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Learning Objectives
1. Measure shifts in the timing of life history events using various forms of long-term data.
2. Identify trends in long-term climate data.
3. Test for correlations between climate data and phenology shifts.
4. Predict the effects of phenology shifts on interspecific interactions.
5. Interpret spatial data related to interspecific interactions.
6. Collect, clean, and analyze occurrence and specimen-based organismal data from a variety of sources.
7. Evaluate the utility of specimen based, observation, and citizen science data in addressing specific biodiversity questions.

Introduction

Phenology is the study of the timing of cyclical events in an organism's life cycle, such as the flowering of plants, emergence of worker bees from the hive, or the migration of birds. The timing of critical life stages can be triggered by external environmental clues such as seasonal temperature change, photoperiod, or precipitation. As global weather patterns alter or fluctuate due to climate change, an organism's phenology may shift in response to a change in triggers. If species that interact closely respond to triggers that are no longer synced, the interaction may be disrupted. This is known as an ecological mismatch and can impact organisms across trophic levels. For example, warmer spring temperatures often result in earlier emergence dates for temperature sensitive insects. It the plant nectar source is triggered by day length, the flowering time may not change in sync with the pollinator flight. If the emergence dates of their insect pollinators are not triggered by the same cue as the plant nectar source, the pollinator may not have food to fuel reproduction and the plants can lose a pollinator that is an important component of their reproductive success. 

To address the impacts of climate change on phenology we need to examine long-term historical patterns and trends in both the environmental conditions and phenologies of the species of interest. We need current and historical data on when and where species occur, the timing of phenological transitions (e.g. emergence, flowering dates, peak flight), and key environmental variables that can initiate phenological transitions (e.g. rain fall, temperature). This means we need long-term data for both the organisms we study and the ecosystems they occupy. No problem! We are in the data rich era of science. Environmental data and data form natural history collections, professional scientists, and citizen scientists provide the information that is necessary to investigate phenological changes. In Activity 1, you will examine these data resources.



Activity 1: Data Resources

Environmental Data

Environmental data are available from multiple sources and include detailed information on a variety of important abiotic variables (e.g., soil types, climate variables, hydrology, land use). Environmental data can be used to address long term and short term questions related to anthropogenic disturbance and climate change. Spend some time looking at the list of data sources provided at the following link (insert link when available). Select one of the data sources to investigate further and answer the following questions:

1. Which environmental data source did you pick?





2. What types of data are available?






3. Are the data available free of cost? 





4. What is required to access the data (e.g., download as spreadsheet, send a request, get permissions, make a request)?





5. How would you use these data in research?






Organismal Data

Organismal data collected over long periods of time allow us to examine what organisms occurred at a specific time in a specific place. While not always collected with the idea of research on phenology, these data sources have proven to be highly valuable in timing the occurrence of species and the timing of major stages in the organismal lifecycle. Below we provide some details and examples of sources of organismal data: 

Natural history collections based data are the "Gold Standard" for organismal data sets. Natural history collections data are based on archived specimens cared for in perpetuity to serve as a references for the taxonomy, evolution, and ecology of the species. These vouchers are linked with valuable metadata (e.g., collection date, location, habitat, images, community assemblage, phenology) and accessible for repeatable, iterative, and expanded observations as physical verification is needed, new questions arise, or new investigative techniques are developed. Natural history collections provide a source of biodiversity data that is unparalleled in temporal, geographic, and taxonomic complexity and unique in its ability to allow researchers to verify and expand the data by returning to the physical specimens on which they are based. Natural history collections have proven to be a wealth of phenological data. Recent efforts to photograph specimens and make the images and associated data accessible via a common data portal have vastly increased the data accessibility and combined utility of collections based data. Spend some time looking at the list of collections based data resources provided at the following link (insert link when available). Select one of the data sources to investigate further and answer the following questions:

1. Which collections based data resource did you pick?



2. What types of data are available?



3. Are the data available free of cost? 



4. What is required to access the data (e.g., download as spreadsheet, send a request, get permissions, make a request)?



5. How would you use these data in research?


Observation based data are very useful and increasingly these data are also being aggregated to provide access to researchers, educators and the public. Observation data comes in many forms and can be accompanied by images and detailed associated metadata (e.g. environmental conditions, GPS co-ordinates, associated species, behavior, abundance, phenology) and these observations are being added to online databases. These data are invaluable as the temporal, geographic, and taxonomic scope of observations. Observation data can come from scientists, professionals, and increasingly by the general public, i.e., citizen scientists. Spend some time looking at the list of data resources provided at the following link (insert link when available). Select one of the data sources to investigate further and answer the following questions:

1. Which data resource did you pick?



2. Is this data resource exclusively observation data or a combination of observation and collection based data?



3. Are the observation based data from professionals or citizen scientists?



4. What types of data are available?




5. Are the data available free of cost? 



6. What is required to access the data (e.g., download as spreadsheet, send a request, get permissions, make a request)?



7. How would you use these data in research?






Research using organismal and environmental data

Watch the Science live video on Prairie Fens and Poweshiek skipperling (insert link toScience-Live.org) and answer the following questions:

1. What questions are the researchers in this video trying to address?








2. What data are the scientists using to address these questions?








3. How will this research inform the conservation and management of the butterfly and the ecosystem?


Activity 1 Assessment:

1. Why are natural history collectionsbased data considered the "Gold Standard" for organismal data?


2. What would be the value in observation data collected by a professional scientist compared to the other data sources?


3. What would be the value of observation data collected by citizen scientists compared to the other data sources?


4. Where could you go to get data on the date and locality of a specific butterfly species over a hundred year period of time? List your possible sources of data.


5. Where would you go to get specific localized monitoring data on a specific species of butterfly? List your possible sources of data.


6. If you wanted to know the occurrence of this butterfly, and other associated butterflies, across the range over recent time, what type of data resources would be best? List your possible sources of data.


7. If you wanted to relate your organismal data to potential environmental change, what data would you need and what resources would you use to acquire this data?


8. You have access to species-specific butterfly data on occurrence and phenology: 1) consistently gathered by one highly trained scientist, in seven populations over a 5-year period, 2) gathered by 100s of citizen scientists, across the full range of the butterfly over a 5-year period, and 3) aggregated from all known historical specimens available in natural history collections. You want to learn about a specific species and how occurrence data has changed over time. How would each of the data sources inform your study?






Activity 2: Pollination of the Early Spider Orchid (Ophrys sphegodes) by the Solitary Bee (Andrena nigroaenea) (Robbirt et al., 2011; Robbirt et al., 2014). 

The early spider orchid, Ophrys sphegodes, is pollinated by the solitary bee Andrena nigroaenea. These orchids attact pollinators by sexual deception. They produce the sex pheromones of female bees and also provide visual and tactile cues, attracting the males for “mating”. During pseudocopulation, the pollinia are transferred to the male bee’s head and pollen can be transferred to the next flower visited. 

To investigate flowering phenology of the orchid, researchers examined 102 herbarium specimens of Ophrys sphegodes from the Natural History Museum in London. For each specimen, the percent of open flowers was determined. This data was used to determine the peak flowering dates for each year for which there was adequate data. 

To see how the timing of the bee reproduction aligns with peak flowering dates, the researchers examined field records of the flight date (first flight of spring) for Andrena nigroaenea from the Bees, Wasps, and Ants Recording Society (BWARS). BWARS is a citizen science project in Britain and Ireland. Volunteers are trained to make and record accurate observations of these organisms into a shared database. The researchers also examined over 350 Andrena nigroaenea specimens at the Natural History Museum and Oxford University Museum. Based on these two sources, the researchers determined the average time of first flight for each year. 

Climatic data for all years were obtained from the UK Meteorological Office and mean March to May (Spring) temperature was calculated for each year. Peak flowering time and time of first flight were plotted against mean Spring temperature and regression lines were fit to both data sets. Simplified data points are shown in the table below to allow you to recreate these lines. Dates are reported as “Days after March 1” as in the original paper (as points of reference, May 1 is 61 days after March 1; June 1 is 92 days after March 1). 

Table 1. Comparison of flowering time and bee emergence at different spring temperatures. [Data extracted from Robbirt et al., 2014]

	March – May Temperature
(°C)
	Peak Flowering Time
(days after March 1)
	First Bee Flight
(days after March 1)

	7.0
	85.1
	92.9

	7.5
	81.8
	85.0

	8.0
	78.5
	77.3

	8.5
	75.4
	69.7

	9.0
	72.2
	61.8

	9.5
	69.0
	54.1

	10.0
	65.7
	46.2
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Instructions:

1. Plot peak flowering time and first bee flight (x-axis) vs March – May temperature (x-axis) in Excel. Plot both lines on the same graph and paste your graph below. Include axis labels and a figure legend.







2. Describe what the graph shows. How do these two species respond to differences in temperature? Which of the two species is responding more strongly?







3. Ophyrs sphegodes flowers can remain fertile for 4-6 weeks. In bees, males appear only at a specific point in the life cycle, mate with females, and quickly die off. Therefore, the orchids have a limited window of time to trick the male bees into transferring their pollen. 

a. At 7°C, how does the timing of the arrival of the bees compare to the peak flowering time?



b. At 10°C, how does the timing of the arrival of the bees compare to the peak flowering time?



c. Predict how continued increases in global temperature might affect the reproductive success and abundance/existence of Ophyrs sphegodes. Use evidence from the graph to support your prediction.



Activity 3: Bats, Co-Evolution, and Climate Change

From your earlier coursework, you might remember that Co-Evolution is a phenomenon whereby two or more closely associated species reciprocally influence each other's evolution. A great example is the relationship between nectar feeding bats and agave and columnar cacti. Agave flowers grow in clusters (an inflorescence) on a flowering stalk up to 15 feet high and columnar cacti flowers are often bowl shaped with large quantities of pollen and nectar. Both have flowers that smell like rotting fruit and open at night. Bats are attracted to the smell and will feed at night on nectar and pollen from the flowers. Nectar feeding bats have special adaptations, such as long bristled tongues that allow them to access the nectar and eat the pollen. In the process they move pollen from one plant to another. 

To learn more about these bats and co-evolution, watch: 
https://www.youtube.com/watch?v=KhjOMDXzmLo

Lesser long-nose bats (Leptonycteris yerbabuenae) migrate to the southwestern United States in spring and summer; this is part of the bat phenology. This migration coincides with the phenology of the fruiting and flowering of agave and columnar cactus. Bats are highly temperature sensitive. As temperatures change due to climate change, we are seeing bat species extending their northern range. As the range of the pollinating and seed dispersing bats shift, so must the range of agave and columnar cacti. The bats will still need a nectar and pollen source and the agave and cacti will still need pollinators and seed dispersers. However, plants are not as quick to respond to climate change as animals. So the range of agave and columnar cacti may not shift in sync with the pollinating and seed dispersing bats. This can compromise the reproductive success of both the bats and the plants. 

In this activity, you will work with your group to identify, describe, and investigate a different interspecific interaction between a plant and pollinator. Use whatever resources are available (e.g. your prior knowledge, texts, internet) to identify a relationship to investigate. Complete the following activities and answer the questions below.

1. What two species are involved in the relationship? 

2. Is the relationship mutualistic? parasitic? commensalistic? 

3. Is this an obligate relationship?

4. Which species benefits? 

5. What is the trade-off each makes in the relationship? 

6. Does each species have a reward?

7. Look at the life cycles of both species. What major life stage/s must be in sync for the relationship to persist?

8. What triggers the phenological events in your plant (e.g., day length? disturbance? temperature? rainfall?)

9. What triggers the phenological events in your pollinator (e.g., day length? disturbance? temperature? rainfall?)

10. What environmental or anthropogenic factor could influence or disrupt this co-evolved relationship?

11. Go to the iDigBio portal (https://www.idigbio.org/portal/search) and input the scientific name for the plant and pollinator species. [Your laboratory instructor will show you how to search the portal and a set of instructions is available on Bb.] How many records can be found for each species? What do you note about their distribution? Take a screen capture of the map showing their distributions to include in your report.

	Species
	Number of records
	Distribution

	
	
							

	
	
	



12. Which of the following did you observe for distribution of your plant species relative to the pollinators?

· Distribution of Plant species overlaps completely with the Pollinator species. 

· Distribution of Plant species is more extensive than the Pollinator species.

· Distribution of the Pollinator species is more extensive than the Plant species.

13. How would you explain the observed distributions?

14. What do you predict would happen to the distributions of the plant and pollinator if temperature changed significantly over the distribution of the species?

15. How would you predict that increased/decreased temperatures affect your plant pollinator relationships?




Activity 4: Flowering time of butterfly plants vs timing of butterfly adult flight

This exercise is based on a research study conducted by Kharouba and Vellend (2015). Review the paper, which is posted on Bb. Answer the following questions.

1. What are the three objectives the authors stated in their introduction?



2. What are the three main sources of data used in this study?



3. Starting on page 1314, the authors discuss the limitations of collections based data as opposed to direct field observation. What were the limitations? How could the use of natural history collections based data affect the study?





You have been given access to the data used in the study and been assigned a butterfly species and associated nectaring plant species. Using that data provided, complete the following activities and answer the related questions:


4. Create a scatterplot of average annual temperature vs year for British Columbia. Add a trend line. Based on the trend line, how has annual temperature changed over time in British Columbia? 



5. Create a scatterplot of day of observation vs. year for your butterfly species data. Add a trend line. Based on your graph, how has the phenology of your butterfly changed over time?



6. Create a scatterplot of day of observation vs. year for your species using iDigBio data. Based on your graph, and this new data, how has the phenology of your butterfly changed over time?



7. Create a scatterplot of day of observation vs. year for your species using eButterfly data. Based on your graph, and this new data, how has the phenology of your butterfly changed over time?



8. Create a scatterplot of day of observation vs. year for your species using the combined data sets from the manuscript, iDigBio, and eButterfly. Based on your graph, using all three data sources, how has the phenology of your butterfly changed over time?



9. The table below shows the plants required for each butterfly’s life cycle. Using the plant data, create a scatterplot of day of collection vs year for the plants your butterfly species requires. Based on your graph, how has the phenology of these plants changed over time?



10. Based on your data, do you predict that the interaction between your butterfly and their plant species will be disrupted?



11. Can we say that the change in temperature is the cause of the changes in phenology?



12. Evaluate the three provided databases. What was valuable in each? What are the strengths of each? Does combining the data elucidate a pattern?



13. During which periods of time were there the greatest numbers of citizen science observations and collected specimens? When were there the least? How might this impact the analysis?








Assessment - Options

1. Pied flycatcher paper (Both et al., 2006)
a. Students read paper and answer questions
b. Butterfly timing shift leads to decreased bird populations

2. Lake Washington paper (Winder and Schindler, 2004)
a. Students read paper and answer questions
b. Keratella, Daphnia, Diatoms phenology shift
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Data Sources:

1. Surface air temperature data downloaded from “Environment and Climate Change – Canada” https://www.ec.gc.ca/dccha-ahccd/default.asp?lang=en&n=1EEECD01-1 
· Yearly averages, split by season, from 54 weather stations in British Columbia, Canada

2. Butterfly observations from ebutterfly 
http://www.e-butterfly.org/ebutterflyapp/#/observations/lists
· All vetted observations for five families of butterflies 

3. Butterfly specimen data from iDigBio https://www.idigbio.org/portal/search 
· Specimen data from five families of butterflies

4. Plant data from Dryad; Kharouba and Veland, 2015 http://datadryad.org/resource/doi:10.5061/dryad.tc3v2 

Instructor Resources:

Butterflies and associated plant species of British Columbia (with best representation in eButterfly and iDigBio).

	Butterfly Species
	Common Name
	Important Plants

	Callophrys augustinus
	Brown Elfin
	Barbarea orthoceras
Vaccinium ovalifolium Vaccinium uliginosum

	Coenonympha tullia
	Common Ringlet
	Taraxacum officinale

	Cupido amyntula
	Western Tailed-Blue
	Barbarea orthoceras 
Fragaria virginiana

	Euchloe ausonides
	Large Marble
	Brodiaea coronaria

	Glaucopsyche lygdamus
	Silvery Blue
	Lomatium geyeri
Lomatium macrocarpum
Lomatium nudicaule
Lomatium triternatum
Lomatium utriculatum

	Limentis lorquini
	Lorquin's Admiral
	Apocynum androsaemifolium 
Cirsium vulgare
Sonchus arvensis

	Ochlodes sylvanoides
	Woodland Skipper
	Cirsium vulgare
Sonchus arvensis

	Papilio canadensis
	Canadian Tiger Swallowtail
	Apocynum androsaemifolium
Taraxacum officinale

	Papilio rutulus
	Western Tiger Swallowtail
	Cirsium vulgare
Sonchus arvensis

	Papilio zelicaon
	Anise Swallowtail
	Cytisus scoparius Dodecatheon pulchellum Erythronium oregonum Fritillaria affinis 
Geranium robertianum Hieracium albiflorum Lithophragma parviflorum Lomatium geyeri 
Lomatium macrocarpum Lomatium nudicaule Lomatium triternatum Lomatium utriculatum
Mahonia aquifolium Saxifraga ferruginea Saxifraga integrifolia



	Pieris rapae
	Cabbage White
	Mentha arvensis 
Taraxacum officinale

	Plebejus icarioides
	Boisduval's Blue
	Eriogonum niveum

	Plebejus idas
	Northern Blue
	Achillea millefolium Apocynum androsaemifolium

	Polygonia gracilis
	Hoary Comma
	Erigeron filifolius Gnaphalium uliginosum

	Speyeria cybele
	Great Spangled Fritillary
	Apocynum androsaemifolium Cirsium vulgare
Sonchus arvensis

	Speyeria hydaspe
	Hydaspe Fritillary
	Apocynum androsaemifolium
Cirsium vulgare
Mentha arvensis
Sonchus arvensis

	Strymon melinus
	Gray Hairstreak
	Apocynum androsaemifolium
Barbarea orthoceras
Mentha arvensis
Solidago multiradiata






Example Graphs:

Temperatures 
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Nymphalidae – eButterfly
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Nymphalidae – iDigBio
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