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[bookmark: _GoBack]APPENDIX S3. This table has further studies and details of the papers that focus on plant–pollinator interactions. The studies are ordered by the subheadings used in the text. 
	Approach or data
	Contribution
	Reference(s)

	Historic records—Used bee museum specimens to determine if their phenology has changed with temperature in northeastern North America; focused on spring bees where there was adequate sample size; the bee data set had species with different types of nests and social behavior. Climate data (temperature and precipitation) obtained from the Canada Forest Service were mapped spatially and temporally; assessment of the bees’ phenology used this climate information for the collection locations and days. For the plant phenology, the authors used data from several published sources; they analyzed the entire active phenology time for both the plants and bees.
	Brings together two sets of historical biological records to determine past and present phenology. This approach enabled the authors to estimate the extent of change for both groups and whether it has been similar.
	Bartomeus et al., 2011

	Historic records—Focused on a specialized interaction between an orchid (Ophyrs sphegodes) and the male bees (Andrena nigroaenea) it is pollinated by. For the orchid both herbarium specimens (1848–1985) and field observations in one location (1975–2006) were used to estimate flowering peak date over time. For the bees, mean flight date was estimated using museum specimens (1893–2007) and more limited observations (1976–2009) from the monitoring group Bees, Wasps, and Ants Recording Society (BWARS; http://www.bwars.com/). These bee observation data were also used to validate the flight date estimates from the museum specimens. Sex was determined for the museum specimens. Regional temperature data (monthly means) for 1848–2010 was obtained from the UK Meteorological Office. Analyses focused on impact of temperature on flowering or flight date.
	A different analytical approach than other studies; given the relationship between temperature and phenology, the authors determined the probability of interactions between male bees and flowering based on temperature. 
	Robbirt et al., 2014

	Field observations—Focused on pollinators and associated plants of Britain and the Netherlands. For the pollinators, the authors used data from BWARS, the European Invertebrate Survey–Netherlands, and other Dutch groups, which included observation dates and geographic locations enabling quantification of the changes in species composition over spatial and temporal scales. Taxon groups and species traits were also used in the analyses. For the plants, databases from the United Kingdom and the Netherlands were used to obtain the data (including plant mating characteristics) to determine if changes occurred in their abundance. Changes in plant abundance were analyzed by their general pollination type and mating traits. 
	Brought together data from divergent sources to reveal if plants and pollinators are declining in abundance, and which traits of species are associated with these declines. A limitation noted by the authors is that while declines in pollinator and plant diversity are evident, it is unclear if the decline in plants cause a decline in pollinators or vice versa. There was no direct assessment of plants and pollinators together. As in most studies, it was not possible to determine the consequences for reproductive success of the plants.
	Biesmeijer et al., 2006

	Field observations—Focused on the butterfly Speyeria mormonia and the plants it visits for nectar in the Rocky Mountains of Colorado, USA. The study primarily addressed how change in snowmelt time impacts population growth of the butterfly (density-independent direct effect via mortality of the larvae or density-dependent indirect effect via plants). Field observations of the butterflies were used, and their nectar source preferences were determined over multiple years. Flowering phenology and abundance of the preferred plant species (Erigeron speciosus) and several secondary plant species were quantified in permanent plots from 1975–2009. A standard mark-release-capture method with frequent sampling over the season for many of the years from 1980–2004 was used to estimate the population density over time. Snowmelt timing, which can affect timing of flowering and exposure of buds/flowers to killing frosts, thus decreasing nectar availability (density-dependent indirect effect), was recorded. Snowmelt timing was also proposed to affect developing larvae due to exposure to frost in early melt years (density-independent direct effect).
	Using detailed data on the population dynamics of the butterfly and dynamics of their nectar sources, the authors were able to quantify how changes in snowmelt timing can directly and indirectly (through the plants) impact the population growth of this butterfly. This study gives greater insight to the underlying mechanisms of species responses to the abiotic changes associated with climate change.
	Boggs and Inouye, 2012

	Field observations—Six plant species were monitored weekly in 25 permanent plots (where each species was sampled in 3 to 6 plots) in Zackenberg (high-arctic), Greenland, as part of a monitoring program (1996–2009). Phenological stage (bud, open flower, or senescent flower) was recorded for randomly chosen inflorescences. These species are common at their sites, widespread in the Arctic, and focal species in the International Tundra Experiment. Pitfall traps were used for capturing insects. Temperature was recorded frequently at an on-site weather station. Snowmelt was estimated as when a sensor at the climate station detected <10 cm of snow.
	The experimental design enabled assessment of temporal and spatial variation. The authors made a comprehensive assessment of flowering phenology for individual species and the community. Trapping allowed them to estimate the diversity and relative abundance of the insects. The authors were able to estimate whether there is increased seasonal variability of resources for insects due to a shifting of flowering phenology.
	Høye et al., 2013

	Field observations—Focus on phenological shifts of syrphid flies and plants over a 20-yr period associated with climate variables. Plant phenology was quantified in the permanent study plots (started in 1973) in dry to wet montane meadows at the Rocky Mountain Biological Laboratory in Colorado, USA (Inouye, 2008). Insect phenology was sampled using a Malaise trap (weekly for 48 h) from 1992 to 2011, thus giving a phenological record for the syrphid flies separate from the plant phenology. The species associations for plant–fly interactions were determined using information from previous studies at this site. Climate data included temperature and precipitation from a regional NOAA weather station and snowmelt date from plots at the field station. Analyses focused on activity duration, overlap, shifts, and association with climate variables.
	The strengths of this study are the separate phenological data for the plants and pollinators and quantification during the entire active period (instead of just the initial flights or flowering onset). Given that plant phenology start and end is most influenced by snowmelt day, but the flies’ end of activity period was influenced by other climate variables, the authors performed several analyses to determine if the overlap between plants and pollinators is affected differently by the climate variables. These analyses are applicable where suitable data sets are available. 
	Iler et al., 2013

	Field observations—Extensive phenological record of many species of plants, birds, insects, and others in the Kivach Nature Reserve, Russia (boreal forest and middle taiga habitat). Research staff of the reserve have been recording plant flowering onset, bird first arrival, activity of insects, and other data from 1960–2010; 66 plant species were subdivided into groups based on life history traits; climate data and weather events were collected including temperature, snow events, frosts, and ice. For groups of species (e.g., trees), the authors assessed the impact of the climate variables on phenological shifts. The authors analyzed the degree of synchrony of phenological events over time within groups and between different groups. 
	This study makes very broad comparisons, so it is difficult to determine the biological significance of the phenological shift. Exceptions are when the natural history of specific species interactions is known (as for one species of plants and 2 potential pollinators). So, there is likely more information in the data sets that would be of interest. The analyses comparing degree of synchrony within and between groups is unique and could be applied to other data sets.
	Ovaskainen et al., 2013

	Field observations—This 4-yr study (1983–1987) in a nature reserve at Daphni (west of Athens), Greece, focused on the degree of overlap between plants and pollinators to determine potential drivers of mismatches. Plants were surveyed for open flowers and number of flowers every 10 or 20 d (during more or less active growing seasons) in plots of variable sizes throughout the reserve. Pollinators were surveyed at the plants during the duration of flowering for a plant. Their analysis for interactions focused on species richness of pollinators visiting a plant during flowering. Plant species were grouped by season of flowering, size of display, and other characteristics for some of the analyses.
	This survey appears to include the entire community and is for the duration of flowering; pollinator activity is not determined separately from the plants. Interestingly, the authors found a greater variation in the time of flowering onset for earlier-flowering species. Climate data are presented to demonstrate the substantial seasonal variation, but this is not incorporated into their analysis of plant–pollinator interactions.
	Petanidou et al., 2014

	Field observations—Plant–pollinator networks were quantified by multiple observations in several locations in Germany (differing in land-use intensity). Species-specific thermal niche for pollinators was quantified by obtaining the air temperatures at plant height when the individuals of a species are actively foraging. The primary focus was to address if increased land-use intensity has resulted in shifts in the plant and pollinator composition to species that have a broader niche. 
	This is a nice method for quantifying thermal niches for pollinators that is applicable in climate change research.
	Kühsel and Blüthgen, 2015

	Field observations—A long-term data set (1984–2013) of Arctostaphylos pungens, a long-lived shrub in the Santa Catalina Mountains, Arizona, USA. Flowering onset and end were determined by weekly observations along a hiking trail. More detailed observations in a focal population included assessment of fruit and seed production (in 2012–2013) and floral visitors (in 2012). 
	One of the few studies in water-limited habitats. The authors quantified a different pattern of phenology shift for the plants (delay and compression of duration) that may not be tracked by the pollinators. 
	Rafferty et al., 2016

	Experimental—Multidimensional assessment of Erythronium grandiflorum in subalpine habitat of the Rocky Mountains, in Colorado, USA. The author determined how flowering and reproduction were impacted by the dynamics of the climate environment and pollinators. In a study to better assess pollination limitation, he used mosquito screening cages to either exclude bees, or enrich pollinators by daily adding a queen bumblebee (cages were removed 2 wk later, after flowering). These treatments were compared to a reference plot that was not caged. Other studies in the paper included a more typical multi-year pollen limitation study, where earlier snowmelt is associated with earlier flowering.
	Pollen limitation studies are typically done by adding pollen to some flowers, then comparing their seed production to flowers with ambient pollination from the natural pollinators. If the researcher’s pollination treatment does not reflect the extent of self-pollen typically deposited by the pollinators, the seed production change with additional pollination could be confounded by different levels of selfing vs. outcrossing. The pollinator enrichment method used here avoids this problem.
	Thomson, 2010; also see below under “Spring Climate”

	Experimental—Because plants often respond to warming temperatures by shifting flowering onset earlier, pollinators may be presented with a changing floral community with novel species that may be infrequent. This study used lab assays with a captive population of Bombus impatiens and artificial flowers of different colors (squares of clear polystyrene painted to chosen color) with a hole for an Eppendorf tube with nectar (sucrose solution). Worker bees were pretrained, and only bees determined to successfully forage were used. The first assay used bees trained on a 50/50 mix of the two colors (yellow and blue); the relative ratio of the colors was then altered and bee behavior was recorded. The second assay used bees trained on white artificial flowers that were then replaced by blue or yellow in an increasing frequency (rare 10% of display to 90% by end of assay); the bees’ response was recorded. The authors extended these results by modeling the pollinators, which enabled them to assess the effects of the pollinator responses to success of the different flower colors.
	These clearly designed behavioral assays performed in the lab are relevant to dynamics in the field with changes in phenological onset and bee behavior. This model enables further tests of the impact of bee behavior on the success of a novel plant species. The model allowed the authors to determine the potential biological significance for a plant of the delay in a pollinator’s switch to a novel flower type. 
	Forrest and Thomson, 2009 

	Experimental—Pumpkin plants grown in custom-built controlled-environmental chambers that modified three of the climate change drivers (C02, N [as ammonium nitrate], and temperature) in a factorial design, where each was at an ambient and raised (future) level. Plant reproductive measurements included flower size, sex, and number, nectar volume, and phenology. The chemical composition of nectar from plants in these treatments was quantified. Preference by Bombus terrestris was determined using arrays of artificial flowers with nectar from treatment plants. Impact of changes in nectar quality for bees was assessed by feeding bees nectar from the treatment plants.
	Results from this study illustrate the necessity for assessing CO2 and N, and their interactions with temperature. For example, bees preferred nectar from plants grown in increased nitrogen, but this nectar decreased the longevity of the bees. However, the impact on longevity was also affected by the temperature and CO2 treatments.
	Hoover et al., 2012

	Experimental—Experiments designed to determine if the pollinator species composition and their effectiveness at pollinating the plants changed seasonally. Two prairie plant species (Asclepias incarnata and Tradescantia ohiensis) that have advanced their flowering onset and require pollinators for seed production were grown in greenhouses to further advance their flowering onset. Once flowering, plants were monitored for pollinators. Some flowers on a plant were bagged after one identified pollinator visit to estimate pollinator effectiveness. Other plants were used as controls for potential seed production given environmental conditions; some were hand pollinated and some were unrestrictedly exposed to pollinators. 
	The manipulations of growing plants in greenhouses at different temperatures and lighting conditions only advanced one of the species to be earlier than current natural populations, but both were earlier than historically. The authors could detect differences in the effectiveness of the pollinators, which increased later in the season due to compositional changes of taxa and effectiveness of specific taxa.
	Rafferty and Ives, 2012

	Experimental—Field experiment working with Frangula alnus in Sweden, with a focus on the impact of changes in flowering phenology on pollination (via Vespula spp., Bombus spp., and hoverflies), fruit removal (via birds), fruit production, and seed quality. In addition to recording the variation in flowering time among plants and quantifying fruit removal by birds, the authors experimentally altered the timing of flowering (early vs. late) and degree of synchrony (synchronous vs. asynchronous) via different flower removal treatments on 4 selected stems of a shrub. Fruit production, seed mass, and extent of fruit dispersal via birds were quantified.
	This is an interesting approach to experimentally alter 2 aspects of flowering phenology (timing and degree of synchrony). The authors’ observations were focused on the fruit removal via birds, but similar studies could include pollinators. By assessment of both fruit production and dispersal, the authors determined that the phenological dynamics are not straightforward. Earlier flowering results in greater fruit set, whereas later flowers produce larger seeds; the later fruits are more likely to be dispersed, and the seeds are more likely to germinate. 
	Bolmgren and Eriksson, 2015

	Experimental—As flowering onset in alpine habitats is associated with snowmelt, the authors altered the flowering time of the plant Claytonia lanceolata, in the Rocky Mountains of Colorado, USA. Snow was removed from plots when it had melted to 100 cm; it was removed to 5 cm (repeated for 3 yr). Control plots had natural snowmelt. Number of flowering plants, number of flowers opened on a subset of plants/plot, frost damage on flowers, pollinator visitation (identified, number of flowers/plant probed, number of plants/plot visited), and duration of visitation events were quantified with frequent observations. To test for pollen limitation within the experimental plots, plants were assigned to supplemental or open pollen treatments. A further experimental array modified flowering onset by using field potted plants which were temporarily moved into a greenhouse with warmer conditions (early onset), buried in snow at higher elevation (delay onset), or just potted with no treatment (control). The plants were then transplanted to plots and assayed for flowering phenology, frost damage, pollinator visitation, and reproduction.
	The two methods of modifying the flowering phenology were successful at changing the flowering onset in the desired direction. These designs enabled the authors to assess pollinator response, impact of frosts, timing of pollen limitation, and variation among years for all measured variables.
	Gezon et al., 2016; also see below under “Spring Climate”

	Environmental gradients—Used 3 sites that differed in elevation or snow depth in deciduous forests in Hokkaido, northern Japan. The authors focused on Corydalis ambigua (a spring ephemeral that flowers shortly after snowmelt) and its pollinators (primarily Bombus hypocrita sapporoensis and B. hypnorum koropokkrus, depending on site elevation). At each site, a large plot (50  50 m) was established and monitored (1999–2012) for flowering onset and first bee activity at the flowers. Phenological mismatching was the delay in bee activity after flowering was initiated. Seed production was estimated in these plots for a subset of the plants during the observation years. During several of the observation years, the authors assessed pollen limitation using pollen supplementation in randomly chosen plants in the plots; seed production was compared to other plants in the plots. Snowmelt date was determined , and other climate variables (focused on spring temperatures) were obtained from the nearest weather station to each site.
	The authors found site-dependent effects, including for phenological mismatching. This illustrates the strength of studies including a range of environments. Limited studies assess seed production; here the authors found that a greater delay in the bees’ arrival was associated with lower seed production. 
	Kudo and Ida, 2013 

	Environmental gradients—Used 6 grassland sites at different elevations in the Berchtesgaden National Park in the German Alps to test if specialist pollinators have greater synchrony with the flowering phenology of the plants that they visit compared to generalist pollinators. This is a 1-yr study where spatial variation (elevation) replaced time. At each site, 5 belt transects were used for weekly observations of flowering phenology and visiting insects (monitor 5–7 h/visit/site). To characterize floral traits of the flowering plants, weekly subsampling along the transect measured different aspects of flower size (used in assessment of insect specialization). To identify flower visitors, most species were collected via nets and preserved. Used weighted mean day (WMD) of occurrence for analysis of plant and insect phenologies; phenological shifts for each species were determined using a mixed linear model with WMD and site as response variables.
	Monitoring the entire plant/pollinator community across the sites allowed the authors to assess if different groups of insects were more synchronized with the plants across this gradient. They present a set of clear statistical approaches to quantify the phenological shifts; to quantify and assess the local specialization of insects (using relative abundance and the floral traits of plants visited) and the consistency of pollinator visits across sites; and to assess phenological synchrony between an insect species and the collective group of plant species visited by that insect.
	Benadi et al., 2014

	Environmental gradients—Used 2 sites with slightly different elevation but with very different winter snow cover, located in Daisetsuzan National Park in northern Japan (long-term research sites with year-round air temperature record). In part, the author assessed if the flowering phenology dynamics of the plant community are impacted by local climate; how floral resources change seasonally for the pollinators (bumblebees); and how this resource seasonality may impact the bees’ lifecycle. Flowering phenology is monitored by volunteers in these sites in large plots, where flowering is classified into 4 stages for each species: initial (<50% plants of a species are flowering); peak (>50% flowering); later (<50% retaining flowers); and terminal (>90% completed flowering). The author focused on records from 2011 and 2012 and used the number of overlapping species flowering periods (first three stages) to estimate resource availability; he also estimated resource availability via floral density in additional plots. Bumblebee activity (5 species) was monitored via frequent observations during 2011 and 2012. Air and soil temperatures and snowmelt were quantified.
	The experimental approach enabled community-level assessment of flowering phenology and resource availability (number of flowering species and floral density in plots that were highly correlated, demonstrating that the number of overlapping flowering species is a good measure of resource availability). Bee phenology monitoring enabled detection of the strong overlap in bee phenology with floral resources. It would be interesting to see if this changes over time.
	Kudo, 2014

	Environmental gradients—Used a north-south gradient of 3 sites in England to assess if phenology mismatch between a butterfly (Melanargia galathea) and its main nectar source (Centaurea scabiosa) changes across the range of a species, particularly at the northern limit of this butterfly. The flight phenology of M. galathea was determined by monitoring transects using the standard approach of the UK Butterfly Monitoring Scheme (http://www.ukbms.org/), where 5–9 yr of data are available (depending on the site). Flowering phenology was monitored for 9 yr at the southernmost site and for 1 yr at the other sites. They surveyed flowering of C. scabiosa in a diversity of topographical sites for one year in the most northern site. Different models were developed and tested to determine what aspects of the environmental data best describes the butterfly phenology.
	The design enabled the authors to detect a phenological shift of the plant at one site (where data was available) to later flowering with no shift in butterfly phenology. Their assessment of the impact of microtopography on flowering phenology at the northern site illustrated how topography can increase divergence of flowering phenology and thus increase availability of nectar for a butterfly. Aspects of the experimental design or sampling periods were very unbalanced in this study, leading to unbalanced information among the sites (for microtopography effects and flowering phenology over time).
	Hindle et al., 2015

	Environmental gradients—47 sites were surveyed in 1974 and 2007 over an elevational gradient in the Rocky Mountains in Colorado, USA; sites were grouped into 3 elevation regions. The authors’ focus was to determine if species distributions (bumblebees and plants) have shifted upward in elevation or if their phenologies have shifted earlier to better match historic temperatures. Bumblebees (8 focal species) were monitored and identified every 6–8 d along a transect within each site. Plants (12 species) being visited were identified; flowering of the plant species was recorded during the bee surveys. Density of bees across the sites was determined by the number of bees observed/hour; density of plants was determined by relative presence in the sites within the elevation regions.
	Because they had both spatial and temporal data, the authors could test two hypotheses as to how the plants and bees may respond to climate changes. This is of interest because if the plants and bees respond differently their communities would be altered and the groups could have less synchrony in phenology. Overall, some bee species were found to be moving to higher elevation but the plants were not. Plants were flowering earlier but bees were not active earlier. 
	Pyke et al., 2016

	Spring climate—This paper focuses on 3 species of plants in the Rocky Mountains of Colorado, USA, where long-term plots were established in 1974 and 1975 for monitoring flowering phenology in relationship to environmental factors (particularly snowmelt date). Monitoring methods include counting the number of flowers; starting in 1994 frost-killed inflorescences were counted. Researchers could determine if declines in flower abundance were due to frost damage.
	Long-term data enabled documentation of substantial and increasingly frequent loss of flowers/buds due to frosts.
	Inouye, 2008; also see “Plant-focused interactions—Field observations” in the text

	Spring climate—Long-term observational studies with sets of experimental studies focusing on Erythronium grandiflorum and two major pollinators (queens of Bombus bifarius and B. occidentalis) in the Rocky Mountains of Colorado, USA; included observations of flowering and snow melt, along with pollen supplementation studies
	The author’s design and multi-year data collection (thus including variable climate conditions) allowed quantification of the extent of frost damage. If severe this would result in no fruits, which could not be rescued with pollen supplementation.
	Thomson, 2010; for more details on broader study see above under “Experimental”

	Spring climate—Experimental alteration of flowering onset of a spring ephemeral (Claytonia lanceolata) in the Rocky Mountains of Colorado, USA. Snow was removed for several years, and flowering phenology, visitation, frost damage, and seed production (with and without supplemental pollen) were quantified.
	The authors’ design and multi-year data collection enabled them to detect if seasonally earlier-flowering plants were more likely to be frost damaged; the impact of frost damage on seed production; and if visitation of pollinators was affected by frost-damaged flowers.
	Gezon et al., 2016; for more details on broader study see above under “Experimental”
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