nest provisioning rates and 397 

parasitism rates. In the second cohort, nest provisioning rates are maximized while overall 398 

parasitism rates are minimized (Fig. 2B). Declining nest provisioning rates later in the season 399 

suggests that bees spent more time collecting each provision as floral availability declined. 400 

Slower nest provisioning may also make progeny more vulnerable to parasitoids and 401 

cleptoparasites that use the time between nest visits to gain access to cells under construction 402 

(Goodell 2003), consistent with the observed effects of multiple stressors on bees more generally 403 

(Goulson et al. 2015). For parasites that attack hosts at or near flowers, such as Tricrania 404 

stansburyi, increased host foraging also increases the probability of parasite exposure. For 405 

example, an observational study in Idaho reported a nearly ninefold increase in T. stansburyi 406 

parasitism in O. lignaria nests in a drought year when additional floral visits were required for 407 

provisioning, compared to the 15-year average (Torchio and Bosch 1992). The strongly 408 

contrasting patterns of seasonal variation in parasitism risk by the three parasite species in our 409 

study (Fig. 3) suggests a complex phenological landscape in which both hosts and parasites have 410 

evolved phenologies in response to multiple interacting factors, including each other. Thus, our 411 

study suggests that the pattern of higher reproduction among surviving bees in the second cohort 412 

likely reflects seasonal patterns of declining resource availability, increasing risk of parasitism, 413 

and potentially complex interactions between the two factors.  414 
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In this study, we manipulated the emergence timing of one species in the community, 415 

effectively shifting its phenology relative to the surrounding community. This experimental 416 

approach allowed us to measure the consequences of these phenological shifts with strong 417 

inference of causation, but such experimental methods are limited in their ability to manipulate 418 

many components of the ecosystem, and can create single-species phenological shifts of a 419 

magnitude that exceed current or expected variation (Rafferty et al. 2013, Forrest 2015). It may 420 

be reasonable to expect more coordinated shifts of the community under climate change, though 421 

the direction and magnitude of phenological shifts is highly variable by taxon and trophic level, 422 

among other predictors (Parmesan 2007, Thackeray et al. 2010).  423 

The goal of this study was to quantify the seasonal fitness landscape associated with 424 

phenological shifts in a single species (Yang and Rudolf 2010). By manipulating the phenology 425 

of individually marked bees and tracking them through the season, we demonstrate that the most 426 

common phenological phenotype in the current population occurs later than the experimentally 427 

determined fitness peak. Future studies will be necessary to interpret this finding in the context 428 

of climate change and assess its implications for adaptive responses to climate change.  429 
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Fig. 1. Survival and reproduction of marked O. lignaria: a) survival of marked maternal bees at 593 

experimental nests, b) mean numbers of male and female progeny produced per marked female, 594 

c) mean male and female progeny mass per marked female, and d) total progeny mass per 595 

marked female.  596 

 597 

Fig. 2. a) Experimentally determined expected fitness of marked maternal bees and observed 598 

phenology of nesting effort by unmanipulated bees. b) Seasonal variation in nest provisioning 599 

rate and overall parasitism rate among marked maternal bees. 600 

 601 

Fig. 3. Parasitism rates for the three most common parasitic species varied seasonally: a) T. 602 

stansburyi and b) S. montana increased throughout the season, while c) the risk of parasitism by 603 

Monodontomerus sp. was greatest in the first cohort.  604 

 605 
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