Target Audience
Part I-III: Introductory undergraduate biology class
Part IV: Introductory to mid-level undergraduate biology class

Key Concepts
Part I: Move
Museum collections
Species distributions
Climate change 
Elevational range shifts 
Natural history traits (diet, reproductive rate, etc.)

Part II: Adapt
Museum collections
Climate Change
Morphology
Population genetics

Part III: Die
Ecological niche (fundamental, realized)
Models: training/test data, model validation, detectability 
Climate models
AUC values

Key Skills
Part I: Move
Working with online resources: Animal Diversity Web, Arctos, Cal-Adapt
Generating hypotheses & predictions
Programming in R
Data analysis and statistics in R/Excel
Making graphs
Mapping

Parts II: Adapt
Generating hypotheses & predictions
Programming in R
Data visualization and statistics in R

Part III: Die 
Ecological niche modeling/species distribution modeling using MaxEnt
Understanding graphs
Mapping

 

For Teachers 

Part I and III of this module are designed to function as independent, 60-90 minute activities, though they do complement each other and work well together.  Parts II and III build on the concepts in Part I and are shorter sections.  Our intent is for students to complete Part I and then choose whether to continue with Part II, Part III, or both.

We strongly advise that, if possible, you use campus computers with all software pre-loaded and tested.  Students can work in pairs if necessary.  The software installation and function appears to be highly system dependent, thus, using shared computers can help avoid difficulties. If no shared campus computers are available, students may use their own laptops.  We have attempted to address potential problems in the instructions.  

Before Class
For both lessons, we suggest that if students are using their own laptops, they download all necessary software before class. If possible, we suggest that students read the “Background Reading” sections before class.  

For Parts I-III, we also suggest that students go through the Rbasics.R file before class, if possible.  This will teach them some basic tools for using R for data exploration, visualization, and analysis.

Necessary Materials
· Computers (1-2 students per computer)
· Internet access
· Part I: Excel.  If you don’t have Excel it is possible to use Google Spreadsheets or Open Office with minor modifications to the instructions.
· Parts I-III: R with packages installed (see below for instructions)
· Part IV: MaxEnt (see below for instructions)
· Optional: Projector (to present introductory PowerPoint slides)

ANIMAL RESPONSES TO CLIMATE CHANGE: MOVE, ADAPT OR DIE!

Background Reading

Natural history museums provide critical resources that allow scientists to establish ecological and evolutionary baselines.  Many natural history museums house thousands of specimens in a variety of forms, from skins and skeletons (most common for birds and mammals), to fluid-stored specimens (common for reptiles, amphibians, and fish) and frozen tissue samples (ideas for genetic analysis).   In addition to these biological specimens, museums house associated meta-data in the forms of geo-references (GPS points and locality information), photographs, audio/video files, and field notes.  These critical resources allow for scientists to know more about the context in which the specimen was collected and allow for re-visitation of historic sites (Figure 1). By collecting specimens over a broad range of time from a single population, scientists can use museum specimens to study change over time, whether evolutionary or ecological.

 Joseph Grinnell was the first director of the Museum of Vertebrate Zoology (MVZ) at the University of California, Berkeley (founded 1907).  He was an outstanding naturalist and, during his tenure as director, he and his colleagues completed a number of faunal surveys at sites throughout California (Fig. 2).  At these sites, Grinnell and his collaborators painstakingly collected and prepared vertebrate specimens for the museum’s collections and took extremely careful, detailed field notes. These notes, which are preserved in the MVZ’s collections, allowed for contemporary MVZ scientists to precisely revisit Grinnell’s original transects to complete a resurvey of the fauna nearly one hundred years after the original survey; without such detailed notes, this re-survey would have been impossible, as Grinnell’s original survey took place before GPS existed.  This field and museum based research – known as the Grinnell Resurvey Project (GRP) – was completed in 2004-2007 and engendered one of the Figure 1: Natural history museum data like photographs and field notes allow for specific re-visitation of historic sites.  This is an example from the Grinnell Resurvey Project in Yosemite National Park, CA

	

	Figure 2: Joseph Grinnell led the historical surveys; Jim Patton and other researchers used Grinnell’s notes to resurvey the same sites.


benchmark studies showing that museum collections can be used to demonstrate that animals are responding to climate change. By comparing the elevations of historic locations at which animals were trapped to the modern ones, scientists could draw conclusions about elevational range shifts in a number of California species. More specifically, results from the GRP showed that many small mammals in Yosemite National Park had contracted, expanded, or shifted their ranges upslope in elevation, which is the direction they would be expected to move if these shifts were climate-driven and they were tracking the cooler temperatures that exist at higher elevations.  Yosemite has experienced an ~3 degree Celsius increase in minimum temperature over the past century.  While many species shifted their ranges upslope, a number of small mammal and bird species shifted downslope or did not shift at all.1,2 
Figure 2: Grinnell Resurvey Project transects in California

GRP results showed that high-elevation small mammals were the most likely to experience range shifts, while lower elevation and more generalist species experienced fewer shifts and more range expansions.   In general, species from high elevations or latitudes or more extreme environments, species that are specialists, and/or species with slower reproductive rates are more vulnerable to rapid environmental change, although, as we will learn in this module, it is very difficult to come up with general rules to predict how species will change!  In some groups, body size appears to be declining in response to climate change.  In general, species with smaller ranges (more narrow latitudinal or elevationally) are more vulnerable to environmental challenges, including climate change.3

The GRP shows the critical importance of natural history museum collections; without the careful records and specimens that existed in the MVZ, scientists would not have been able to determine in such a quantitative way that these animals are responding to climate change.

If you want to learn more, go to http://mvz.berkeley.edu/Grinnell/.



Module Overview Figure 3: Alpine (Tamias alpinus, left), Shadow (T. senex, middle) and Lodgepole chipmunks (T. speciosus, right)


In this activity, you will examine some of the GRP data in more detail in order to address the questions of how different species have responded to the past century of climate change in Yosemite National Park.  Specifically, you will explore the GRP findings for three species of chipmunks that live in Yosemite National Park: the alpine chipmunk (Tamias alpinus), the lodgepole chipmunk (T. speciosus), and the shadow chipmunk (T. senex).   As you will find, these three species of chipmunks have responded very differently to the past century of climate change.   In Part I: Move, you will begin by learning more about the biology of these species and generating some a priori expectations about how you might predict them to respond to climate change. You will then explore the historic and modern datasets for these three species and look for patterns of change in elevational ranges using some simple, data visualization tools (plots/graphs, maps). In Part II: Adapt, you will explore a data set on chipmunk skull morphology, focusing on using these data to learn about species’ ability to adapt in the face of climate change. You will also work with a genetics data set to investigate adaptation and vulnerability to extinction in the face of climate change.  In Part II your methods will focus on making plots and conducting basic statistical tests.  Finally, in Part III: Die of this module, you will generate species distribution models based on the empirical datasets that show where these animals used to exist, where they exist now, and where you might expect them to be in the future, if anywhere. You will also investigate the importance of accounting for how easy (or difficult) it is to detect a species’ presence.  
Figure 4 Chipmunk skins and skulls from the Grinnell Resurvey Project, housed at UC Berkeley’s Museum of Vertebrate Zoology.  Many of these specimens have associated frozen tissue specimens that have been used for genetics and genomics research

PART I: MOVE

Before You Begin
1. You will need the following programs installed on your computer: Excel, R, any Internet browser. To download R, go to the following website and follow instructions for your operating system: https://cran.r-project.org. A
B
1
2
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2. Download the folder “AIM_UP_Gillian” file from Dropbox to your computer.  Save it anywhere to the computer; the desktop is one easy place. It is important that you remember exactly where you save this folder on your computer.

3. You will need to install three packages into R, which requires internet access.  If at any point a box pops up that says “CRAN mirror” at the top, just select USA (CA1) and hit ok  (or just leave it at the default).
Mac Users (see screenshots):
A. Under the “Packages & Data” menu, go to “Package installer.”
B. (1) type in “loa” in the search box, (2) select “Get List,” then (3) select the “loa” package that appears, (4) check the small “Install dependencies” box, and (5) select “Install selected.”  
After the package has successfully installed, text will appear in the console.  If you type library(loa) into the console and hit enter and receive the message “Error in library(loa): there is no package called ‘loa’” then the package has not properly installed.  If you receive no message, the package has properly installed. 
C. Repeat this process for the following two additional packages: 
ggplot2
gridExtra

Windows Users:
A. Under the “Packages” menu go to “Install Package.”  Scroll down to “loa,” select it, then hit “OK.” If it prompts you to use a personal library, select “Yes.” 




PART I: MOVE

Core Concepts: 
Species distributions
Elevational range shifts 
Climate change 
Natural history traits (diet, reproductive rate, etc.)
Museum collections

Science Practices: 
Working with online resources: Animal Diversity Web, Arctos, Cal-Adapt
Obtaining, evaluating, and using information
Analyzing and interpreting data
Generating hypotheses & predictions
Engaging in argument from evidence
Programming in R
Data analysis and statistics in R/Excel
Making graphs
Mapping

Learning Objective: 
Obtain, evaluate and analyze presence absence data gathered from online natural history museum and climate databases to test questions about the role of natural history and climate in determining elevational range shifts in three small mammal species.  

Activity
STEP 1: Generate Hypotheses
Go to http://animaldiversity.ummz.umich.edu/ and look up species accounts for the following species by typing their names into the “Search ADW” box on the right.   ADW is an online tool developed by the University of Michigan’s Museum of Zoology for accessing species descriptions.  It is meant to be user friendly and accessible for non-scientists.
Tamias alpinus
Tamias senex
Tamias speciosus 

1. Note down the following information:
	Species:
	Tamias alpinus
	Tamias senex
	Tamias speciosus

	Elevational range (m):
(in Sierra specifically, if available) 
	2300-3900
	1500-1800
	1500-3300

	Elevational span (m):
(max elev – min elev)
	1600
	300
	1800

	Primary diet:
	Herbivore
	Herbivore
	Omnivore

	Range of body mass (g):
	28-50
	66-108
	50-70

	#Offspring per year:
	4-5
	3-5
	3-6

	Average weaning age:
	NA
	2 months
	2-4 weeks

		Typical lifespan in wild (years):
	2-3
	Up to 8
	1-2



Now that you’ve learned something about the basic biology of each chipmunk species, it’s time to think about how aspects of the species’ biology might shape responses to climate change.  Using the information in the table above and in the background reading, you’ll generate some hypotheses and predictions about how you might expect each species to respond.  Your hypothesis (or hypotheses—it’s fine if you want to generate more than one!) should focus on a more general idea about species’ responses to climate change, while your predictions should detail specific expectations of what you would expect to see if your idea is correct.  In other words, you hypothesis and predictions should fill in the blanks in the sentence: “I expect to see ______________ because _____________.”  The first blank corresponds to a prediction, and the second blank to the hypothesis.  (For more information on hypotheses, predictions, and the scientific method, check out http://undsci.berkeley.edu/article/0_0_0/coreofscience_01 and the associated material on the Understanding Science website.)


2. Write your hypotheses and predictions below.  Be sure to generate some predictions for each species.  Remember, you can have multiple predictions for each species and they can even be contradictory, so long as you justify them!
	Hypothesis: Specialist species are more susceptible to climate change. (Other hypotheses also possible).

Predictions:
Tamias alpinus: Higher elevation species thus may be more likely to shift upwards.  Dietary specialist may be likely to shift with vegetation.  Smaller so less vulnerable?

Tamias senex: Narrower range may be more susceptible to collapse.  Slower life history rate (longer life, fewer offspring, longer average weaning age) may make them susceptible to change.  Larger so may be more vulnerable.  Dietary specialist may be more likely to shift with vegetation.

Tamias speciosus: more likely to be able to adapt to CC because it’s a dietary generalist more likely to stay in the same place.  More likely to expand it’s range if other areas of the elevational range open up, since they’re able to adapt to new environments quickly due to dietary generalism. Greater elevational range so might be better at surviving at a variety of altitudes  no shift.  Faster life history (shorter life, quicker weaning, more offspring) may make them better able to adapt to change.


STEP 2: Data Exploration
1. 	We will use R to do some graphical data exploration and to view our specimens on a map before we jump into looing at the numbers.  R is a programming environment/language that is very often used by ecologists and evolutionary biologists.  It is extremely useful for data processing, statistical analysis, graphics, and modeling.   If you have time, use the “Rbasics.R” file before or after class to learn more about R.
· Open R. 
· Set the working directory.  You need to do this to tell R where to find the files that you’ll be referring to.  Mac: hit “command + D” and select the folder on the Desktop that you downloaded from Dropbox.  Windows: Go to FileChange Directory and select the folder on the Desktop that you downloaded from Dropbox.  Make sure you are in the R console window before going to the File menu.
· Open the file “Rchipmunks.R .” Mac: double click the file to open it. Windows: in R, from the console window, go to FileOpen, then navigate to the file.  
· R should now have open Rchipmunks.R and an additional console window.  Your output will appear in the console window. 
· Select everything from “#A” through the end of section “#D” in the “Rchipmunks.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).  Throughout this exercise, read the comments (any text that follows a “#”) to help better understand what each line of code does.  
· The .csv files that R is reading in (which you will later explore in Excel) are data tables that are downloaded from the online, multi-institution museum database, Arctos (http://arctos.database.museum).  If you have time, go to the Arctos link, type in one of the Tamias species (or any other species you’re interested in), hit “search” and check out the results, all of which are museum specimens!  
· Run each of the “quickmap” lines under section “#E” separately and observe the map that appears after each line. These maps plot the museum specimen locations for each of the three species (the GPS latitudes and longitudes for each specimen are in the .csv files you just read in to R). Blue points are historic, red are modern. What do you notice about the locations of the historic and modern specimens for each of the three species?
                                               
T.alpinus many modern, many historic points (note that it is hard to convey the change in elevation using a flat map like this) 



T.speciosus many modern, many historic points



T.senex many historic, almost no modern



· If you want to see all of the species together on a map, highlight and run the code in section “#F” (T. alpinus = circle, T. senex =  triangle,T. speciosus = cross).
· These maps show us GPS locations, which is informative, but doesn’t do a great job at exhibiting elevational changes, so now we’ll build a plot of elevational ranges in each time period for each species.  Highlight all of the code in section “#G” and run it.  Wait a few seconds and a plot should appear.  What do you notice about these plots for each species? 

T.alpinus shifted up in elevation


T.speciosus about the same elevation


T.senex range collapsed, exists almost nowhere (no breadth to boxplot…only one point)



· We’ll switch to Excel now, but don’t close R yet!

2. Now we’ll use Excel for some quantitative analysis (though if you’ve gone through “Rbasics.R,” you may be able to figure out how to do these calculations in R!).  In Excel, open the sheets entitled: “alpinusYNP.csv,” “senexYNP.csv,” and “speciosusYNP.csv.” 

3. Calculate the average, minimum, and maximum elevations for each species during each of the two eras (historic = H, modern = M) and fill them in below:   

	
	Tamias alpinus
	Tamias senex
	Tamias speciosus

	
	1. Historic
	2. Modern
	1. Historic
	2. Modern
	1. Historic
	2. Modern

	Average Elevation (m)
	2931
	3058
	2186
	2484
	2451
	2506

	Minimum Elevation (m)
	2377
	2888
	1402
	2484
	1768
	1875

	Maximum Elevation (m)
	3352
	3278
	3139
	2484
	3292
	3270



4. Open the “Formula Builder” in Excel (use Excel Help to find this function if you cannot find it), select t-test, and conduct a two-tailed t-test for two-samples with unequal variance (tails=2, type=3) to compare historic and modern elevations for each species.  Report the p-values below.  P-values below 0.05 indicate that the two time-periods may have significantly different elevational distributions.
Tamias alpinus: _____0.0000353_______
Tamias senex: ______6.8 x 10-14_______
Tamias speciosus: ___0.16_______

5. In the space below, make some general statements about what has happened to the elevational ranges of each of these species over time.  Do these changes match your predictions?  Why or why not?

T. alpinus’ range has contracted upwards in elevation. T. speciosus’ range has not shifted much (maybe a slight contraction upwards). T. senex was only found at one site in the park; its range has almost completely collapsed.  The site it was found at is higher than this species’ average elevation in historic times.



6. Let’s look at some climate data.  Open “RclimatedataYNP.R” in R, select the whole file, and run it.  What do you notice about these different climatic parameters?
Obvious changes in temperature (increasing); things get more complicated with precipitation/snow and the pattern is not obvious. 



7.  Can you think of any other climate information that might be useful to have?
Many possibilities: e.g. average July temperature, average December temperature, average highest temperature, average lowest temperature, driest month, hottest month, etc.



8.  Go to http://cal-adapt.org/tools/factsheet/ and type “Yosemite” into the map’s search bar.  Explore the snow, fire and temperature maps for Yosemite.  Then scroll down and select “Temperature: Decadal Averages Map” under the “Climate Tools” box on the right.  Hit the play button on the map to run the animation.  After you’ve spent a couple minutes exploring, write down what you notice about how climate parameters change over time.  Later, if there’s time, feel free to play around on this site a little bit.
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 Part II.A: Adapt - Changes in Cranial Morphology
Note: This portion of the activity assumes you have already completed Part I

Core concepts:
Museum collections
Climate Change
Morphology
Adaptation
Selective Pressure
Population genetics

Science Practices: 
Analyzing and interpreting data 
Generating hypotheses & predictions
Programming in R
Developing and interpreting graphs using R 

Learning Objective: 
Obtain, evaluate, analyze and present morphological and genetic data using R to test questions about adaptive change in the chipmunks.


Background Information
	[image: ]

	Figure 1:  To investigate adaptation in the face of climate change, Ana Paula Assis used a microscribe to measure MVZ chipmunk skull specimens.


 As you read in the introduction section of this module, the ‘move, adapt, die’ paradigm describes different ways that organisms can respond to climate change.  The GRP documented patterns of change in species’ elevational ranges to show that climate change does impact organisms, but there is more to the story than just movement.  Especially after learning that the different species of Yosemite chipmunks had shown markedly different patterns of elevational range change, GRP researchers were curious to investigate whether the chipmunks were adapting to the changes that occurred in Yosemite.  In this context, an adaptation would be a trait evolved through natural selection to improve the abilities of chipmunks to function (survive and reproduce) in their new environment.  To address this question, graduate student Ana Paula Assis (Figure 1) turned to the MVZ’s collections of GRP chipmunk skull specimens.

Ana Paula was specifically interested in looking for evidence of adaptation by studying the morphology of chipmunk skulls.  In biology, the term morphology refers to the study of organisms’ form, or their appearance.  Morphological traits include information on size, shape, color, pattern, arrangement of body parts, and more.  These data are key to understanding how an organism interacts with its environment and consequently how it might be affected by changes in the environment.  The skull is an especially good target for this kind of study because it is involved in multiple important functions, including protection of the brain, regulation of water loss, and feeding.1,2  It is essential for an animal to successfully perform all these functions in order to survive, which means that as the environment changes, it is critical for the skull to maintain its ability to function effectively.
There are several ways in which an organism’s morphology might change in response to climate change.  First, warmer temperatures could pose a challenge for organisms that are accustomed to lower temperatures. One strategy for avoiding overheating could be to increase efficiency of heat loss.   Smaller animals lose heat to the environment quickly, in part because their bodies have a high ratio of surface area to volume.  Conversely, larger animals have a lower ratio of surface area to volume, and lose heat more slowly.  So if overheating is a concern, it is advantageous to have a smaller body that can quickly get rid of excess heat.  In fact, in many cases a single species that occurs in areas with a broad range of temperatures will display smaller individuals in warmer areas, and larger individuals in cooler areas. 
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	Figure 2: Location of internal nares on a skull.


In addition to temperature, precipitation can affect an organism’s morphology.  When a mammal exhales, moist air from inside its body passes out into drier surroundings, resulting in some water loss.  This can be a serious problem, especially for animals that live in very dry areas.  To cope, many arid-adapted species have highly developed internal nares (the portion of the nose found inside the body) with the bones and mucous membranes inside the nose developed into elaborate ridges (Figure 2).

 Beyond the direct influences of temperature and precipitation on organism’s morphology, climate change can also affect morphology indirectly.  One way in which this can occur is through climate’s influence on resource availability.  At high elevation sites in the Sierras, a warming climate results in snowmelt occurring earlier.  This earlier snowmelt means that there is a longer growing season for plants, which in turn makes more food resources available for animals such as chipmunks.  Those animals can then attain higher body masses, which is especially advantageous for enhancing survival through winter hibernation.  This effect has been documented in marmots3 and other high elevation ground squirrels4, but has not yet been demonstrated in chipmunks.  Furthermore, it is unclear whether these body size increases represent evolutionary change or are the result of phenotypic plasticity— that is, changes in phenotype without accompanying changes in genotype.  In the marmot example, the researchers suggest that the observed increases in body mass were plastic responses, merely indicating that individuals were foraging for longer amounts of time— no genetic change required.  Distinguishing between evolutionary adaptation and genetic plasticity is an important and challenging issue in climate change biology, and one that will be important for you to consider in this exercise as you generate expectations and interpret your results.
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	Figure 3: Chipmunk skull viewed from above and side.


Because there are key links between an organism’s morphology and climate, it is clear that morphology is a useful tool for examining the impacts of climate change.  So how do researchers quantify morphological traits?  Consider the chipmunk skull shown below.  If you were charged with describing its size and shape, a simple approach could be to begin by measuring the skull’s length, width, and height (red lines in Figure 3).  But the shape of a chipmunk skull is pretty complicated—how do you decide exactly where to take your measurements?  Additionally, there are hundreds of GRP chipmunk specimens.  If we want to examine how cranial morphology has changed over time, it’s critical to make sure we measure each individual skull in exactly the same way.

To address these challenges, a standard approach is to identify landmarks— that is, anatomical points that can be consistently defined and recognized in different individuals.  For example, chipmunk skulls consist of multiple bones that are fused together.  In the skull photo to the right, the PT landmark refers to the point where the edges of the parietal, frontal, and temporal bones meet.  For the GRP cranial morphology work, researchers identified ## distinct landmarks on each skull and tapped each landmark with a tool called a microscribe (see Figure 1) to generate a digital record of the location of each landmark.  Once they had digitized landmark locations, they could then calculate the linear distances between different landmarks and use this information to create a detailed description of the shape of each skull (Figure 4).

Activity Overview
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	Figure 4:  Landmarks on chipmunk skulls (red dots in left column of images).  Dots at the tip of the yellow arrows indicate the PT landmark (see text). Linear distances between landmarks are shown in red for the facial region of the skull and blue for the neurocranial region.


In this activity, you will use data from GRP specimens to investigate how the past century of climate change in Yosemite National Park has affected morphological features of organisms.  Specifically, you will examine how skull size and shape has changed over time in two species of chipmunks: the alpine chipmunk (Tamias alpinus) and the lodgepole chipmunk (Tamias speciosus).  From Part I of this activity, you already know that these two species showed markedly different patterns of elevational range change over time, with T. alpinus showing an elevational range contraction and T. speciosus showing no significant range change in the Yosemite region.  (Part I of this activity also featured analyses of data from a third chipmunk species, the shadow chipmunk (Tamias senex).  However, because this species is absent from almost all modern Yosemite study sites, we do not include in our cranial morphology analyses.)

Your goal in this activity is to assess whether these morphological changes might reflect adaptive responses by the chipmunks to changing climate.  You will begin by generate predictions about expected patterns of change.  You will then make plots to visualize changes in skull size over time and conduct statistical tests to quantify these differences.  The next step will be to examine how temperature and precipitation have changed between the historical and modern sampling periods.  Finally, you will link the skull morphology and climate data to describe how your results relate to your predictions.  You will conclude by using this information to suggest ideas for follow-up research.

Before You Begin
If you still have R open and everything set up from Part I, you can skip straight to the activity section.  If you switched computers and need to set yourself up again, go back to Part 1 and follow the “Before You Begin” section there. 

Activity
Step 1: Generate Hypotheses
1. Using the information in the background reading and what you learned in Part I, generate at least one hypothesis about how you might expect skull morphology of T. alpinus and T. speciosus to change in response to climate change.
Many possible answers; should be based on background reading for this section and/or knowledge of species from previous section. Some examples (also see below, #2, for even more ideas).
- Selective pressure to be more efficient at heat loss will drive evolution of smaller size in; T. speciosus won’t change because it doesn’t seem responsive to climate change (or, T. speciosus will also become smaller)
- Both species will become larger to take advantage of the longer growing season (or only T. alpinus will become larger)
- T. alpinus’ skull will change because its range has shifted and it may be experiencing new foods or having to cope with other environmental changes. 
- Could also hypothesize the opposite, that T. specious will change more because it is actually experiencing different environments because it didn’t move despite environmental change 


2. Based on your hypothesis (or hypotheses) above, now make some predictions about the results of the cranial morphology comparisons.    How do you expect each species’ morphology to change over time?  As in Part I, It’s fine to make multiple predictions (and even predictions that contradict each other) but you must include justification for all predictions— i.e. a statement of why you expect to see what your prediction describes.  Feel free to refer to the plots you made in Part I in the “RclimateDataYNP.R” file for information on how climate has changed.  You should also revisit the ‘Habitat’ section on ADW for ideas on how habitat associations of each species might influence their experience of climate change; see Fig. X for examples. Figure 5. Upper Cathedral Lake in Yosemite National Park features a mix of habitat types.  Both T. alpinus and T. speciosus live in different areas of this site.




Tamias alpinus
· If temperature has increased, you could expect to see decreases in body size in the modern era.  The types of habitats where T. alpinus lives are fairly exposed (little tree cover), so this could make T. alpinus vulnerable to overheating.
· …On the other hand, temperature increases might not affect T. alpinus because it lives at high elevations, where temperatures are fairly cool.  In this case, body size would remain the same between eras.
· Another possible reason to expect no changes in body size could be if T. alpinus can adapt to warmer temperatures by changing its behavior— for example, staying in its nest during hot parts of the day.

· It’s a bit hard to tell from the graphs whether precipitation is decreasing or has stayed approximately the same, so students can consider both situations:
· If precipitation has decreased, would expect to see increased volume and/or higher degree of elaboration of the nasal region of skull to help avoid water loss.
· …But if precipitation has not changed, would expect to see no change in the nasal areas.

· Perhaps T. alpinus has moved to track suitable climate conditions, and is now found in areas with similar temperatures and precipitation levels as in the past.  In this case, morphology would not be expected to change.

Tamias speciosus
· Especially because T. speciosus is large (compared to T. alpinus), it could be more vulnerable to overheating.  In this case, you would expect body size to decrease.
· On the other hand, because many T. speciosus individuals live in areas with heavier forest cover, the trees could provide shade.  In this case, warmer temperatures might not affect T. speciosus, and body size would not change.

· Precipitation predictions: similar to T. alpinus

· T. speciosus is more of a generalist, which means that it might not be affected by changes in climate.  In this case, its morphology would not change.

Step 2: Morphological Comparisons
To explore our data, we will begin by using R to make some graphs of how skull sizes have changed over time in each of our study species.  The morphology data set includes information from 24 landmarks on the skull, which were used to generate 38 linear distance measurements.  That’s a lot of values to compare, though; plus, some of those 38 measurements are highly correlated with each other— for example, the distances between the ZS-NSL landmarks and the ZI-NSL landmarks (Figure 6).  Instead of looking at each measurement one by one, we’ll rely on a technique called principal components analysis (abbreviated PCA) to capture information about multiple measurements at once.

	[image: ]

	Figure 6: Linear distance measurements between the ZS-NSL (solid line) and ZI-NSL (dotted line) landmarks are an example of measurements that are highly correlated with one another.


In general, the goal of PCA is to reduce dimensionality.  In reference to our data set, that means that instead of using 38 pieces of information (referred to as dimensions) to describe skull shape, we want to use fewer dimensions— maybe two or three.  The hope is that because some measurements are highly correlated with each other, using a smaller number of dimensions will still describe most of the variation in our data.  As an analogy, consider a study of athletic abilities in a population of people that includes completely sedentary individuals, as well as highly trained athletes.  Researchers might measure a number of different parameters, including sprinting speed, maximum jumping height, number of sit-ups completed in a minute, maximum number of pull-ups, bicep size, etc.  The whole data could include several dozen different measurements, and it would likely be difficult to see patterns just by looking at the raw data.  Performing a PCA on this data would likely reveal several underlying factors that could explain much of the variation in the data— for example, a ‘leg strength’ principal component might explain variation in both sprinting speed and jumping height, while an ‘arm strength’ principal component could account for variation in maximum number of pull-ups and bicep size.  Using these two dimensions would adequately describe much of that variation in people’s athletic abilities and would make it much easier and faster to look for other relationships in the data.

To prepare your data set, Ana Paula used a PCA function in R to reduce dimensionality in her 38-measurement data set.  Her results indicated that the first dimension identified in her analyses (referred to as PC1) captured information about size.  This in mind, she calculated a value along this dimension for each of her specimens.  These values are called PC1 scores, and they are the numbers we will for our analyses.  Even though Ana Paula only measured chipmunks’ skulls (and not their whole body), other work suggests that skull size is a good reflection of body size— so we can use information on skulls to infer how body size has changed.

Now that you have an idea what the data set includes, it’s time to get started with our analyses.  Follow the steps below to explore the morphology data.  
1. We will begin our analyses by using R to make some graphs of our data.
· Open R.
· Set the working directory.  You need to do this to tell R where to find the files that you’ll be referring to.  Mac: hit “command + D” and select the folder on the Desktop that you downloaded from Dropbox.  Windows: Go to FileChange Directory and select the folder on the Desktop that you downloaded from Dropbox.  Make sure you are in the R console window before going to the File menu.

· Open the file “RMorphology.R .” Mac: double click the file to open it. Windows: in R, from the console window, go to FileOpen, then navigate to the file.  
· R should now have open RMorphology.R and an additional console window.  Your output will appear in the console window. 
· Select everything from “#A” through the end of section “#C” in the “RMorphology.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).  Throughout this exercise, read the comments (any text that follows a “#”) to help better understand what each line of code does.
· The .csv file that R is reading in is a mix of data from the online, multi-institution museum database, Arctos (http://arctos.database.museum) and morphology data that researchers gathered from measuring specimens.  If you’re interested, you can follow the Arctos link and input a number from the cat.num column into Arctos’ ‘Catalog Number’ field.  The result will give you information about that specimen, where and when it was collected, and more.

· Using the boxplots you just made, describe what you notice.  Has skull size changed over time in each species?  If so, how (provide specific examples of evidence)?  Remember, a larger PC1 score corresponds to larger skull size.
Skull size has gotten larger in T. alpinus, has not changed in T. speciosus (note that the difference between the pink and blue boxplots is the key thing here, and particularly the difference of the mean, the black line at the center of each boxplot.  T. speciosus plots are overall higher than T. alpinus plots because they have bigger skulls).



2. Now that you have some ideas about patterns you observed in the skull morphology data, we’ll follow up to test if the differences you observed are statistically significant.  To do this, we’ll use t-tests to compare PC1 scores between the historical and modern eras for each species.  Specifically, we will conduct two two-tailed t-test with unequal variances: one test comparing PC1 scores between historical and modern T. alpinus, and a second test comparing historical and modern T. speciosus.
· select the code in section “#D” in the “RMorphology.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).
·  Look at the R console and locate the output of the two t-tests.  The results of each test will appear right below the line of code in which you used the t.test function. Locate the p-value in the output.  P-values range from 0 to 1, with values below 0.05 indicating that the two eras have significantly different PC1 scores.  Report your p-values below:

T. alpinus:	____0.00015___________
T. speciosus:	_____0.09__________

· Briefly summarize what your t-tests tell you about how skull size has changed in T. alpinus and T. speciosus.


Skull size has significantly changed from the historic to modern era in T. alpinus, but has not significantly changed in T. speciosus.




3. The tests you just completed show how skull size has changed between the historical and modern eras.  But as mentioned previously, size doesn’t tell you the whole story about how chipmunk skulls have changed.  To get a more in-depth perspective, we will analyze traits in the neurocranial (blue lines in Figure 4) and the facial (red lines in Figure 5) regions of the skull separately.  This approach is particularly useful for testing predictions regarding the effect of precipitation on chipmunk skulls, since it allows us to focus more closely on the region of the skull containing the internal nares.
· Select the code in section “#E” in the “RMorphology.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).Figure 5: Chipmunk skull traits categorized by skull region.  Traits in the neurocranium are in blue; facial traits are in red. 

· Describe what you notice about changes in each skull region in T. alpinus and T. speciosus.  Similar to the whole-skull analyses, higher values indicate larger size.






4. As with the whole-skull analyses, we’ll now follow up to test if the differences you observed are statistically significant.  We’ll use t-tests again, although this time there will be 4 tests— one for each skull region, in each of our two study species
· Select the code in section “#D” in the “RMorphology.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).
· Look at the R console and locate the output of the two t-tests.  The results of each test will appear right below the line of code in which you used the t.test function. Locate the p-value in the output.  P-values range from 0 to 1, with values below 0.05 indicating that the two eras have significantly different PC1 scores.  Report your p-values below:
Neurocranial region:
T. alpinus:	____0.15___________
T. speciosus:	______0.53_________

Facial region:
T. alpinus:	_______0.000017________
T. speciosus:	_________0.02______

· Briefly summarize what your t-tests tell you about how neurocranium and facial size have changed in T. alpinus and T. speciosus.
Neurocranium sizes have not significantly changed over time for either species.  Facial sizes have significantly increased for both species, especially for T. alpinus.


Step 3: Changes in Climate
To add context to the morphology data, think back to the plots you made in Part I showing changes in climate parameters under low and high emissions scenarios.  You may find it helpful to re-open and run the ‘RclimateDataYNP.R’ (see Part I) so that you have the plots handy.

1. Consider the patterns of change in climate parameters in conjunction with your results from the cranial morphology comparisons.  Using both of these pieces of information, revisit your predictions from the start of the cranial morphology section.  Explain whether or not your predictions were supported, and why.

Answers will vary depending on predictions.  Regardless, students should note that temperatures have generally increased.  Precipitation has increased at many elevations, but has actually decreased at higher elevations


Figure 6: Variation in mean annual temperature and mean annual precipitation across elevation.  Lighter colors represent data from the historical sampling period; darker colors represent data from the modern sampling period. 


Each of the plots from Part I includes one point per year.  For example, in the Average Temperature A1 (High Emissions) Plot, there is one average temperature value for each year from 1950-2099.  While these values are a useful starting point, it turns out that there is variability how climate changes at different sites within the Yosemite area. When a team led by Kevin Rowe looked at how climate change on a site by site basis, it became apparent that changes in temperature and precipitation varied at different elevations (see Figure 6).5 



2. Given the heterogeneous patterns of change in climate, suggest how you could follow up on Ana Paula’s work to better understand relationships between climate and morphology.
Many possible answers, e.g.:

· Do analysis comparing chipmunks from the exact same elevations only and take into account patterns of change in Fig. 6.  Possibly start by comparing animals from elevations where there has been a big change in temperature or precipitation over time.
· Do a controlled experiment using multiple generations of captive chipmunks to look at effects of different temperature and precipitation regimes on morphology (note that this would most likely exploring phenotypically plastic changes rather than evolutionary changes, though).








Step 4: Conclusions & Future Directions
At the start of this portion of the module, we asked the question of whether we could find evidence of adaptive responses among Yosemite chipmunks in response to changes in the environment.  Recall that adaptation refers to the process by which natural selection brings about changes in traits that improve an organism’s ability to function. Now that you have explored patterns of change in morphology, temperature, and precipitation, what do you think?
1. Below, briefly describe why or why not you think chipmunks in Yosemite are adapting in response to climate change.  Be sure to mention which results you used as evidence for your conclusions.
Students should note that chipmunks – particularly T. alpinus – are changing, and in theory this change could be adaptive (e.g. becoming larger could allow for chipmunks to take advantage of a longer growing season, or could allow for better water retention).  However, evolutionary change must be hereditary, i.e., controlled by genetics, and there is no evidence reported here of genetic change in genes controlling skull morphology traits.  Thus, this change could be phenotypically plastic and not genetic in nature.  In other words, it could be that while developing in the womb or while becoming adults the morphology of these animals is responding to the altered temperature/ precipitation regimes found in modern times; it could be that, were these animals taken into captivity and raised in the same temperature/precipitation regimes as they were a century ago, they would look the same.  There is not enough evidence here to conclude whether these changes are evolutionary or are plastic in nature.

The GRP and associated research projects have helped us learn a great deal about organismal responses to climate change.  But relationships between morphology and environment are complicated, and there is still plenty we don’t know.  One especially challenging question for studies of adaptation to climate change is whether responses— such as the changes in skull morphology among GRP chipmunks— represent actual evolutionary change.  An alternative hypothesis is that the changes could represent phenotypic plasticity, perhaps linked to climate’s effects on resource availability.

2. How might you distinguish between evolutionary change and phenotypic plasticity in studies of Yosemite chipmunk responses to climate change?  Describe some ideas about how GRP researchers could tackle this challenge.
Many possible answers, e.g.:
· Do an experimental study looking at whether chipmunk skull morphology changes if animals are reared in different temperature/precipitation conditions.  If it does change that would support the notion that these animals have the capacity to adjust their skull morphology plastically, without the need for genetic, evolutionary change
· Look at the genome of animals from historic/modern times with different skull morphologies to determine whether there are any genomic differences, e.g., whether there are any signs of selection at loci controlling skull morphology
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Part II.B: Adapt - Museum Genetics
Note: This portion of the activity assumes you have already completed Part I

Background Information
In the previous sections of this module, you used two different types of data that were
	[image: ]Figure 1: Emily Rubidge examined genetic responses of chipmunks to climate change.


obtained from museum specimens and records: information on elevational ranges and morphological measurements.  In addition to these types of information, museum researchers are increasingly taking advantage of the fact that it is now possible to obtain genetic and genomic data from museum specimens or from tissue samples that were collected along with specimens.  Genetic data can be collected from museum specimens and are useful for addressing a wide variety of questions.  In the context of the GRP, MVZ graduate student Emily Rubidge (Figure 1) used population genetics techniques to explore the ‘adapt’ and ‘die’ components of the ‘move, adapt, die’ paradigm.  Emily knew the GRP elevational range shift data set had shown that some species could move in response to the changing environment.  However, not all species were able to cope with the changing conditions: 6 out of the 28 GRP study species showed range expansions, but 10 showed elevational range contractions.  These ten species are now absent at low- and/or high-elevation sites where they occurred in the past.  As you discovered in Part I, T. alpinus and T. senex are among these contracting species: T. alpinus no longer occurs at several low elevation sites, and T. senex is now absent from both low and high elevation sites where it was present historically.1 

Given the local extinctions in T. alpinus and T. senex, Emily wondered how the observed distributional changes would affect genetic diversity in these species.  Emily was interested in this topic because a decline in genetic diversity typically reduces the ability of a population to adapt to changing conditions.  Each species has only a limited amount of genetic variation in its gene pool and especially because changes in climate are occurring relatively quickly, there simply may not be enough variation and enough time for populations to adapt to new conditions.  The GRP data set was especially well-suited for studies of genetic variation, since Emily could compare a contracting species such as T. alpinus with a closely related species whose range was stable: T. speciosus.  (She chose to exclude T. senex because there were only a small number of modern individuals available.)   Additionally, because a very small amount of tissue is needed for genetic analyses, Emily could obtain a large sample size by collecting a tiny 3mm x 3mm tissue sample (little larger than a grain of rice!) from museum specimens, and then supplementing her data set with animals that she collected during her own fieldwork.  Together, the museum and field-collected samples made it possible for Emily to quantify genetic diversity in the historical and modern eras and to determine whether there had been changes over time in the genetic composition of T. alpinus and T. speciosus populations— in other words, whether there was evidence of genetic adaptation in the face of climate change.

In addition to investigating chipmunks’ adaptive capabilities, Emily also wanted to assess vulnerability to extinction.  Climate-related extinctions have been documented in other species, both on a small scale— with local populations of organisms declining or becoming extinct— or at the larger scale of the extinction of an entire species.2  Extinctions are particularly likely when organisms’ ability to move and/or adapt is limited.  Barriers to movement may exist when patches of suitable habitat are separated by unsuitable habitat— for example, a forest-dwelling animal might have to travel through open meadows to reach another patch of forest.  Similarly, small non-flying animals like chipmunks are only able to travel short distances, making them unable to reach far-away patches of suitable habitat.  This in mind, Emily’s approach was to measure levels of isolation between populations of chipmunks in different parts of the Yosemite region, in both the historical and modern eras.  Her idea was that by looking at how isolation between populations had changed over time, we could determine whether T. alpinus and T. speciosus were likely to be at risk for extinction.

In evaluating extinction vulnerability, an advantage of the GRP chipmunk study system is that there is a solid foundation of background information available on the biology and ecology of T. alpinus and T. speciosus.  You explored some of this information in Part I, and in your reading of the Animal Diversity Web pages (http://animaldiversity.ummz.umich.edu/), you may recall that there are key differences in the types of habitat where each species occurs (refer to the ‘Habitat’ sections of the pages for a reminder).  These differences in habitat associations are especially noteworthy, because other studies have shown that tree density is increasing in the Yosemite area.  Make sure to keep this information in mind later on in this section, as you make predictions about patterns of change in genetic diversity and degree of isolation.

As you generate your predictions, you will focus on two population genetics parameters: allelic diversity and FST.  An allele is a different version of a gene— for example, in some flowers, there is one allele that produces a red-colored flower, and another allele that produces white flowers.  Some genes have only two alleles, but others have multiple alleles: e.g. there are 3 different alleles for one of the genes that codes for ABO blood type in humans.  (Note that even though there may be many different alleles of a gene, in diploid organisms such as chipmunks and humans, a maximum of two different alleles are present in each individual.)  In order to quantify the genetic diversity within a population, it can therefore be useful to calculate allelic diversity, i.e. the number of different alleles that are present.  When doing this, you typically obtain data from several different loci (locations within the genome), in order to get a more comprehensive picture about patterns of genetic diversity throughout your target organism’s genome.  In the case of Emily’s chipmunk genetic analyses, she calculated allelic diversity at seven different loci.

In addition to calculating allelic diversity, Emily also calculated FST.  FST is a parameter that quantifies how structured a population is, or in other words, how distinct different subpopulations are from one another.  More specifically, FST represents the proportion of genetic variance that is found in a subpopulation (the ‘S’ in the ‘ST’ subscript) to the total genetic variance in the whole population (the ‘T’ in the subscript).  FST values range from 0 to 1, with high values indicating high population structure and low values indicating little differentiation between subpopulations.  In the context of the chipmunk study system, you can think of the ‘T’ as the entire population of T. alpinus (or T. speciosus) in the Yosemite area, and the ‘S’ as subpopulations from different sites that Emily sampled.  One of Emily’s major questions was how the degree of isolation between subpopulations has changed over time, and whether you observe different in patterns of change in T. alpinus vs. T. speciosus.

Activity Overview
In this part of the activity, you will explore Emily’s genetic data set, with the goal of assessing evidence for adaptation and vulnerability to extinction in T. alpinus and T. speciosus.  Specifically, you will determine how genetic diversity has changed over time in each species, and investigate temporal changes in the degree of isolation between populations within each species.  This exercise will help you become familiar with some common parameters used in population genetics and will allow you to continue to practice conducting statistical analyses in R.

Before You Begin
If you still have R open and everything set up from Part I, you can skip straight to the activity section.  If you switched computers and need to set yourself up again, go back to Part 1 and follow the “Before You Begin” section there. 

Activity
Step 1: Generate Predictions
Using the background information in this part and throughout the earlier parts of this activity, generate some predictions about how you would expect allelic diversity and FST to change between the historical and modern sampling periods in T. alpinus and T. speciosus.

	T. alpinus

Because populations shifted upwards in elevation, there may be reduced gene flow between populations and more subdivision between populations (i.e. lower allelic diversity, higher FST)

	T. speciosus
Because populations did not shift spatially, there may be no change in gene flow between populations and no change in subdivision between populations (i.e. no change in allelic diversity or FST).


Step 2: Allelic Diversity over Time
To make comparisons of allelic diversity, Emily’s first step was to clean up her data set to account for differences in sample size between the historical and modern eras.  You’ll work with the already-cleaned data set, so we can jump right in to analyzing the data in R.  Follow the steps below.
1. We will begin our analyses by using R to make some graphs of our data.
· Open R.
· Set the working directory.  You need to do this to tell R where to find the files that you’ll be referring to.  Mac: hit “command + D” and select the folder on the Desktop that you downloaded from Dropbox.  Windows: Go to FileChange Directory and select the folder on the Desktop that you downloaded from Dropbox.  Make sure you are in the R console window before going to the File menu.

· Open the file “RGenetics.R .” Mac: double click the file to open it. Windows: in R, from the console window, go to FileOpen, then navigate to the file.  
· R should now have open RGenetics.R and an additional console window.  Your output will appear in the console window. 
· Select everything from “#A” through the end of section “#B” in the “RGenetics.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).  Throughout this exercise, read the comments (any text that follows a “#”) to help better understand what each line of code does.
· The .csv file that R is reading in includes the allelic richness at 7 loci during the historical and modern eras.  Look at the chip.allele table in the R console.  Each row in this table represents the number of different alleles at a given locus, in a given era (H = historical, M = modern).
· Select everything in section “#C” in the “RGenetics.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).
Using the bar plot you just made, describe what you notice.  How has allelic diversity changed over time in T. alpinus and T. speciosus?

T. alpinus has much less allelic richness in historic than modern times at every locus but one.
T. speciosus has varying patterns of whether historic or modern times have more richness, and historic and modern values for each locus are generally closer than for T. alpinus.


2. Now that you have observed the general trends regarding change over time in allelic diversity in T. alpinus, we will conduct t-tests to determine if the observed differences are statistically significant.
· select the code in section “#D” in the “RGenetics.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).
· Look at the R console and locate the output of the t-tests.  The results will appear in the console.  Locate the p-value in the output.  P-values range from 0 to 1, with values below 0.05 indicating that allelic diversity differs significantly between the historical and modern eras.  Report your p-value below:

T. alpinus:	___0.014____________
T. speciosus:	_____0.024 __________


Step 3: Changes in Degree of Isolation between Populations
Remember that to compare population subdivision, we will use the metric FST.
1. As we did in our analyses of allelic diversity, we will begin our FST comparisons by exploring the data.
· In the file “RGenetics.R ”, select all of section “#E” and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac). 
· The .csv file that R is reading in includes FST values at 7 loci during the historical and modern eras.  Look at the chip.fst table in the R console.  Each row in this table represents the FST value at a given locus, in a given era (H = historical, M = modern).
· Select everything in section “#F” in the “RGenetics.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).
· Using the bar plot you just made, describe what you notice.  How has population subdivision changed over time in T. alpinus and T. speciosus?  Remember that higher FST values mean that populations are more isolated from one another.

For T. alpinus modern era consistently shows much higher FST than historic era in all 7 loci.
For T. speciosus it is variable whether historic FST is higher/lower than modern FST; in some loci the FST values for historic and modern eras are quite close.




2. Now that you have observed the general trends regarding change in FST over time, we will conduct t-tests to determine if the observed differences are statistically significant.
· select the code in section “#G” in the “RGenetics.R” file window and hit “[Control] +  [R]” (Windows) or “[Command] + [Enter]” (Mac).
· Look at the R console and locate the output of the t-tests.  The results will appear in the console.  Locate the p-value in the output.  P-values range from 0 to 1, with values below 0.05 indicating that allelic diversity differs significantly between the historical and modern eras.  Report your p-value below:

T. alpinus:	__0.00086_____________
T. speciosus:	____0.64___________


3. Figure 2 shows another way to visualize changes in population subdivision over time. This figure shows population subdivision for T. alpinus (top row) and T.speciosus (bottom row) during historic (left) and modern (right) periods, with each color representing a different subpopulation.  For each species, what does this graph show you about changes in population subdivision between the eras?  Highlight any differences between the two species. What are the biological implications of these differences?
Figure 2 Number of populations of origin in T. alpinus (top row) and T.sepciosus (bottom row) at various sites in Yosemite National Park (black line) during historic (left) and modern (right) periods. Each color represents a different population. 























T. alpinus shows a big change between historic and modern eras, with many more sub-populations in the modern era than in the historic era (indicated by many more colors in the pie chart).  In contrast, T. speciosus modern and historic maps look quite similar, with only two sub-populations (two colors) in each period.


4. Do you think the genetic changes you saw in your bar plots and in Figure 2 reflect adaptive changes? Explain your answer.  Remember your definition of adaptation and consider whether you have any relevant data from the information presented here.  What additional data would help you answer this question more completely?  

While these changes are genetic in nature (reduced allelic diversity and reduced gene flow/higher sub-division between populations), which is a requirement for adaptive evolutionary change, they do not necessarily control any phenotypic trait.  In fact, the genetic markers used in this study are neutral markers that don’t control any phenotypic trait. In that sense, these data do not demonstrate adaptive change.  However, in general it is considered reductions in allelic richness are considered to be negative for population health and fitness, so, in that sense, these changes are not adaptive, assuming patterns observed at these neutral markers would reflect more general patterns across the genome.  






5. In some cases, increasing differentiation between populations occurs naturally and is not harmful.  For example, accumulation of genetic differences is one of the first steps in the process of speciation.  Based on what you know about the Yosemite chipmunk study system, do you think that increasing isolation between populations in the modern era would likely have a positive or negative effect?  Why?

These changes probably are not positive because small, isolated populations with reduced allelic richness would be more vulnerable to extinction.  However, local adaptation to site-specific conditions in these differentiated populations could be beneficial.  Still, the fact that the climate is still changing and these populations are becoming more and more geographically limited is likely a negative thing.




Step 4: Conclusions & Future Directions
Our main goal for this section of the module was to compare vulnerability to extinction in T. alpinus and T. speciosus.  Based on the patterns of temporal change in allelic diversity and FST, what can you now say about this topic?

1. Below, revisit the predictions you made earlier in this section.  Explain which were supported, which were not, and why you think that is the case.  Be sure to mention which results you used as evidence for your conclusions.

Answers will vary, depending on predictions, but should be consistent with the patterns that students described in Steps 2 and 3 of this section.  As an example, if students expected T. alpinus to be more vulnerable to extinction, they might say that this prediction was supported, based on evidence showing decreased allelic diversity and increased FST in modern T. alpinus.






2. Based on your answer to the previous question, is there evidence that might lead us to believe that one species or the other is more vulnerable to extinction?  Explain why or why not.
The T. alpinus population is becoming less genetically diverse, and sub-populations are now more isolated from one another than they were in the past.  This could translate to increased vulnerability to extinction.  T. speciosus populations have not shown these types of changes, which suggests that T. speciosus is less vulnerable to extinction.






3. Much of the area covered by the GRP and Emily’s fieldwork falls within Yosemite National Park.  Conserving biodiversity is a priority for the National Park Service, and efforts are ongoing to figure out how to achieve this goal in the face of climate change.  Based on your findings regarding allelic diversity and FST, what suggestions would you make to managers about how to effectively conserve Yosemite’s chipmunk populations?


Many possible answers, e.g.:
-Place emphasis on protecting/conserving high-elevation, alpine habitats where species like the alpine chipmunk (and other alpine species experiencing climate change) live.
-Increase monitoring of these species/populations so that population declines can be caught early
-If populations exhibit declines possibly consider translocations or captive breeding programs.
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Part III: Die
Please note: you do not need to have completed Part I for Part II to make sense (though it is helpful).  

Core Concepts:
Ecological niche (fundamental, realized)
Models: training/test data, model validation, detectability 
Uncertainty in models
Climate models
AUC values

Science Practices:
Developing and using models
Incorporating stochasticity into models
Ecological niche modeling/species distribution modeling using MaxEnt
Understanding graphs
Mapping

Learning Objective:
Use ecological niche models employing climate and presence/absence data to test hypotheses about how species ranges have changed and will continue to change with climate change.  


Background Reading 
Ecological niche models (also known as “species distribution models” or “climatic envelope models”) are used to map where species could potentially live.  These models use climate parameters (temperature, precipitation, etc.) from sites where the species is known to exist in order to find other sites with similar climates where the species could potentially exist.  Usually temperature and precipitation are incorporated in various ways (not just the mean but, for example, maximum temperature of warmest month, minimum temperature of the coolest month, mean diurnal range, etc.).  By incorporating climate parameters from future climatic scenarios, ecological niche models can be used to predict where a species might be able to live in the future.  This is a very relevant and practical task for trying to understand how different species may respond to climate change.  If data are collected through time (and through changing climates), model accuracy can be tested by using historic species occurrence data to make a model for where the species would exist in the modern climate, and then examining whether that model actually predicts where the species exists today.   Often, datasets like these come from natural history museum collections!
[image: ]
As you might expect, ecological niche modeling is strongly informed by the concept of the ecological niche.  The ecological niche of a species describes the types of environments (climates, habitats, etc.) in which that species is able to live (this is the Grinnellian concept of the niche), as well as the role (predator, decomposer, etc.) that species plays in its environment (this is the Eltonian concept of the niche).  More specifically, a species’ ecological niche is the set of all possible combinations of environmental parameters in which a species can survive and reproduce (this is the Hutchinsonian niche).  There is a limited set of environments and climates that exists in world; for example, there’s nowhere on land that’s extremely cold but also very wet (because water freezes). We can call all of the climate types that exist – everything that’s actually out there in the world – our “realized environmental space.”  A species’ fundamental niche includes every possible combination of climate parameters in which it has the physiological ability to live in, even if it doesn’t currently exist there (and even if that type of climate doesn’t exist anywhere in the “realized environmental space”!).  There are many things besides physiological tolerances and available realized environmental space that limit a species’ range, though (e.g. competitive interactions, predation, dispersal barriers, food availability, etc.).  Where a species actually exists in the world, once all of these real-world interactions have taken effect, is known as the species’ realized niche. 

In the first example above at left, we have a species that is limited to higher precipitation environments, but is not strongly limited by temperature.  While this species has the fundamental ability to exist in higher temperatures, in reality, it’s realized niche (where it actually is found) does not include high-temperature areas.  Why?  It’s possible that a food source it is dependent upon doesn’t exist at higher temperatures, or maybe it is competitively excluded from higher-temperature areas by another species.  There are many possibilities! 
[image: ]
When a climate changes – for example, by getting warmer – a species’ fundamental niche stays the same (unless it evolves), but it’s realized niche will likely change.  The lower graph (above) may seem complicated, but it’s exactly the same as the top example, just with another environmental space added (red circle) that represents the climate for a warmer time period, (for example, 2100).  Look at how much this climate change restricts the species realized niche (red outline)!

The trouble with all this is that it’s very difficult to know what a species’ fundamental niche is without doing extensive laboratory experiments to test their physiological capacities.  We can try to get a conservative guess at their fundamental niche by looking at what types of climates they have existed in.  This is where museum records and historical climate data (like the datasets you may have worked with in Part I of this module) are very useful.  Ecological niche models can use museum records to make a conservative estimate of what types of climates a species can exist in, and can then use climate data to find similar places that they might be able to live.  This is exactly what we’ll do in this part of the activity; we’ll also project forward to the future to see where various species might live in the future under different climate scenarios.  

If you want to learn more about fundamental and realized niches in relation to climate change, check out the following paper, which informed the figures presented here: Jackson, ST & Overpeck, JT. 2000. Responses of Plant Populations and Communities to Environmental Changes of the Late Quaternar. Paleobiology 26(4): 194-220

Step 1: Accounting for Detectability
In using museum data to detect and predict range changes, researchers must deal with an important methodological challenge: detectability.  Detecting the presence of a species at a given site can be easy in some cases, for example, when individuals of that species are abundant and readily enter traps.  But in other cases, a species may be rare and/or avoid traps.  Especially in the latter situation, it is possible that researchers could miss a species— in other words, they might be fooled into marking a species as absent at a particular site when in reality it is present, but just didn’t enter the surveyors’ traps.  This situation is referred to as a false absence.  In assessing patterns of range change, GRP researchers used a technique called occupancy modeling to account for the probability of false absences.  This allowed them to account for variation in detectability between different species and different eras.  Using these methods in turn made it possible for the researchers to be more confident that the range shifts they reported represented actual distributional shifts, not just failures to detect species.

In this module section, you will use the program MaxEnt to generate ecological niche models.  But before we get started, we’ll use some simpler methods to help you understand some of the relevant concepts.  Our approach will be to explore how elevational ranges are affected if we remove a subset of records from the GRP data and then re-examine patterns of elevational range change.  This is intended to mimic what GRP researchers would have found had they been slightly worse at detecting the presence of our focal chipmunk species.

Return to the “Rchipmunks.R ” file.  Select and run the code in section “#H”.  This code begins by selecting the GRP specimens of a given species and era (e.g. historical T. alpinus).  It then removes either the 5 lowest-elevation specimens or the 5 highest-elevation specimens and recalculates elevational ranges.  We do this to illustrate how detection errors for a small number of specimens could dramatically affect the patterns of elevational range change reported over the time scale of the GRP.  Record the results for each species and era in the table below:

1. Record your original and recalculated elevational ranges below.
	
	Historical range
	Modern range

	T. alpinus

	Original: 2377-3352 m
Low removed: 2621-3352 m
High removed: 2377-3231 m
	Original: 2888-3278 m
Low removed: 2970-3278 m
High removed: 2888-3278 m

	T. senex

	Original: 1402-3139 m
Low removed: 1890-3139 m
High removed: 1402-2377 m
	Original: 2484-2484 m
Low removed: N/A
High removed: N/A

	T. speciosus

	Original: 1768-3292 m
Low removed: 1951-3292 m
High removed1768-3048 m
	Original: 1875-3270 m
Low removed: 1875-3270 m
High removed: 1875-3160 m



For the T. senex modern calculations, you probably noticed that there were only 4 modern specimens.  If we had not detected those 4 specimens, what would we have concluded about the range of T. senex in Yosemite?
We would have concluded that it is absent in Yosemite in the modern era.

	

Focus on the T. alpinus low removed entry in the table above.  This represents the historical elevational range that Grinnell and his colleagues would have reported if they had not trapped any T. alpinus at lower-elevation sites. 
a. Compare the low removed historical range and the original modern range.  How many meters of elevation did T. alpinus lose or gain at the lower and upper limits of its range?
267 m

b. Now compare the original historical range to the original modern range.  How many meters of elevation did T. alpinus lose or gain at the lower and upper limits of its range?
511 m


c. Are your answers in parts a and b the same?  What does this tell you about the impact of failing to detect low-elevation T. alpinus in the historical era?
 No. Detection has huge impacts on our estimates of range shifts

The previous question pertained to what would have happened if historical GRP researchers had failed to detect some low elevation T. alpinus.  You could imagine another scenario in which the modern researchers failed to detect T. alpinus. 
2. Imagine that GRP researchers return to Glen Aulin (elevation ~2,400 m) and Tuolumne Meadows (elevation ~2,600 m), and that they successfully trap T. alpinus at those sites.  How would this change our conclusions about patterns of elevational range change in T. alpinus?
We would conclude that T. alpinus’s range had not shifted, or at least that it had shifted much less than our current estimate. 


3. One of our goals in considering detectability was to get you thinking about some limitations of the GRP data set.  Discuss some other possible confounds, caveats, or alternative explanations for the changes exhibited in our three study species.  Consider not only limitations with museum data, but also consider what else has changed besides climate over the past century.  How might the GRP scientists respond to these potential criticisms?


Many possible answers, e.g.:
If scientists used different methods for trapping/catching animals in historic vs. modern times it’s possible that this would impact their likelihood of trapping certain species at certain sites, which could alter the range estimates.  If scientists were visiting sites at different times of year in historic vs. modern times it’s possible that this could have similar impacts (if animals use different areas depending on the time of year, or are much easier to catch/find at certain times of years). 
Human impacts – e.g. land use change, human presence, roads, pollution, light pollution – have also changed over the past century.  It is possible that range shifts reflect a response to these impacts, rather than to climate change.


Step 2: Ecological Niche Models
Activity Overview
In this activity, we will create ecological niche models for three chipmunk species to find out where they might be able to live in past, present, and future climate conditions.  We will use museum data (all available online) from specimens collected by museum scientists to build our model.  We will show our model locations of individual museum specimens of a single species and it will find relationships between climate parameters at these locations and species occurrences.  We will do this for up to three different chipmunk species, depending on time. The goal of this exercise is to be able to find areas on a map where a species could exist (though we have not yet found it there yet) in the past climate, the present climate, and in various future possible climates.  This will inform us about how species might be expected to move in response to climate change.  These sorts of models can inform conservation decisions by elucidating which species might be most vulnerable to climate change, and by revealing sites in which they may have the capacity to live in the future.  These sites could then be protected and species could even be translocated if they were particularly threatened.

Introduction to Models
Ecological niche models utilize the niche concepts you have just learned about.  In its simplest form, a model is just a relationship between variables.  For example, you would expect there to be some relationship between height and weight.  The trend line (or line of best fit) on the graph at left is actually a type of model that predicts approximately how much you might expect a person of a given height to weigh.  It’s not perfect (few models are!) and there are many exceptions, but in general, people who are taller weigh more.  By incorporating more predictor variables (increasing the number of axes) in our height-weight model – for example, age, job, calories consumed per day, susceptibility to obesity, rate of metabolism, etc. – we might be able to improve the accuracy of this model.  One goal when using models – and a good test of a model’s accuracy – is to be able to predict something you’re interested in for an individual (person, site, species, whatever!) that you have not yet collected data from (and thus that the model has not been explicitly built for).  In the height-weight example, our goal might be to be able to guess the weight for someone based upon his/her height alone.  One way to test our height-weight model’s accuracy would be to set aside a random subset of the data and hide it from the model, then make a trend line based on the part of the data that we do show it (the training data), and finally look at how good that trend line is at guessing the weight values for the individuals we hid from the model (the testing data), based on their heights alone.    This is known as a type of model validation. 
[image: ]
Ecological niche models are more complicated than the simple trend line explained above, but they’re conceptually similar. At left is an example of an extremely simple ecological niche model for a plant species.  You could imagine that we went online to a herbarium (museum for plants) database, looked up all localities where this plant had been collected, found temperature and precipitation information for those localities, and then plotted them.  In this example, we have not only presence data, but also absence data: sites where the plant has been specifically recorded as not existing. Absence data is extremely important but generally difficult to find, and is one weakness of current museum collections data.  In this example, there is a clear threshold temperature beyond which the plants do not appear to live.  Our ecological niche model for this species would predict that the plant would not inhabit any sites with temperatures above this threshold temperature.  This is an extremely simple ecological niche model; in reality, these models incorporate many more climatic parameters. 

When working with models, generating a model is only the first step.  Once you have generated a model or a set of models, a critical next step is to assess the accuracy of the model(s).  In general, we can quantify accuracy based upon false negative and positive rates, which convey how well models correctly predict occurrence and absence data for a given threshold.  The table below defines false and true negatives and positives in terms of the presence and absence data we use in ecological niche modeling.  To remind you, the most common context in which true/false negatives/positives are discussed is a medical one; if you took a pregnancy test at 8 months pregnant and the test said that you weren’t pregnant, that would be a false negative (the test falsely told you that you were negative for the condition of pregnancy).  If a male took a pregnancy test and the results said that he was pregnant, that would be a false positive (the test falsely said that he was positive for the condition of pregnancy, which is impossible).  True positives and negatives mean that the test gives the correct results.  This is analogous to true/false negatives/positives for models and presence/absence data:

	
	Estimated Presence
(from model)
	Estimated Absence
(from model)

	Observed Presence (P)
(from museum data)
	True Positive (TP)
	False Negative (FN)

	Observed Absence (N)
(from museum data)
	False Positive (FP)
	True Negative (TN)



[image: ]For ecological niche models, we are often concerned with failure to correctly predict true positives and tendency to generate false negatives. The discrimination of presences can be represented by sensitivity (a measure of false negative rate) calculated as TP/P or TP/(TP+FN). Additionally, the specificity (a measure of false positive rate) value represents the models ability to discriminate absences and is calculated as TN/N or TN/(FP+TN). This trade-off can be important, as we could simply predict all environments as "suitable" and correctly predict all presence data, but fail to recognize conditions that are outside the fundamental niche of the species. The Maxent software provides several accuracy measures that can be traced back to this matrix. However, keep in mind that, problematically, we don't have real absence data, so all this should be taken with a grain of salt. Graphically, false and true negatives and positives as they occur in ecological niche models can be represented in Figure 5.

If you completed Part I of this module, you are already familiar with the alpine, shadow, and lodgepole chipmunks of Yosemite National Park, CA.   As the data in Part I revealed, these species have responded very differently to the past century of climate change; the alpine chipmunk has contracted its range upwards in elevation, the shadow chipmunk has experienced near-total range collapse, and the lodgepole chipmunk has experienced no change.  Chipmunks are a great system for ecological niche modeling because – thanks to museum collections that have been added to over time – we already know that some of these species have responded to climate change and we have past and present samples for these species, which will help us to make more accurate models for how their elevational ranges might continue to change in the future. 



BEFORE YOU BEGIN
1. You will need the following programs installed on your computer: R, Internet browser, MaxEnt.  To install MaxEnt, go to :  http://www.cs.princeton.edu/~schapire/maxent/ and enter your information, then select the “Accept terms and download” button to download and install.

2. Download the folder “AIM_UP_Gillian” from Dropbox and place it on your desktop (important!).  

3. You will need to install one R package, which requires internet access.  If at any point a box pops up that says “CRAN mirror” at the top, just select USA (CA1) and hit ok  (or just leave it at the default).A

Mac Users (see screenshots):
A. Under the “Packages & Data” menu, go to “Package installer.”
B. (1) type in “raster” in the search box, (2) select “Get List,” then (3) select the “loa” package that appears, (4) check the “Install dependencies” box, and (5) select “Install selected.”
B
1
2
3[image: ]
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Windows Users:
A. Under the “Packages” menu go to “Install Package.”  Scroll down to “raster,” select it, then hit “OK.” If it prompts you to use a personal library, select “Yes.” 



ACTIVITY

The first model we’re going to build will use historic museum specimen localities (and their associated historic climate data) and will project forward to the modern climate to find out where each species might exist today.  All this means is that we’re going to show our model what the modern climate looks like and ask it to estimate – based on what it knows about what climates the species historically lived in – where the species might live today.

1. Open MaxEnt by navigating to the "Maxent 3.3.3k" folder and double-clicking the maxent.bat file (if you are using a Windows machine) or maxent.jar file (if you are using an Apple machine).  Make sure the window looks like the below image, with those specific boxes checked/un-checked.  (Mac Users: Depending on your computer and internet settings, you may need to go to System Preferences  Security and allow for this application to be opened.). 
[image: ]
2. To load the occurrence data (the locations of museum specimens), choose "Browse" from under the Samples column and navigate to the appropriate file in the “maxEntENM” subfolder withing the main “AIM_UP_Gillian” folder and choose "Open".  We’ll start with the lodgepole chipmunk (T. speciosus).  
[image: ]

3. To load the Yosemite environmental data, choose "Browse from under the Environmental Layers column and select the "historic_grid" folder and choose "Open" / “Choose.”  We just loaded in the empirical specimen data for historic T. speciosus, so we’ll use the historic Yosemite climate data.
[image: ]

4. Now you need to create a folder to store the output from the models. Windows: click "Browse" next to Output Directory; click the "Create New Folder" button (it looks like a file folder at the top) and name it something easy to remember (Like "Historic_Tspec"). Then click "Open".  Mac: outside of the MaxEnt program, make a new folder on your desktop and name it something easy to remember (like “Historic_Tspec”). Then, click "Browse" next to Output Directory and navigate to the folder you just made.
[image: ]

5. Because we want to know how the potential distribution of the species may change under modern climatic scenarios, we can transfer the model to climate layers representing the modern era. Choose "Browse" next to Projection layers directory/file and select the file "modern_grid" and click "Open" / “Choose.”

6. Maxent uses the occurrence data (or presence data) and "background" samples, which act as absence data and are also referenced as pseudoabsence data, to build the model. Background samples are randomly drawn from pixels in the environmental data that do not contain occurrence data. Recent work suggests that models are sensitive to the number of these "background" samples as they create models that are too specified to the occurrence data, such that fewer "background" points are preferable. Click "Settings" and change the number of Max number of background points from the default (10000) to 100, then click the "X" in the upper right corner (or just exit out for Macs; don't worry it will save the info).
 [image: ]

7. You are now ready to run your model! Click "Run".

8. Navigate to the folder where you saved your model output (i.e. Historic_Tspec), and open "1.html", which will use your default internet browser.

A. The first plot compares the omission rate (proportion of occurrence samples correctly predicted; y-axis) and a cut-off (or threshold; x-axis). Essentially, we want a blue line that follows the black line.  The first plot designates the fraction of the three variables (y-axis) by the model in relation to threshold (x-axis). For instance, at the threshold of 20, we predict ~55% of the area as suitable (red line), and expect that we would fail to predict 20% of our occurrence data (black line), although the observed value is ~10% (blue line). As we move from left to right on the x-axis we increase this cut-off to limit the amount of area predicted as suitable and increase the number of presence data the model eliminates as suitable (hence omission). 
[bookmark: _GoBack]
B. The second plot gives us an idea of the accuracy of the model using two measures, Sensitivity and Specificity. Again, these measures explain the ability of the model to correctly discern the observed data (Sensitivity), while balancing the amount of area predicted (Specificity).  Plotting Sensitivity vs. 1-Specificity yields the Receiver-Operator-Characteristic (or ROC) curve, and the area under the curve (AUC) is a common metric in niche models. A random model would return a value of 0.500 and good models should return a value between 0.600 and 0.800; a perfect model is one with a value of 1.000.

C. 	What is your AUC value? Values and answers throughout this section will vary from simulation to simulation
 	What is the value of your neighbor's model? _________
One of the advantages of Maxent is that the algorithm should provide an identical (or nearly so) value of AUC, in which the same set of presence data are used. 

D. Scroll down to the first map and compare with your neighbor. This map represents the environmental suitability during the first part of the 20th century for your species, with warmer colors representing more suitable areas than cool colors. The white dots are the occurrence samples.

The second map represents the model transferred to modern climate conditions.

How do your maps compare to your neighbor's maps?





How have conditions changed? Are any of the occurrence data outside "suitable" climate conditions? 





Don’t worry too much about the other figures, but to give you some idea of what they mean: the third map represents whether there are novel environmental conditions that may affect the interpretation of the modern era map. Pixels in blue are those that do not deviate from the conditions in the historical era dataset. The fourth map is a bit more explicit about how conditions are different between the eras by plotting whether the range of the modern variable exceeds that of the historic variable; the fifth map identifies which (if any) climate variable contributes to this difference. 

9. A better way to perform modeling is to use cross-validation, where we set aside a proportion of the data to use as a "test-set". Choose "Settings" and change Replicates from 1 to 10; click the "X". Once we click "Run" (but don't do that yet!), the program will now split the occurrence data into 10 subsets, and iteratively build models on 9 of these sets compare the results to the remaining set.  This means that we won’t use all of our data to build the model; instead, we’ll set a few locations aside that it won’t be able to train on, and use these to calculate accuracy values for the model.  This is a better way to assess the discriminatory ability of the model, and provides a better estimate of how well environmental conditions can explain species occurrences. For real-world purposes, we’re interested in using models to find out new places where the species could exist (even if we don’t know that they’re there yet), and using a independent test provides some validation for such inference.
[image: ]

10. We want to save these results into a new folder. Windows: click "Browse" under Output directory and create a new folder, perhaps called "Historic_Tspec_CV", and click "Open".  Mac: outside of the MaxEnt program, make a new folder on your desktop and name it something like, “Historic_Tspec_CV”. Then, click "Browse" next to Output Directory and navigate to the folder you just made.  Now click "Run".

11. Navigate to your new folder and review the number of the files. Just a few more, right?  Maxent produces a unique output for each of the 10 cross-validation runs, and then summarizes these under "1.html", so open that file.  In the second plot, the AUC value is now the mean value of the left-out subset, and we now have a standard deviation that represents the variability in the estimate. The maps also represent an average across the cross-validation runs, but do not plot the occurrence data because each data point is left-out once. 

What are your values? ___________
What are your neighbor's values? ___________
Are they same? Should they be the same?____________________________________________ 



How do these maps differ from those without cross-validation?






12. Now we are going to repeat this process, but will use the modern specimens instead of the historic specimens to build our model, and will use the modern climate layers before projecting forward to future climate scenarios.   Build a model for the modern samples, using the modern era climate layers (so under the right, “Environmental Layers” side of the MaxEnt window, set the Directory to the “modern_grid” folder), following the steps that include cross-validation. Be sure to save the output in new folder (e.g. "Modern_Tspec_CV"). 

Compare the modern map to the one transferred from the historic model. What is different? What is the same?





13. Now that you’ve thought about ecological niche models and built some of your own, can you come up with any weaknesses with this method, and any ways of improving it in the future? 
-Many possible answers, e.g.:
-There are many uncertainties when trying to map where a species can live, e.g., how dependent the species is on a specific habitat type vs. a specific range of temperature/precipitation values.   There are also uncertainties about how accurate the future climate scenarios will be.
-Depends entirely on having good presence/absence occurrence data, which can have errors 
-The way we have used this modeling system, we do not integrate biological information, e.g., which other species may live in these sites in the past/present/future and how that may impact the focal species’ range (for example, if an animal’s food source moves, that might impact where the animal would live; or, if a new predator moves in to the area the focal species may not be able to live there any more).   The model also does not explicitly include known physiological limitations of the focal species (e.g. if the minimum temperature a species can live in is known). In general, species have the physiological ability to live in many areas that they do not in fact inhabit because of a variety of ecological traits of these areas, e.g., high competition rates (high population density), human impacts, high predation rates, lack of a food source, geographic barrier to accessing the area, etc. The model we used does not take this into account.
-Future improvements could come about by testing how accurate a model’s predictions are by collecting empirical data (going to the field to sites where the model expects species to be/not be and determining whether it is accurate).  Also, integrating more biological information (thermal limitations, competitive interactions, food sources, habitat types, etc.) would strengthen models.

14. If there is time, repeat this process for the other species and/or using future projected climate scenarios (again, adjust the Directory/File in the Environmental Layers panel to one of the future grid folders by using the “Browse” button) to explore where these species might live in the future. Two different future carbon emissions scenarios are included: B2, in which there is intermediate economic growth, and A2, in which there is stronger population growth. Predicting future emissions and future climate change is an uncertain practice—no model is perfect; compare results from the different emissions scenarios to examine how they would impact our predictions of where each species might live in the future.




15. Name a few ways in which ecological niche models like this might be practically applicable.  

Many possible answers, e.g. relation to conservation and management of species that are at risk or are particularly important for humans.
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#To run the code, select the portion you want to run and hit "control
enter” for a PC or "comand enter” for a Mac

#A
#Loads in the R package you just installed
LibraryCloa)

#3
#Reads in our datasets to R, one per species
alpinus <-(read.csv("alpinusYNP.csv"))

senex <- na.omit(read.csv("senexYNP.csv"))
speciosus <-(read. csv("speciosusNP.csv"))

#
#Makes a conbined dataset with all species
all < rbind(alpinus, senex, speciosus)

#
#Defines the colors of the points we're about to map; blue will be
historic, red modern

colorlist <- c("blue”,"red")

#e
#Plots our points, based on the GPS data, for each species
independently:

#+ees(run these one line at a time and look at output after each
Tineyreses

quickMap(alpinusSDEC_LAT, alpinusSDEC_LONG, show.data=
col=colorlist[alpinusSERA], main = "T.alpinus”, pch=15)
quickMap(senexSDEC_LAT, senexSDEC_LONG, show. data=T, col=colorlist[senex
SERA], main = "T.senex" ,pch=15)

quickMap(speciosusSDEC_LAT, speciosusSDEC_LONG, show. data-
col=colorlist[speciosusSERAT,main = "T.speciosus”, pch=15)

#
#Then plots the data for all species together, where the shape of the

point indicates which species it is

quickMap(al1SDEC_LAT, al1SDEC_LONG,show.data=T, col=colorlist[allSERA]
pch=Factor(al1SSCIENTIFIC_NAMED)

#
#Makes plots of elevational ranges for each species

#++++¥(highlight all of the text in this section and run together)*+++*

auickMapiia, lon, show data = FALSE, .)
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#To run the code, select the portion you want to run and hit "control
enter” for a PC or "comand enter” for a Mac

#A
#Loads in the R package you just installed
LibraryCloa)

#3
#Reads in our datasets to R, one per species
alpinus <-(read.csv("alpinusYNP.csv"))

senex <- na.omit(read.csv("senexYNP.csv"))
speciosus <-(read. csv("speciosusNP.csv"))

#
#Makes a conbined dataset with all species
all < rbind(alpinus, senex, speciosus)

#
#Defines the colors of the points we're about to map; blue will be
historic, red modern

colorlist <- c("blue”,"red")

#e
#Plots our points, based on the GPS data, for each species
independently:

#+ees(run these one line at a time and look at output after each
Tineyreses

quickMap(alpinusSDEC_LAT, alpinusSDEC_LONG, show.data=
col=colorlist[alpinusSERA], main = "T.alpinus”, pch=15)
quickMap(senexSDEC_LAT, senexSDEC_LONG, show. data=T, col=colorlist[senex
SERA], main = "T.senex" ,pch=15)

quickMap(speciosusSDEC_LAT, speciosusSDEC_LONG, show. data-
col=colorlist[speciosusSERAT,main = "T.speciosus”, pch=15)

#
#Then plots the data for all species together, where the shape of the

point indicates which species it is

quickMap(al1SDEC_LAT, al1SDEC_LONG,show.data=T, col=colorlist[allSERA]
pch=Factor(al1SSCIENTIFIC_NAMED)

#
#Makes plots of elevational ranges for each species

#++++¥(highlight all of the text in this section and run together)*+++*

auickMapiia, lon, show data = FALSE, .)
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#To run the code, select the portion you want to run and hit "control
enter” for a PC or "comand enter” for a Mac

#A
#Loads in the R package you just installed
LibraryCloa)

#3
#Reads in our datasets to R, one per species
alpinus <-(read.csv("alpinusYNP.csv"))

senex <- na.omit(read.csv("senexYNP.csv"))
speciosus <-(read. csv("speciosusNP.csv"))

#
#Makes a conbined dataset with all species
all < rbind(alpinus, senex, speciosus)

#
#Defines the colors of the points we're about to map; blue will be
historic, red modern

colorlist <- c("blue”,"red")

#e
#Plots our points, based on the GPS data, for each species
independently:

#+ees(run these one line at a time and look at output after each
Tineyreses

quickMap(alpinusSDEC_LAT, alpinusSDEC_LONG, show.data=
col=colorlist[alpinusSERA], main = "T.alpinus”, pch=15)
quickMap(senexSDEC_LAT, senexSDEC_LONG, show. data=T, col=colorlist[senex
SERA], main = "T.senex" ,pch=15)

quickMap(speciosusSDEC_LAT, speciosusSDEC_LONG, show. data-
col=colorlist[speciosusSERAT,main = "T.speciosus”, pch=15)

#
#Then plots the data for all species together, where the shape of the

point indicates which species it is

quickMap(al1SDEC_LAT, al1SDEC_LONG,show.data=T, col=colorlist[allSERA]
pch=Factor(al1SSCIENTIFIC_NAMED)

#
#Makes plots of elevational ranges for each species

#++++¥(highlight all of the text in this section and run together)*+++*

auickMapiia, lon, show data = FALSE, .)
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