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[bookmark: _GoBack]APPENDIX S2. This table has further details for the papers that focused on pollinators. These studies are organized by the general approach used, which is indicated in the first column and corresponds to the subheading in the text. 
	Approach or data
	Contribution
	Reference(s)

	Historical records—Focused on 47 genera of bees (438 species) found in northeastern North America using collections from museums and universities. The authors developed a 140-yr data set of bees. For a subset of the bees (187 species), they assessed if ecological traits (body size, nest substrate, sociality, parasitism, diet specialization, voltinism, and flight period) impacted their changing abundance over time. They used a phylogenetic tree of bee taxa to correct for any non-independence among the ecological traits when assessing these traits’ potential association with changing abundance.
	The specific procedures used could be applied more widely to historical collections. The authors could infer which species were declining or increasing in abundance. Species with narrow diet breadth, larger size, and narrow activity period were more likely to decrease in abundance, but these factors only explained a small proportion of the variation. The extent of sampling effort or changes in sampling could influence the results, as discussed by the authors.
	Bartomeus et al., 2013

	Field observations—Used data for 35 species from the British Butterfly Monitoring Scheme (BMS), obtained by weekly monitoring along a transect from 1976 to 1998 (ongoing program; http://www.ukbms.org/); data used were means of all sites for the following: first appearance for season, peak abundance, length of flight period (active duration at locations), and presence at sites; monthly surface temperatures for the region were used to determine if warming temperature over time was positively associated with earlier appearance; the study compared univoltine vs. multivoltine species
	This is a broad community study, and an early assessment of butterfly activity from ongoing monitoring. The design of the monitoring program provides detailed dynamics beyond just start of activity. The changes over time in the activity season length and peak abundance would be useful information for assessment of plant–pollinator interactions.
	Roy and Sparks, 2000

	Field observations—Used data for 15 species from the BMS (only included species with multiple generations/year to have species with more seasonal complexity). The authors also used mean monthly growing degree days for each site (determined using monthly temperature site data). They developed a series of models (differing in their mathematical treatment of variables encompassing aspects of climate effects, seasonality, and spatial and temporal effects) for each species and determined which model was the best fit with data from 1973–2000. Then the models’ predictive power was tested using data from 2001–2006. Species differed in which model best fit their phenology data.
	This is an interesting approach overall for determining which aspects of environmental change may be key for a species’ response. 
	Hodgson et al., 2011

	Field observations—Used data (1998–2010) from a long-term monitoring project in the Aargau canton of Switzerland. This project was designed after the BMS with standardized transects and the same monitoring, in this case for 50 butterfly species (author groups species by season). The transects are surrounded by different types of land use (agricultural, forest, or artificial surfaces). Mean monthly air temperature data were included. The focus is on the phenological response of the different species to changes in temperature and the effect of different land-use types.
	The author’s contribution is the inclusion of land-use types that had a species-specific effect on butterflies’ response to temperature increases.
	Altermatt, 2012

	Field observations—A phenology data set for 14 species of insects collected from 102 sites across Japan (1961–2004) by the Japan Meteorological Agency (species in analyses were found in more than 5 sites), with temperature and precipitation data. The authors’ focus was on determining if the emergence date was changing over time in relation to either temperature or precipitation. They developed a series of models using the climate information at different geographic levels of resolution (site-specific, latitude, species-specific).
	Their series of models of insect phenological responses to climate variables took advantage of the spatial and temporal information available in this data. Their approach enabled the determination of the scale of variation that is important for the insects. Their approach could be applied to other locations and species where this type of data is available.
	Ellwood et al., 2012

	Field observations—Used 2 butterfly data sets using the same sampling design as in the BMS, in the Dadia-Leukimi-Soufli National Park and nearby locations in northeastern Greece; the sampling locations included different habitat/land-use types (grasslands, forest, and agriculture), where temperature and humidity were recorded in one year. Phenology measurements used were the duration of the butterfly activity and the mean date of this activity period.
	As did Altermatt (2012), the authors showed the effects of habitat type on butterfly phenology. In addition, their assessment of environmental characteristics of the habitats further explained the species-specific phenological responses to the different habitats.
	Zografou et al., 2015

	Experimental—This experiment was designed to determine if the seasonally earlier phenology of Osmia bicornis (mason bees) associated with increased temperature is due to shortening duration of the different stages. Using nest traps, they obtained eggs for temperature treatments (fluctuating 10–25C, 15–30C, and 20–35C; constant 17.5C, 22.5C, and 27.5C; and outside in an unheated hut). To observe the development in the opaque cocoon, they cut a small spyhole and covered it with transparent foil. The length of all stages from egg through pupa were quantified with daily observations; mortality and size (weight) were also quantified. 
	This study clearly shows the developmental rate changes that enable bees to emerge earlier. The comparison between constant vs. fluctuating temperature is useful for comparing to other studies.
	Radmacher and Strohm, 2011

	Experimental—Sweat bees (Halictus rubicundus) can be social or solitary; social behavior is associated with warmer areas of the species’ geographic range. These researchers tested if increasing temperatures result in a switch to social behavior by solitary bees. They transplanted foundresses from Belfast, Northern Ireland (where the bees are solitary), to Lewes in southern England (where current temperatures may result in social bees). The provisioning behavior of the individually marked foundresses were recorded (direct observations and continuous video recordings) for changing to production of workers. Increasing provisioning behavior was analyzed for any association with increases in seasonal temperature. This association of increased social behavior with temperature was used to predict the extent of social behavior that would be expected in the future given the expected temperature changes in two climate change scenarios for the U.K.
	The change from solitary to social behavior will result in a greater number of pollinators (as workers are produced with the switch to sociality), so this is an example of the potential increased abundance of at least one species of pollinator, when other bee species are declining in abundance.
	Schürch et al., 2016

	Experimental—The authors tested the response of 9 species of solitary wild bees to warmer overwintering temperatures. Wild bees were collected using nest traps. Broods from a nest trap were divided among different climate chambers that were set at different constant temperatures (1.5C to 9.5C), and outside (control with temperature monitored). Response variables included: weight lost, dry weight, and days to emergence. Response of the bees varied, with species that overwintered in the adult stage tending to lose weight and emerge earlier.
	The motivation for this study was to explore the potential of wild bees to replace or supplement pollination of crops. These species’ potential was tested in terms of success with warming winter temperatures. The diversity of bees tested revealed different responses to warmer overwintering temperatures.
	Fründ et al., 2013

	Experimental—Experimental determination of the temperature required to induce diapause in the Brazilian bees (Plebeia droryana) in the laboratory; used GIS and habitat information for this species (including current locations) to determine if it will still be undergoing diapause in Brazil with the warming climate
	This could be a useful approach for rare species with particular habitat requirements.
	Santos et al., 2015

	Environmental gradients—The authors established monitoring transects at 10 sites along an elevation gradient In the Serranína de Cuenca of Spain. Every 2 wk the butterflies for the entire community were recorded along the transects to determine their active flight season. For phenology, they analyzed the mean flight date at each location as the response variable in a regression with altitude as the predictor.
	While some species of butterflies were active later with higher elevation, many were not, leading the authors to question this approach for using spatial response data over a gradient as a replacement for temporal response data.
	De Arce Crespo and Gutiérrez, 2011

	Environmental gradients—Researchers established monitoring transects at 40 sites along an elevation gradient in and near the Sierra de Guadarrama, Spain. Every 2 wk the butterflies for the entire community were recorded along these transects during their active flight season. They added a few additional variables to better understand the lack of the expected relationship in the study by De Arce Crespo and Gutiérrez (2011). One was the “phenological window of opportunity” using temperature data collected across the sites for 2 seasons; they determined the potential season for each species for larval development and adult activity.
	While the global mean flight date showed the expected delay in flight with higher elevation, species with a narrow phenological window of opportunity were synchronized across elevations. Thus, the authors conclude that substitution of elevation gradients for temporal data may not accurately reflect the response of species to climate change.
	Illán et al., 2012




LITERATURE CITED
Altermatt, F. 2012. Temperature-related shifts in butterfly phenology depend on the habitat. Global Change Biology 18: 2429–2438.
Bartomeus, I., J. S. Ascher, J. Gibbs, B. N. Danforth, D. Wagner, S. M. Hedtke, and R. Winfree.  2013. Historical changes in northeastern US bee pollinators related to shared ecological traits. Proceedings of the National Academy of Sciences, USA 110: 4656–4660.
De Arce Crespo, J. I., and D. Gutiérrez. 2011. Altitudinal trends in the phenology of butterflies in a mountainous area in central Spain. European Journal of Entomology 108: 651–658.
Ellwood, E. R., J. M. Diez, I. Ibáñez, R. B. Primack, H. Kobori, H. Higuchi, and J. A. Silander. 2012. Disentangling the paradox of insect phenology: Are temporal trends reflecting the response to warming? Oecologia 168: 1161–1171.
Fründ, J., S. L. Zieger, and T. Tscharntkel. 2013. Response diversity of wild bees to overwintering temperatures. Oecologia 173: 1639–1648.
Hodgson, J. A., C. D. Thomas, T. H. Oliver, B. J. Anderson, and T. M. Brereton. 2011. Predicting insect phenology across space and time. Global Change Biology 17: 1289–1300.
Illán, J. G., D. Gutiérrez, S. B. Díez, and R. J. Wilson. 2012. Elevational trends in butterfly phenology: Implications for species responses to climate change. Ecological Entomology 37: 134–144.
Radmacher, S., and E. Strohm. 2011. Effects of constant and fluctuating temperatures on the development of the solitary bee Osmia bicornis (Hymenoptera: Megachilidae). Apidologie 42: 711–720.
Roy, D. B., and T. H. Sparks. 2000. Phenology of British butterflies and climate change. Global Change Biology 6: 407–416.    
Santos, C. F., A. L. Acosta, P. Nunes-Silva, A. M. Saraiva, and B. Blochtein. 2015. Climate warming may threaten reproductive diapause of a highly eusocial bee. Environmental Entomology 44: 1172–1181. 
Schürch, R., C. Accleton, and J. Field. 2016. Consequences of a warming climate for social organisation in sweat bees. Behavioral Ecology and Sociobiology 70: 1131–1139.
Zografou, K., G. C. Adamidis, A. Grill, V. Kikati, R. J. Wilson, and J. M. Halley. 2015. Who flies first? – Habitat-specific phenological shifts of butterflies and orthopterans in the light of climate change: A case study from the south-east Mediterranean. Ecological Entomology 40: 562–574.


