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I. Abstract 

Online interactive mapping interfaces are valuable tools in paleoecological and global 

change research, because these maps demonstrate key ecological concepts such as species 

moving through time and space and the effects of changing climates, ice sheet extent, and 

other factors. However, the efficacy of these maps in education and science communication 

remains poorly understood. Here, I extend the geoscientific thinking framework (spatial 

thinking, temporal thinking, complex systems, field observations) by adding a fifth component, 

data science. I then conduct a needs assessment and interactive map functionality analysis for 

Ice Age Mapper and Pollen Viewer, two data visualizations of past changes in species 

distributions, to evaluate the visualizations’ efficacy in supporting research, education, and 

science communication in these five domains of geoscientific thinking. I contextualize this work 

by reviewing the history of spatial data visualizations in paleoecology, including site maps, 

proportional symbols, isopoll, isochrone, postage stamp, and taxa range maps, as well as 

current developments in building open community databases and mapped visualizations.  

Pollen Viewer, now defunct, served the needs of different user communities through its 

relatively constrained interface that still included easy sharing of the animations and some 

functionality for more advanced users. Ice Age Mapper is a new interactive, online mapping 

interface that visualizes the site-level distributions of pollen, vertebrate, diatom, and other 

kinds of paleoecology data through time and enables data exploration with a variety of filters. 

For Pollen Viewer, the most useful widgets identified by users were taxa selection, 

playing/pausing the animation, and overlaying sites, and the least useful were switching 

between the Latin and common names of taxa, jumping to the animation’s beginning/end, and 
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reversing the animation direction.  For Ice Age Mapper, the most useful widgets were the 

search bar, map-sharing via a link, the mouseover of site names, the adjustable time bin, the 

age bar chart and filter, and the ice sheet overlay, and the least useful widgets were the 

investigator pie chart and filter, the record type pie chart and filter, and the altitude, the 

investigator, and additional site notes, as listed on site panel. The design recommendations for 

Ice Age Mapper are to make the search bar the primary method to add data, add an animation 

button, add additional overlays to the map and time bar, add links to download individual 

datasets, and only open the map and time bar when data is added. These recommendations 

seek to improve the interface’s usefulness for the five domains of geoscientific thinking using 

emerging cartographic interaction techniques and reflect the necessity of balancing interface 

flexibility and constraint to meet the divergent needs of research, education, and science 

communication audiences. The geoscientific thinking framework can guide the design and 

development of online interactive science maps; the interface should have a foundation of field 

observations and features that support spatial, temporal, and systems thinking, which come 

together to provide training in data science, an increasingly-useful skill for geoscience 

researchers, educators, students, and the general public. 
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II. Introduction 

Paleoecology, specifically palynology or the study of pollen grains in geological and 

archaeological environments, has a long history of mapping pollen data temporally, spatially, 

and in relation to other Earth system observations (Edwards et al., 2017; von Post, 1924). 

Recent advances in community databases, mapping, and other visualization now give 

researchers, educators, and science communicators more tools than ever to explore and 

understand pollen data (George et al., in prep.; Grimm et al., 2018; Williams et al., 2018). 

Online maps can make paleoecology data more accessible to researchers, educators, and 

science communicators by providing ready visualizations of spatial data patterns, temporal data 

trends, the interlinkages of Earth systems, and the connections between site-level data and 

ecological dynamics of species. The accessibility to new audiences provided by these 

capabilities, combined with an increasing number of visualization and interface options, 

necessitate attentive design of these maps’ widgets, elements of interaction such as dropdown 

menus or buttons, and interface functionality. 

These maps must serve multiple audiences; so, their design is non-trivial.  Most such 

maps historically have been generated by research teams (Davis, 1976; Solomon & Webb III, 

1985; von Post, 1924) for their peers with limited formal attention to principles of cartographic 

design – e.g., color theory, semiotics, perception (Harrower et al., 2000; Light & Bartlein, 2004; 

MacEachren, 2004) – and user-centered design – e.g., user experience, background knowledge 

(Kalbach, 2007; Roth, 2017; Roth et al., 2015). As online maps become more widely available to 

educators and science communicators and powered by increasingly large data volumes from 

open data resources (Williams et al., 2018), they need to be more intentionally designed to 
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serve the diverse interests and skill levels of multiple communities of users (Edelson & Gordin, 

1998). To fill this gap, I conducted a needs assessment to capture experiences, opinions, and 

unmet needs regarding Pollen Viewer and Ice Age Mapper. 

Specifically, I examined the effectiveness of Pollen Viewer (PV), a once widely used but 

now defunct applet for viewing and downloading animations of plant range shifts from the Last 

Glacial Maximum to present (based on maps presented in Williams et al., 2004), and Ice Age 

Mapper V2 (IAM) (https://paleo.geography.wisc.edu/), an interactive, online mapping interface 

for the exploration of pollen, vertebrate, diatom, and other kinds of paleoecology data. I used a 

needs assessment survey to determine the interactive map functionality of the two interfaces, 

the utility of their widgets, and the application of these tools for research, education, and 

science communication using the framework of geoscientific thinking, which rests on four 

foundational components: spatial thinking, temporal thinking, complex system theory, and 

field-based data analysis (Kastens et al., 2009). Then, I made recommendations for 

development priorities of IAM and did a second round of IAM development based on these 

recommendations.  

This thesis aims to answer the following questions:  

A. How can dynamic data visualizations of past changes in species distributions, specifically 

Ice Age Mapper, best support multiple audiences in Earth science research, education, 

and science communication?  

B. What is the efficacy of emerging cartographic animation and interaction techniques for 

advancing paleoecological research, helping students develop key skill sets in integrative 

geoscience education, and communicating science to audiences in informal settings? 

https://paleo.geography.wisc.edu/
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In this thesis, I review and discuss the literature on geoscientific thinking in education 

and how careful cartographic design can advance these goals, provide a case study of 

geoscientific thinking in paleoecology mapping, and explain cartographic best practices for 

making interactive paleoecology maps that serve multiple audiences. I detail the 

functionality and use case scenarios of PV and IAM, the online paleoecology maps studied in 

this thesis. Then, I lay out my survey design, survey demographics, and survey analysis 

methods. I explain the statistical and descriptive results of the survey, which focus on 

analyzing the usability of PV and IAM functionality and the usefulness of the animated and 

interactive maps for supporting spatial, temporal, systems, field, and data science thinking 

about paleoecology data. Finally, I discuss the implications of the most and least useful 

widgets and make recommendations for the improvement of IAM and for best practices in 

paleoecology mapping design. 
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III. Literature Review 

Overview 

This literature review is divided into three parts. In the first section, I cover the 

framework of geoscientific thinking and how cartography can be used to build geoscientific 

thinking. In the second section, I discuss the history of palynology mapping through the 

framework of geoscientific thinking. In the final section, I discuss best practices in cartography 

for making paleoecological maps. 

Cartography as a Vehicle for Enabling Geoscientific Thinking 

Within the geoscience community, researchers take for granted their essential skills in 

assessing and analyzing the Earth system, composed of multiple interacting subsystems 

including the atmosphere, hydrosphere, pedosphere, lithosphere, and biosphere (Jacobson et 

al., 2000). Based on prior work by education researchers, Kastens et al. (2009) defined 

geoscience thinking – in later research and in this thesis called geoscientific thinking – as how 

geoscience researchers use various skills to understand the old, complex, and interconnected 

set of systems that make up the Earth system. In this framework, spatial thinking, temporal 

thinking, complex systems thinking, and field observations are the four dimensions of 

geoscientific thinking (Kastens et al., 2009). I add a fifth component, data science, which is an 

increasingly important skillset for geoscientists.  

Geoscientists routinely use mapping and other data visualization tools to integrate 

multiple kinds of spatiotemporal observations of the behavior of the Earth system and to 

communicate their understanding of the Earth system (Kastens et al., 2009). The rise of the 
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internet has further expanded access to geoscience data and visualizations from the primary 

research communities that generate these data to educators, to science communicators, and to 

scientists from other communities. At the same time, educators are increasingly interested in 

the use of authentic scientific research datasets and methods in education (American 

Association for the Advancement of Science, 1994; Barstow et al., 2002; N. G. S. Standards, 

2013; National Academy of Sciences-National Research Council, 1996; National Research 

Council, 2000). Geovisualization tools that are powered by large, open, and online data 

resources offer opportunities for students to improve their geoscientific thinking skills, as well 

as give students a chance to explore scientific data and find patterns without the necessity of 

having a mathematics or science background to understand the numerical data and arithmetic 

operators behind the visualization (Edelson & Gordin, 1998; Gordin & Pea, 1995). For the last 

twenty years, researchers have evaluated student understanding of geoscience concepts by 

subtopic, such as plate tectonics, Earth’s formation, and the water cycle (Elkins & Elkins, 2007; 

Libarkin & Anderson, 2005; Libarkin & Brick, 2002; Ward et al., 2010). More recently, some 

education researchers have begun analyzing students’ spatial- and temporal skill-building in the 

geosciences (Cheek, 2013; Hegarty, 2014, 2014; Ormand et al., 2014; Ryker et al., 2018). I use 

the geoscientific thinking framework over alternatives because it encompasses the five main 

skills students might learn from geoscience visualizations and thus provides a rubric by which to 

assess the success of a given visualization design.  

One essential skill for Earth science students is spatial thinking, the ability to 

understand and visualize geological phenomena and processes on a variety of scales (Hegarty, 

2014; Kastens et al., 2009; Ormand et al., 2017). Spatial problem solving requires a suite of 
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spatial skills, including judging distance and direction, mental rotation (visualizing object 

rotation), recognizing spatial patterns, and disembedding (focusing on one aspect of a scene) 

(Golledge, 1992; Ormand et al., 2014). The spatial skills of students vary substantially in both 

introductory and upper level undergraduate geology courses and often improve only slightly 

over the course of one semester (Ormand et al., 2014). Students can be skilled in one type of 

spatial thinking while struggling with others (Ormand et al., 2014). Gold et al. (2018) found that 

female and male students had significantly different spatial reasoning abilities, but these 

disparities disappeared after adjusting for some academic factors and whether students played 

frequently with construction-based toys in childhood. Thus, gendered differences in spatial 

skills are likely grounded in experiential rather than biological factors (Gold et al., 2018). 

Increasing the opportunities to learn spatial skills in geoscience courses could help close the 

gendered spatial skills gap.  

The close relationship between spatial skills and geoscience competence, combined 

with varied levels of student competence with spatial skills, necessitate changes to geoscience 

pedagogy. Education research suggests that instructors include activities that strengthen 

students’ spatial skills and alter the presentation of learning materials so that they are more 

user-friendly, appropriately paced, or less spatially demanding (i.e., simpler diagrams) 

(Manduca & Kastens, 2012; Newcombe, 2012). Maps and visualizations of geoscience data can 

do both by providing accessible representations of real-world phenomena and offering 

opportunities to practice and improve spatial skills such as topographic map reading (Gurstein, 

2011; Herrstrom, 2000; Reynolds et al., 2006). Interactive visualizations encourage active 
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participation in class and facilitate proven learning strategies such as prediction and sketching 

of spatial phenomena (Ormand et al., 2017; Reynolds et al., 2006). 

The improvement of students’ temporal thinking, understanding the role that time 

plays in the Earth system, is a clear place where geoscience visualizations could be useful. Since 

geoscientists study processes operating at vastly longer timescales than most people think 

about day-to-day, there must be a focus on conceptualizing geologic time in courses (Cheek, 

2013; Kortz & Murray, 2009). Students also tend to equate spatial and temporal extent – e.g., 

correlating a rock layer’s depth with its age, without considering deposition rate (Cheek, 2013; 

Dodick & Orion, 2003). In addition, they can be confused about the relative duration of long 

time periods (Cheek, 2013). Exploring temporal geosciences data through mapped animations, 

an ordered set of related maps using display time to represent information (DiBiase et al., 

1992), allows students to observe spatial and temporal dynamics simultaneously and thereby 

intuitively visualize difficult processes or concepts that cannot be seen on a human timescale 

(Libarkin & Brick, 2002).  

Systems thinking is understanding that the Earth is a complex and dynamic system with 

feedback among different processes and between component parts. Students often understand 

interactive geoscience maps, exploratory tools that include data from multiple Earth system 

components, more easily than traditional geoscience diagrams and thus more intuitively grasp 

the connections between e.g., ice sheet retreat and plant migration (Assaraf & Orion, 2005). 

Exploratory tools allow students to develop hypotheses, explore the data themselves, and draw 

conclusions, increasing their understanding of the interconnectedness of Earth systems 

(Libarkin & Brick, 2002). Pollen Viewer (https://serc.carleton.edu/eet/pollen/index.html) and 

https://serc.carleton.edu/eet/pollen/index.html
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Neotoma Explorer (https://serc.carleton.edu/neotoma/activities.html) have associated lesson 

plans that focus on systems thinking on the Science Education Resource Center website (Glover, 

2017; Kaplan et al., 2015; Pickle et al., 2011; Williams, 2019, Lab 5).      

  Field experiences and field observations, the examination of geoscience phenomena in 

situ, traditionally have played an essential role in geoscience education. Students gain new 

insights about the spatial patterns of geoscience phenomena, an appreciation for processes 

happening on long timescales, and a better understanding of how different Earth systems 

components interact (Elkins & Elkins, 2007; Whitmeyer et al., 2009). In addition, field 

experiences offer an opportunity to bond with others and build identity as a geoscientist (Elkins 

& Elkins, 2007). Through field observations, students learn to integrate fragmentary data and 

critique the quality of observational data (Assaraf & Orion, 2005; Kastens et al., 2009). 

However, field experiences can be difficult to arrange due to logistical and financial restraints, 

as well as large classes (Meezan & Cuffey, 2012). The field also can be inaccessible to students 

with disabilities (Feig et al., 2019). Online alternatives, such as virtual field experiences and 

mobile maps are becoming more common (Arrowsmith et al., 2005; George et al., in prep.; 

Meezan & Cuffey, 2012; Williams et al., 2004). They bring the field into the classroom or the 

classroom to the field  – offering the benefits of field experience without the logistical or 

accessibility issues (Armstrong & Bennett, 2005; Farley et al., 2020; Libarkin & Brick, 2002; 

Loeffler et al., 2017; Roth et al., 2018; Williams et al., 2018). 

A fifth, emerging component of geoscientific thinking is data science, the study of 

generating generalizable knowledge from data (Dhar, 2013). Kastens et al. (2009) combines 

data science with field-based data observations; however, geoscience researchers increasingly 

https://serc.carleton.edu/neotoma/activities.html
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analyze large datasets from online databases and build computer models, as well as participate 

in observation-based fieldwork (Blei & Smyth, 2017; Ebert-Uphoff et al., 2017; Ledley et al., 

2008). While field observations can help students build data science skills, students can gain 

data science skills through other, more accessible means (Ledley et al., 2008). Students can use 

geoscience visualizations as stepping stones to interpreting the complex datasets lying behind 

the visualizations (Edelson & Gordin, 1998; Harrower et al., 2000). 

There is significant potential for geoscience visualization tools to help students improve 

their spatial thinking, temporal thinking, complex systems thinking, field observation, and data 

science skills, engage with and learn more in geoscience classes. However, because the 

motivation, goals, and knowledge of scientists are often different than those of science 

communicators, educators and their students, care must be taken in designing geovisualization 

tools that are useful for scientists, educators, and science communicators (Edelson & Gordin, 

1998).   

Mapping History of Paleoecology Data 

Paleoecologists work at the intersection of ecology and the geosciences. They are 

interested in the processes that drive species and community dynamics at timescales beyond 

the instrumental record (Bernabo & Webb, 1977; Davis, 1976; Edwards et al., 2017; Jackson & 

Overpeck, 2000; Jacobson et al., 1987; Johnson, 1964). They want to know how past events 

have shaped the current distributions of species and climates (Davis, 1981; Kidwell, 2015; 

Webb, 1973).  They are interested in climate change and the various climate, biotic, and 

anthropogenic drivers of ecological dynamics (COHMAP Members, 1988; Collins et al., 2012; 

Davis, 2001; Kidwell, 2015; Lawler et al., 2006; Nolan et al., 2018; Ruddiman, 2003). Using 
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models and fossil evidence, they seek to answer fundamental questions in ecology about 

latitudinal diversity, speciation and extinction, biogeographical patterns, and niche theory 

(Barnosky et al., 2016; Barnosky & Lindsey, 2010; Hutchinson, 1957; Maguire et al., 2016; 

Stevens, 1989; Wolfe, 1978). Maps aid paleoecologists in addressing these questions and 

sharing their results with other scientists and the public. 

Most paleoecological records are collected as depth transects (e.g., samples from a lake 

sediment core, or a peat section) for which time estimates are made using radiocarbon dates or 

other age controls. Hence palynologists began with stratigraphic and temporal diagrams of 

these depth transects before moving to spatial visualizations. The most well-known 

stratigraphic visualization is the pollen diagram, showing pollen percentages through time or 

vertical depth. Mapping paleoecology data spatially also has been a fundamental component of 

paleoecology research since the beginning of the field (Bernabo & Webb, 1977). The pioneer of 

the field, Ernst Jakob Lennart von Post, had the phrase, “Work vertically, think horizontally,” 

inscribed in his notebook, indicating the strong interest in spatial patterns of pollen from the 

beginning (Edwards et al., 2017). In palynology, researchers have created site maps showing 

lake locations as point symbols and proportional symbol maps that scale the point symbol size 

to the percentage of a taxon’s pollen at the study’s sites at one time slice (Figure 1a & b) since 

the early years of the field (Cranwell & von Post, 1936; von Post, 1924). Some experimental 

maps in early papers did not become standard visualizations, such as maps with a pie chart for 

each site showing multi-taxa pollen percentages at a given time slice (Figure 1c) (von Post, 

1924). In 1935, Szafer developed an enduring spatial visualization of pollen data, isopoll maps, 

which display lines connecting all points with the same abundances of a particular pollen 
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(analogous to a contour map for showing elevation, or the isotherm and isobar maps used by 

climatologists) (Figure 1d) (Szafer, 1935). While palynologists drew the first isopoll maps by 

hand, current approaches rely on spatial interpolation algorithms (Williams et al., 2004). Isopoll 

maps reexpress the point pollen data into an interpolated surface range map, moving from 

scattered observations to continuous representations of species distributions. Solomon & 

Webb III (1985) compared tree percentages to pollen percentages at regional, state, and county 

spatial resolutions (a zoom-lens figure) (Figure 1e). The zoom-lens visualizations demonstrates 

the spatial strength of pollen data as a proxy by showing that the maps of pollen abundance 

matched well with the maps of tree abundances across spatial scales ranging from local to 

subcontinental (Solomon & Webb III, 1985).  

A.  
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B.  

C.  
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D.  
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E.  
 

Figure 1: History of paleoecological multi-site spatial visualization A) Site map using points to show 
the bogs sampled in New Zealand by Cranwell & von Post (1936). B) Proportional symbol map 
showing percentage of Quercus pollen in recent samples from Swedish sites (von Post, 1924). C) 
Multi-taxa map that uses pie charts to show the percentages of Pinus, Betula, Alnus, and mixed oak 
forest at sites in southern Sweden (von Post, 1924). D) The first isopoll maps, with lines drawn 
between sites that have the same percentage of Picea pollen (Szafer, 1935). E) Zoom-lens that uses 
isoline maps to show Quercus tree (left) and pollen (right) percentages at different spatial 
resolutions: ecosystem (isolines at 5% intervals) (top), biome (isolines at 10% intervals) (middle), 
and subcontinent (isolines at 20% intervals) (bottom) (Solomon & Webb III, 1985). 
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 Early palynologists also developed spatiotemporal maps to support their research 

questions about ecological changes through time. Working by hand, von Post (1924) made a 

series of multi-site, multi-taxa maps with proportional symbols showing changes in the 

dominant taxa over time (Figure 2a). Researchers also created filled color overlays for 

overlapping surfaces of taxon distribution over time to demonstrate the changes in associations 

of taxa that resulted from individualistic species responses to past climate changes (Jacobson et 

al., 1987) (Figure 2b). The next major developments in temporal representation did not happen 

until the second half of the 20th century. The first coincident temporal representations of pollen 

data, where multiple time states are shown on a single map, were isochrone maps, which show 

taxon range shifts, demarcating linearly the new area a taxon has expanded into by a given 

century or millennium (Figure 2c) (Davis, 1976; Donner, 1963). Then, change maps were used 

for the first time to show the difference in pollen abundance between two time periods on a 

single map (Figure 2d) (Webb, 1973).  

While paleoecologists have used systems thinking to draw conclusions for a century, 

palynologists only began making spatiotemporal visualizations that also integrated data from 

other components of the Earth system when computing capacity, big data collection, and 

pollen databases took off in the 1980s. Postage stamp maps, miniature adjacent maps 

arranged in temporal order, show pollen percentage surfaces for a given time period and 

included ice sheet data (Figure 2e) (Solomon and Webb, 1985) and changes in sea level 

(Williams et al. 2004). The COHMAP team (1988) combined pollen data with ice sheet maps, 

global lake level records, and paleoclimate simulations to gain new understanding about orbital 

drivers of climate change. In the early 2000s, animations of multisystem spatiotemporal pollen  
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C.  

D.  



 

 

E.  

Figure 2: History of multi-site temporal visualizations in palynology: A) Multi-site, multi-taxa 
proportional symbol map, showing the change in pollen percentage of mixed Quercus forest, Alnus, 
and Corylus during different time intervals (von Post, 1924). B) Panels showing the overlapping  
distributions of different groups of taxa in North America from 18,000 years ago to present (Jacobson 
et al., 1987). C) The first isochrone or migration maps using isolines to show range shifts over time of 
Pinus subg. Pinus, Pinus subg. Stobus, Tsuga, Fagus, Carya, and Castanea (Davis, 1976). D) Difference 
maps of the change in Pinus pollen and Quercus pollen distribution between presettlement and 
modern Michigan (Webb, 1973). E) Postage stamp maps showing changing pollen percentage of leafy 
herbs, sedges, Picea, Pinus, and Quercus in eastern North America and the ice sheet extent 
(crosshatching) (Solomon & Webb III, 1985). 

 

data were developed. PV was a Java applet that researchers, educators, and science 

communicators used to view and download spatially- and temporally-interpolated animations  
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 of different tree taxa that also 

included representations of changing 

sea levels and ice sheets  ( Figure 3) 

(Leduc et al., 1998; Williams et al., 

2004). PV is cited in over 30 papers 

in Google Scholar (2019). Neotoma 

Explorer, a mapping tool to explore 

and download data from the 

Neotoma Paleoecology Database 

(http://neotomadb.org/), now allows users to complete and view consecutive searches in 

different colors on one map, an alternative coincident temporal representation using site-level 

point data. Users also can make maps in Neotoma Explorer comparing the spatial and temporal 

distribution of pollen data to other taxa groups such as vertebrates or diatoms. Emerging online 

animated visualization tools include IAM (discussed in depth in the next section) (Figure 4) and 

 Figure 3: Screenshot of PV interface, originally a Java 
applet developed by Phil Leduc and colleagues at Brown 
University, based upon interpolated maps of pollen 
distributions developed by Williams et al. (2004). 

A.  
B.  

Figure 4: Images of IAM V1 created by Scott Farley, showing (A) the homepage and (B) the main 
interface of the map with four panels: the navigation bar, the map, the dashboard, and the time 
bar. 

http://neotomadb.org/
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Range Mapper, which visualizes temporally-binned pollen percentages of each taxa at sites over 

time using proportional symbols (George et al., in prep.) (Figure 5). These new tools are 

potentially useful aids for geoscientists in research, as well as education and science  

 communication.  

 

 All of these maps are based on field observations. The investigators who collected the 

cores in the field and processed them had to wrestle with the common issues of pollen data 

handling, including deciding how many grains of pollen to count, taxonomy of pollen grains, 

making age models, and the dispersal and taphonomic processes that affect the relationships 

between pollen abundances and their parent plant communities (Faegri et al., 1989; Jackson, 

1994; Traverse, 2007). As databases grew, researchers making maps of pollen data had to 

Figure 5: Screenshot of Range Mapper, an online interactive map built using data downloaded from 
Neotoma Paleoecology Database, and Carto VL, a Javascript library that interacts with Carto APIs to 
build maps and animations (George et al., in prep.). 
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wrestle with the conundrums associated with using data that they did not collect from different 

periods in time: different age models, taxonomic issues, etc. The Neotoma Paleoecology  

 Database (Neotoma), which houses over 5.38 million observations from 18,845 sites 

mostly from the Quaternary Period, works to address these issues by establishing a framework 

for community data curation by a network of expert data stewards (Williams et al., 2018). 

Taxonomic experts manage the taxonomy data, matching former species names with the 

current ones (Williams et al., 2018). As age-model methods have improved, data stewards 

replace outdated chronologies with the newest models, e.g., Wang et al. (2019). The 

development team keeps the flexible database schema up-to-date and the online interfaces 

functional (Williams et al., 2018). However, online databases partially embody the historical 

mapping and publication bias towards North America and Europe, though researchers now are 

working to add more data from Central and South America, Africa, Asia and Australia (Flantua 

et al., 2015; Grimm et al., 2018). Users are empowered to make maps of data from 

understudied areas using exploratory online mapping tools, such as Neotoma Explorer, IAM, 

and Range Mapper (George et al., in prep.; Williams et al., 2018). However open-access 

mapping alone cannot solve the issue of limited availability of data online for some regions 

(Grimm et al., 2018) and the broader issue of ‘dark’ data, i.e., data not in any open-access, FAIR-

compliant data resource (Heidorn, 2008). 

Using Cartographic Best Practices to Design Useful Maps for Paleoecology 
Research, Education, and Science Communication 

Integrating evidence-based design practices from interactive cartography, or the study 

of dynamic maps that can be changed by the user to support their (geoscience) thinking, can 
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ensure that the interactive mapping tools made using paleoecology data meet the needs of 

researchers, educators, and science communicators. To make a map accessible to its audience, 

the cartographer must understand the user’s goal, the user’s motivating use of the interface, 

and the user’s objective, a well-defined task that can support the goal (Roth, 2013b). Then, the 

cartographer can ensure that the operators, used by the user experience and visualization 

community to mean the system’s interactive functions, support the likely goals and objectives 

of the mapping interface’s users (Roth, 2013b). There are two types of operators: work 

operators, which complete objectives, and enabling operators, which set up or tidy up after 

work operators (Whitefield et al., 1993). In general, the arrange work operator enables 

exploratory mapping, by allowing the user to show only the panels of interest (Roth, 2013a). 

Users can save, import, and export (enabling operators) a map to share it with others or 

preserve it for future work (Roth, 2013b). 

Different interactive map work operators support spatial, temporal, systems, field 

observation, and data science objectives in paleoecology. The spatial objectives of paleoecology 

students, researchers, and science communicators include identifying the location of a given 

site, comparing vegetation patterns at regional and continental scales, and delineating biomes 

(von Post, 1924; Williams et al., 2004). The operators pan, zoom, and reproject (via rotating the 

map and changing the viewer’s perspective) allow the user to change the scale and map extent 

(Roth, 2013b). Temporal mapping objectives include comparing a single taxon’s historical and 

present distribution or examining an ecosystem’s change over time at a site or regional level 

(Davis, 2001; Webb, 1973). The filter operator is important for spatial and temporal thinking, 

because users can choose to view only the taxon or time period of interest (Roth, 2013b). The 
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user can move through a temporal animation of plant taxa using sequence operators (Roth, 

2013b). The overlay operator is important for systems thinking, because the user can associate 

other Earth system observations, such as ice sheet extent or sea level, with the pollen data 

(COHMAP Members, 1988; Roth, 2013b). The retrieve operator is useful for field observation 

and data science thinking, because users can retrieve details about a specific core (Roth, 

2013b). The user can visualize the connections between field observations and a broader 

vegetation pattern via the reexpress operator, which re-expresses pollen data between site 

location, proportional symbol of pollen percentage, and/or a surface (Roth, 2013b; Williams et 

al., 2004). Which of these operators is most important depends on the specific goals of the 

intended audience of paleoecology researchers, educators, students, and science 

communicators. 

To be effective, map design must match the complexity of the interactive map to the 

user’s domain knowledge and technical knowledge of interfaces (Harrower et al., 2000; Roth, 

2013a). Successful map use substantially differs based on user experience; users familiar with 

online interfaces are able to answer questions about the material more successfully (Roth, 

2013a). During the interface design and user feedback process on a global weather mapping 

tool, Harrower et al. (2000) found that the level of the visualization tool also needs to match 

the level of domain knowledge of the user. A more complex interface only improves learning 

outcomes when students understand how to use the more complex interface (Harrower et al., 

2000). Thus, matching user knowledge with the interface and hiding advanced functionality 

that is only useful for a subset of users are important strategies for paleoecology map interface 

design.  
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The overall success of an interface is measured by its usability and utility (Grinstein et 

al., 2003; Roth, 2013b). Usability is the ease of use of an interface to achieve a user’s objectives 

while utility is the usefulness of an interface to achieve a user’s objectives (Robinson et al., 

2011; Slocum et al., 2001). When there is a thoughtful interface design, exploring data using 

online maps can greatly enhance course exercises (Weisse et al., 2015). The usability and utility 

of the interface can significantly affect students’ perception of an activity, making it essential to 

consider the audience, interface complexity, and aesthetic design while building the interface 

(Weisse et al., 2015). For example, when Fuhrmann et al. (2005) successfully developed 

interactive maps to teach middle schoolers how to use statistics through graphic 

representations, they considered the research strategies, reading skills, and attention span of 

their users.  
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IV. Case Study of Pollen Viewer and Ice Age Mapper: 
Implementation and Interfaces 

Overview 

Two interfaces are the foci of this project. Both visualize vegetation dynamics since the 

Last Glacial Maximum using data now stored in the Neotoma Paleoecology Database. The first, 

Pollen Viewer (PV), visualizes range shifts using premade animations of plant distribution, 

which are represented as interpolated relative abundances of pollen, through time (Williams et 

al., 2004). The second, Ice Age Mapper, visualizes the site-level distributions of plants, 

mammals, ostracods, and other taxa stored in Neotoma (pulled live from the Neotoma 

database) through time and enables data exploration with a variety of filters. The interfaces 

have different functionality, and thus enable different map objectives and operators (Table 1).  

Table 1: Comparison of PV and IAM by interaction operator at the time of the survey. Definitions of 
operators from Roth et al (2013).  

Operator Definition IAM PV 

Reexpress Interactions that change the representation type of the data √ √ 

Arrange 
Interactions that alter the layout of views in a coordinated 
visualization √  

Sequence Interactions that create an ordered set of related maps √ √ 

Overlay Interactions that add or remove layers of a map √ √ 

Pan Interactions that alter the map’s geographic center √  
Zoom Interactions that change the resolution or scale of the map √  

Filter 
Interactions that identify (map) features that match user-
selected criterion or criteria √  

Search Interactions that identify a particular (map) feature √  

Retrieve 
Interactions that request specific information about a map 
feature(s) √  

Save 
Interactions that preserve the generated map or underlying 
geographic data for further use within the visualization √  

Export 
Interactions that pull the underlying geographic data or a 
generated map from the interface for use in a different program  √ 

Import 
Interactions that add a previously generated map or dataset to 
the visualization √  
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Pollen Viewer 

Pollen Viewer was a Java applet (now defunct) that showed animations of the changing 

distributions for over fifty North American plant taxa over time since the Last Glacial Maximum, 

which occurred 21,000 years BP (before present). PV was used for research, education, and 

science communication. PV was accompanied by a paper by Williams et al. (2004) that 

documented the methods that generated the maps and used these maps to show how 

individualistic responses by plants to climate change lead to changing plant associations and 

how different representations of pollen data expose different aspects of vegetation dynamics. 

Williams et al. (2004) assembled the plant distribution data from networks of fossil pollen data 

originally collected from lake and mire sediments and archived in the North American Pollen 

Database. They temporally interpolated the pollen percentages into bins of 1,000 years 

(Williams et al., 2004). Then, Williams et al. (2004) spatially interpolated the pollen sites to a 

50km grid for each time bin. For each taxon in a multi-taxa animation, they assigned a 

percentage level representing when that taxon was a dominant or subdominant part of the 

vegetation. They produced the images using PSColor, a Postscript plotting program developed 

by Patrick Bartlein. Leduc et al. (1998) then integrated the individual GIF images into a Java 

applet and added an interactive user interface.  

Pollen Viewer featured a main panel containing a dynamic map and a side panel 

containing the interface widgets ( Figure 3). The dynamic map, with a spatial extent of the 

United States and Canada, consisted of a series of 23 static images, one for each thousand-year 

timestep from 21,000 years BP to present and 500 years BP. For each image in the time series, 

coastline position, ice extent, and plant distribution changed. An isopoll surface represented 
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the distribution of a single taxon, while each taxon distribution in a multi-taxa map were 

represented by a different color polygon.  

PV’s widgets support three cartographic operators: reexpress, sequence, and overlay 

(Table 2) (Roth, 2013b). The user selected one taxon or a preset combination of up to three 

taxa via a dropdown menu at the top of the interface. Using the side panel, the user could 

sequence through the animation using buttons to play/pause the animation, jump to 

beginning/end, and move forward/backwards one frame, using the animation delay slider, and 

using the reverse animation checkbox ( Figure 3). The user could also reexpress the taxa list 

between Latin and common names using a radio button and reexpress the map to show two 

images side-by-side using the compare images checkbox. The display sites checkbox overlaid a 

point layer of sites onto the map (Leduc et al., 1998).  

Table 2: PV widgets, with each widget’s description, (Leduc et al., 1998), interaction operator, and 
geoscientific skill(s) that the widget supports. 

Widget Widget Description Operator Geoscientific 
Skill(s) 

Taxa selection Dropdown menu for selecting a pollen 
taxon or a premade set of pollen taxa. 
The selected set of images was then 
downloaded. 

Reexpress Spatial, data 
science 

Switch between 
Latin & common 
name 

Radio buttons that switch the 
dropdown taxa list between the pollen 
taxa’s Latin names and common names. 
Both lists are ordered alphabetically. 

Reexpress Data science 

Delay (change 
animation speed) 

Scrollbar allows changes speed of 
animation. 

Sequence Temporal 

Play/pause 
animation 

Button that plays or pauses the 
animation for the selected taxon. 

Sequence Temporal 

Jump to 
beginning/end 

Slideshow control buttons for jumping 
to the beginning and end of the 
animation 

Sequence Temporal 

Move 
forward/backwards 
one frame 

Slideshow control buttons for moving 
forward and back one frame 
respectively. 

Sequence Temporal 
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Reverse animation Checkbox that reverses the time 
direction of the animation. 

Sequence Temporal 

Display sites Checkbox that toggles display of fossil 
pollen site locations on and off. The 
number of sites varied among time 
intervals. 

Overlay Data science, 
spatial, field 
observations  

Compare images Checkbox that enables the user to 
compare two consecutive images when 
the animation is playing 

Reexpress Temporal, 
systems 

 

Ice Age Mapper 

Ice Age Mapper (IAM) is a web application (https://paleo.geography.wisc.edu/) created 

using an Open Web technology stack of open-source tools: the Neotoma APIs, which pull data 

from the Neotoma Paleoecology Database, and the Mapbox-GL, D3, and Crossfilter libraries, 

which were used to build the mapping interface and data filters (Farley et al., 2020).  

The homepage of IAM is a landscape featuring a mammoth standing on a map with a 

glacier looming over it in the background (Figure 4a). Scrolling down, the user can find a guide 

on how to use IAM and a brief description of IAM. When the user clicks the “Take me straight to 

the map” button, an interface loads with four panels: a map (center), navigation bar (top), time 

bar (bottom) and dashboard (right) (Figure 4b). A fifth panel, the site panel (left) opens when 

the user selects a site. The user can arrange the panels to maximize screen area for the features 

of interest by resizing or closing the dashboard and site panel and/or closing the time bar.  

The navigation bar includes the dropdown menu, Add Data button, and Share Map 

button (Figure 4b). To add paleoecological data to the map, the user clicks the Add Data button, 

which opens a pop-up window. The user can choose to select a taxon by typing into a smart 

search bar or browsing by ecological group using a drop-down menu (Figure 6). If both search  
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bar and drop-down menu are filled, the default is the taxon typed in the search bar. When the 

user presses the Search button, the interface makes an AJAX call to the Neotoma API to fetch 

from the Neotoma Paleoecology Database the occurrence data and metadata for the user-

specified taxon. Depending on search strategy (search vs. browse), the call searches by the 

taxon’s Neotoma ID number or taxon name. Once the data is returned from the API, it is 

filtered and made into a 

JSON using a simple 

Python script. The JSON 

is used to load site data 

onto the map and into 

the chart filters on the 

dashboard (Figure 7). 

The ice sheet data is  

A B 
Figure 6: The Add Data pane of IAM. There are two methods of adding data, typing a taxon’s 
scientific name into a smart search bar (A) or using the dropdown menu to browse taxa by 
ecological group (B). 

 Figure 7: After the user selects and adds a taxon, the site data and 
number of samples load on the map, and the sample data fills in the 
dashboard charts. 
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 loaded at the same time 

onto the map and the time 

bar from a different JSON.  

 The user can share 

their map in its current 

configuration with other 

users by clicking the Share 

Map button on the 

navigation bar, which opens a pop-up window with fields for the user’s name, institution, a map 

title, and a map description. After the user fills out the form, they can click the Share! button to 

generate a unique URL for the map ( Figure 8) (Table 3). Using Angular.js, the map configuration 

and form metadata is saved to a JSON file with other saved maps, which are displayed in the  

 gallery using Bootstrap.js. The user can view the gallery, which displays the titles, descriptions, 

and previews of the maps shared by 

all IAM users, by selecting Gallery 

from the dropdown menu on the right 

of the navigation bar (Figure 9). Via 

the dropdown menu, they can also 

access an interface tutorial, interactive 

taxonomy of taxa, and IAM 

documentation (  

Figure 10). 

 Figure 8: The pop-up window that appears when Share Map is 
selected on the navigation bar. Fields include the map-maker’s 
name, institution, map title, and a short description of the map. 
When shared, the map also appears in the gallery. 

Figure 9: Gallery of maps made by IAM users. When a 
user selects a map in the gallery, the main IAM interface 
loads with the taxon and settings of the selected map. 
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 The map panel displays the spatial distribution of sites with the selected taxon. When 

IAM first opens, the map is centered on the western United States and Canada. The base map is 

a light-colored terrain map in the web Mercator projection with gray national and 

state/territory boundaries. The Laurentide and Cordilleran Ice Sheets at 22,000 years BP, 

visualized as a set of translucent, three-dimensional polygons, overlay the base map. When the 

user adds data, the sites with the selected taxon are mapped and the total number of samples 

for each taxon mapped is listed on the map (Figure 7).  The user can pan and zoom to filter the  

A 

B 

C  
Figure 10: (A) IAM’s dropdown menu on the right side of the navigation bar with links to (B) the 
interactive taxonomy, (C) tutorial, and the interface’s documentation. 
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 data shown on the charts in the dashboard and retrieve information about a site by 

selecting a point on the map and clicking the site name, which activates and populates the site 

panel. 

The site panel, which 

opens to the left of the map 

interface, displays metadata 

from the site highlighted on 

the map. The metadata 

includes the site name, dataset 

investigator, a description of 

the site, the altitude, notes, 

and a table of the sample ages 

and raw pollen counts (Figure 11, Table 3). To retrieve metadata about a different site, the user 

can select a different site point from the map. 

The time bar is a graph showing time from present to 22,000 years ago vs. temperature, 

with labels for major climatic events (Figure 4b). The user can filter the sites shown on the map 

and the charts on the dashboard by highlighting a time bin on the time bar. To sequence the 

data through time, the user selects a range of the time bar and drags the bin to the left 

(towards present) or right (towards past) to view changes in site-level taxon presence/absence 

data over time (Figure 12). 

 

Figure 11: Site panel of IAM showing the metadata for Frying 
Pan Lake and the map interface of Pseudotsuga sites with 
tooltip showing the name of the selected site.  
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The dashboard bins the data points from each site by latitude, age, abundance, 

investigator, and record type (Figure 7). Latitude, age, and abundance are shown as bar charts, 

while the others are shown as pie charts. To select a subset of the data, the user can pan 

and/or zoom to a subset of sites on the map or highlight a range of the bar charts, section of pie 

charts, or range of the time bar (ex: Figure 13). Filtering one chart/map filters the map and 

other charts as well. The filtered data can then be filtered further using other charts or the time 

bar.  

 

 

 

 

 

 

A B 
Figure 12: Filtering data and moving through time using the time bar. The site distribution and 
numbers of samples changes on the map, and the samples shown on the dashboard change, as the 
user drags the time bin forward in time. 
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A 

B 

C 
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Table 3: IAM widgets, the panel where each widget is located, the widget’s interaction operator, and 
geoscientific skill(s) that the widget supports. 

Widget Panel Operator Geoscientific Skill 

Browse Taxa Add Data Filter 
Spatial, data science, field 
observation 

Taxa Search Add Data Search Spatial, data science 

Latitude Filter Dashboard Filter Spatial, data science 

Age Filter Dashboard Filter Temporal, data science 

Abundance Filter Dashboard Filter 
Data science, field 
observation 

Investigator Filter Dashboard Filter 
Field observations, data 
science, spatial 

Record Type Filter Dashboard Filter 
Data science, field 
observations 

Ice Overlay Map Interface Overlay Systems 

Mouseover Site Map Interface Retrieve 
Field observations, data 
science 

Number of Samples Map Interface Retrieve 
Field observations, data 
science 

Gallery Navigation Bar Import Data science, spatial 

Interactive Taxonomy Navigation Bar Reexpress 
Data science, field 
observations 

Share Map Navigation Bar Save/Export Data science 

Investigator Site Panel Retrieve 
Field observations, data 
science 

D 
Figure 13: Filtering data in IAM using the coordinated multi-view dashboard. The user can filter the 
data on the map and the dashboard charts using a bar chart, pie chart or the time bar. (A) and (B) 
show the data filtered on the map using the age distribution chart. (C) and (D) show the data 
filtered on the map and the abundance bar chart by selecting investigators on the pie chart. 
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Vegetation Site Panel Retrieve 
Field observations, temporal, 
systems 

Altitude Site Panel Retrieve Systems 

Site Notes Site Panel Retrieve Field observations 

Sample Values Site Panel Retrieve 
Field observations, data 
science 

Adjust Time Bin Time Bar Filter/Sequence Temporal, data science 

Climate Event Labels Time Bar Retrieve Systems, temporal 

Greenland Temperature 
Curve Time Bar Overlay 

Systems, temporal 
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V. Methods 

Overview 

I conducted an online needs assessment, an evaluation of interface usability by a small 

group of evaluators (Nielsen, 1992), to capture experiences, opinions, and unmet needs 

regarding PV and IAM. This methods section is organized into three subsections, describing the 

PV and IAM Survey participants, survey design, and visualization and analysis. In the first 

section, I characterize the recruitment, demographics, and background training and experience 

of the participants. In the survey design section, I summarize the purposes and types of 

questions asked in each part of the survey. In the visualization and analysis section, I discuss the 

data visualizations and statistical methods used to analyze the results. 

Participants 

Thirty-five participants responded to the needs assessment survey. From these 

responses, I removed three that only completed the demographic data, resulting in a final 

sample of 32 participants. I sent the survey to three groups: 1) the 47 attendees of the 

Neotoma Paleoecology Database Workshop in January 2019, 2) the 17 corresponding authors 

of papers that cited PV, and 3) the 2 people who shared their contact information with us in 

response to a call via social media. Accordingly, the response rate was 53%.  

Regarding the demographics of the sample, 22 participants identified as men, nine as 

women, with one preferring not to say. The sample was predominantly white (28), with two 

participants identifying as Asian, one Hispanic, and one preferring not to say. The median age 
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bin, including 12 respondents, was 35-45, with 5 respondents between 25 and 35, 6 between 

45 and 55, 7 between 55 and 65, and 2 between 65 and 75. 

With respect to background training and experience, most participants held positions as 

college or university professors (13) or research scientists (9), while others were post-doctoral 

researchers (4), graduate students (4), K-12 teachers (1), or developers (1). All participants who 

answered the question held at least a bachelor’s degree (30). The majority held a PhD (23) and 

most other respondents had Master’s degrees (7) as their maximal degree. The most common 

fields in which participants had a Bachelor’s degree, Master’s degree, and/or PhD were the 

geosciences (8), biological sciences (7), anthropology (7), and geography (6). Participants also 

held degrees in archaeology (2), history (2), botany (2), as well as other sciences, social 

sciences, languages, and education (12). As expected, almost all respondents (30) had 

interacted with the Neotoma Paleoecology Database in the past. Thirteen respondents began 

their association with Neotoma in 2010 or earlier and fifteen in 2012 or later; no respondents 

started working with Neotoma in 2011 or 2014. The mean reported year of first involvement 

was 2013. Two responded they had been involved since the beginning of the project, and two 

responded they were unsure about when they had joined.  

Survey Procedure 

The needs assessment survey began by providing a short description of the survey goals. 

The survey itself comprised 38 questions organized into four sections: Demographics & 

Background, PV, Neotoma Paleoecology Database, and IAM (the complete survey is available as 

Appendix A). Only participants who had reported using PV in the Demographics section 

(Question 1.8) viewed the PV survey section. Because IAM had minimal circulation at the time 
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of the survey, the IAM section was shown to all survey participants.  The survey data was 

collected on Qualtrics from September 9, 2019 to November 4, 2019. Participants spent 21.09 

minutes on average completing the survey. 

The PV section included questions on how the respondents used PV, the usefulness of 

the interface’s widgets, and whether it enabled different types of geoscientific thinking. The 

first set of questions dealt with PV’s functionality. 

Before answering questions about PV, participants 

could view an annotated image of the visualization 

highlighting its functionality (Figure 14). Participants 

then ranked each widget on a Likert Scale from 1 (Not 

at all useful) through 4 (Not useful or useful) to 7 

(Extremely useful) and answered open-ended 

questions about what functionality they would keep or 

remove.  

Based on the respondent’s answer to Question 

2.1 (Appendix A), they were shown the subsections 

about using PV for research, education, and/or science communication use cases.  For each use 

case, there were multiple-choice questions about how the respondent had integrated PV into 

their work (Questions 2.5-2.6, 2.8-2.10, 2.12), and Likert Scale questions asking if the mapping 

interface helped them understand or explain the geoscience aspects of the data (spatial 

thinking, temporal thinking, systems thinking, and field data) for research, education, and 

science communication use cases (Questions 2.7, 2.11, 2.13). Field observations and data 

 

Figure 14: PV Screenshot from the 
needs assessment with each widget 
labeled with a corresponding letter 
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science were combined into the field data category, because the survey results prompted the 

observation that Kastens et al (2009)’s field data contained two distinct geoscientific thinking 

skills: field observations and data science. There were also open-ended questions about what 

they would add or change about the interface.  

 The Neotoma Paleoecology Database section only was shown to those who indicated in 

the Demographics section that they had interacted with Neotoma. The survey asked 

respondents when they became involved with Neotoma and how they have interacted with 

Neotoma: contributing data, becoming a data steward, viewing data, downloading data for 

research, using data for education, or other purposes (Questions 3.1-3.2). 

 The IAM section included questions on the utility of the interface’s widgets and 

participants’ use of the interface for research, education, and science communication. 

Participants first could view an annotated image of IAM highlighting functionality (Figure 15) as 

well as a short video demonstrating this functionality. Participants then ranked each widget on 

a Likert Scale from 1 (Not at all useful) through 4 (Not useful or useful) to 7 (Extremely useful) 

(Question 4.1). Since IAM was not yet in wide circulation at the time of the survey, the 

questions on interface 

use were limited to Likert 

Scale questions about 

whether the mapping 

interface would help 

them understand or 

explain the geoscientific 

Figure 15: IAM screenshot from survey, showing the five interface 
panels for reference. 
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aspects of the data (spatial thinking, temporal thinking, systems thinking, and field data) for 

research, education, and science communication use cases and whether they thought they 

would use IAM in the future for research, education and/or science communication (Question 

4.6). There were also open-ended questions about their thoughts on most important existing 

widgets, proposals of additions and changes to the interface (including questions specifically 

about the time bar panel), and any additional feedback on the interface (Questions 4.2-4.5, 

4.7). 

Survey Analysis 

To understand which widgets of PV and IAM were most important to users, I compared 

their relative utility using a Welch’s ANOVA from stats v. 3.6.3 in R (R Core Team, 2020), 

because I found that the widgets had unequal variance using a Bartlett test from stats v. 3.6.3 

(Aguado & Burt, 2010; Bartlett, 1937). I conducted a post-hoc Games-Howell Test, from 

userfriendlyscience v. 0.7.2, to assess which individual widget comparisons were significant, 

because the widgets had heterogeneous variances and non-normal distributions (Hilton & 

Armstrong, 2006). I then created box-and-whisker plots using ggplot2 v. 3.3.0 showing the 

usefulness of PV’s (Q 2.1) and IAM’s (Q4.1) widgets and calculated the mean usefulness of 

every PV and IAM widget. Using corrplot v. 0.84, I made matrices of the pairwise widget 

comparisons for each interface.  

To compare PV and IAM’s usefulness in geoscientific thinking, I calculated the difference 

between the two interfaces’ usefulness rankings in spatial thinking, temporal thinking, systems 

thinking, and field data in research, education, and science communication. Then, using stats v. 

3.6.3, I conducted t-tests to compare the usefulness of PV and IAM for research, education, and 



 45 

science communication using the geoscience skill framework: spatial thinking, temporal 

thinking, systems thinking, and field data. I also tested the comparative usefulness of IAM for 

research, education, and science communication using an ANOVA from stats v. 3.6.3. For 

research, teaching, and science communication activities with PV (Q2.7, Q2.11, and Q2.13) and 

IAM (Q4.6), I created box-and-whisker plots showing usefulness scores for the four aspects of 

geoscientific thinking (Kastens et al., 2009). 

I created data profiles based on career, age, and gender. The career profiles were 

professor, research scientist & post-doctoral researcher, and graduate student. I combined 

research scientists and post-doctoral researchers into one category, because of the low sample 

size and because their shared primary activity is research. I performed ANOVAs using stats v. 

3.6.3 to compare the means of professional status groups. For age, I broke the groups into 

under-45 and over-45. I used t-tests to compare the means for age and gender. 
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VI. Results 

Overview 

Here, I discuss the statistical results for the needs assessment survey, first for Pollen 

Viewer and then Ice Age Mapper. Lastly, I discuss development priorities for IAM. 

Pollen Viewer 

Feedback on Pollen Viewer’s interface functionality demonstrated the strengths and 

weaknesses of the interface and revealed patterns of use. Likert Scale ratings of the relative 

utility of PV widgets significantly differed from each other (Figure 17) (Welch’s ANOVA, F = 

6.6728, p = 1.777e-06). Nine individual comparisons were significant (p < 0.05) (Figure 16).  The 

most useful widgets were taxa selection (mean: 6.55), playing/pausing the animation (mean: 

6.55), and displaying sites (mean: 6.4) (Figure 17). Switch to Latin or common names of taxa 

(mean: 5.40), jumping to beginning or end of the animations (mean: 5.35), and reversing the 

animation direction (mean: 4.40) were the least useful widgets. 

PV has been used primarily for research (n=13) and university education (n=11), with 

some respondents using it for professional development (n=6), public lectures or science 

communication (n=6), and K-12 education (n=2). Researchers used PV for data exploration 

(n=14) and conference posters and presentations (n=7). Other research uses (n=3) included 

“providing a frame of reference while forming research questions” and “curiosity - to get a 

view.” Three respondents had cited PV in their work. Educators used PV mostly via a traditional 

instructional delivery method (n=3), though it had also been used in blended (n=1) and online 

(n=1) formats. Lectures (n=5) were the primary instructional activity in which PV was used, with 
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secondary activities including field trips (n=2) and exercises and discussion prompts (n=3). For 

science communication, PV was included in public presentations (n=9) and was occasionally 

used in social media (n=1), blog posts (n=1), as an image in a report (n=1), or at a science expo 

(n=1). The responses on PV’s support of geoscientific thinking showed similar patterns across 

research, education, and science communication (Figure 18).  

Survey respondents offered useful feedback on PV in the free-response questions. Some 

suggestions for additional interaction widgets and data representations already have been 

implemented in IAM, including adding topography and state outlines, mapping more sites, 

more plant taxa, and other non-pollen proxies from Neotoma, highlighting a specific site, and 

offering different taxonomic levels of taxa to map, such as family or species (Table 6). However, 

there are numerous suggested widgets and representations that have not been implemented in 

IAM such as the ability to display multiple taxa simultaneously, linear and area measuring tools, 

latitude and longitude lines, adding distributions of Native American archaeological sites, 

supporting downloadable GIFs, and the ability to lump taxa according to a user’s criteria. 
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Figure 16: Matrix of comparisons of PV widgets from a post-hoc Games-Howell Test (Hilton & 
Armstrong, 2006). Each blue or red circle indicates a significant comparison between that row and 
that column’s widgets. A blue circle indicates that the widget labeled on the left of that row is 
significantly more useful than the widget listed on top of that column. A red circle indicates that 
that row’s widget is significantly less useful than that column’s widget. The size and shade of the 
circle represent the size of the difference between the two widgets. Taxa selection and Play/Pause 
animation were significantly more useful than three other widgets each, while users deemed 
reverse animation less useful than five other features. 
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Figure 18: The usefulness scores of PV for different use cases (education, science 
communication, research) broken down by geoscientific thinking skills, as judged by the survey 
participants. 

Figure 17: The relative usefulness of Pollen Viewer widgets (scale: 1=not useful, 
4=neither useful or not useful, 7=very useful). Widgets sorted by mean, with most 
useful widgets at the top, and least useful at bottom. The ordering reflects the  
most useful (taxa selection, play/pause button, display sites) and least useful 
(reverse animation, jump to beginning/end, compare images) identified in the  
comparison matrix (Figure 16). 
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Ice Age Mapper 

Likert Scale ratings of the usefulness of IAM widgets significantly differed from each 

other (Figure 19, Welch’s ANOVA, F= 4.8677, p = 8.614e-10). The significant comparisons (p≤ 

0.05) indicate that the search bar (mean: 6.60), sharing of a map via a link (mean: 6.57), 

mouseover of site names (mean: 6.50), adjustable time bin (mean: 6.59), age bar chart and 

filter (mean: 6.50), and ice sheet overlay (mean: 6.48) were the most useful widgets (Figure 20). 

The least useful widgets were the investigator pie chart and filter (mean: 5.20), additional notes 

about the site (mean: 5.33), investigator, as listed on site panel (mean: 5.33), record types pie 

chart and filter (mean: 5.53), and altitude, as listed on site panel (mean: 5.80) (Figure 20).  

IAM supported spatial, temporal, systems, and field data thinking equally well for 

research, education, and science communication (Welch’s ANOVA, F=0.596, p=0.8293) (Figure 

21). Respondents were equally likely to say they would use IAM for future research, education, 

and science communication (ANOVA, F=1.591, p=0.21). Age, professional status, and gender 

had no impact on a participant’s likelihood of using IAM for research, education, or science 

communication in the future (Table 4). There were no significant differences between IAM and 

PV’s geoscience skill support for different use cases ( 

Table 5). 

Table 4: ANOVA test results on whether professional status, age, and gender affected a respondent’s 
likelihood of using IAM for research, education, and science communication use cases in the future 

 Use Case Professional Status Age Gender 

Research F=1.482, p=0.246 F=1.411, p=0.246 F=0.815, p=0.375 

Education F=0.33, p=0.722 F= 0.016, p=0.901 F=0.003, p=0.96 

Science Communication F=0.375, p=0.691 F=0.847, p=0.366 F=0.27, p=0.603 
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Table 5: T-test results comparing the usefulness scores of PV and IAM for each geoscientific skill in each 
use case. 

Use Case Geoscientific Thinking 
Skill 

t-statistic Degrees of 
freedom 

p-value 

Research Spatial 1.68 27.64 0.10 

Research Temporal 0.67 41.13 0.51 

Research Systems 0.08 42.61 0.94 

Research Field Data 0.29 44.68 0.77 

Education Spatial 0.63 16.25 0.54 

Education Temporal 0.61 17.13 0.55 

Education Systems 0.03 9.82 0.98 

Education Field Data -0.87 9.24 0.40 

Science Communication Spatial 1.16 35.26 0.25 

Science Communication Temporal 1.34 32.34 0.19 

Science Communication Systems -0.14 30.23 0.89 

Science Communication Field Data -1.18 35.06 0.24 

 

Respondents offered extensive comments on IAM. The widgets and data 

representations highlighted as most of interest were the time bar, the ice sheet animation, 

temperature and time series, the topography and state borders, saving and sharing a map, 

choosing taxa from the full Neotoma list, seeing the distribution of sites representing each time 

periods, filters and site information. Suggestions for additional widgets and data 

representations included a play/pause button to sequence the map through time, the ability to 

reexpress the point data as a range map, filters for data other than pollen (e.g., water chemistry 

for ostracods and diatoms), overlays of multiple taxa, percentage cut-offs for pollen, ability to 

change overall range of the time bar, a sparkline view of dashboard filters, a widget to 

download the datasets shown on map, proportional symbols of relative abundance or 

shading/kerneling to indicate density, a simpler mode for novices, and titles indicating taxon 

and source of data on saved maps (Table 6).  



 52 

Respondents also suggested adding additional data representations through spatial 

overlays: sea-level change, rivers, and lake-level change, ecoregions, and current precipitation, 

additions to the base map: more physiographic and cultural features, and additional time series 

on the time bar: global ice volume, sea level, number of indigenous sites, carbon dioxide and 

methane concentrations, winter and summer insolation at an intermediate latitude, 

downscaled CCSM3, and human population estimates.  
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Figure 19: The usefulness of IAM widgets (scale: 1=not useful, 4=neither useful or not useful, 7=very 
useful). Widgets sorted by mean, with most useful widgets at the top (search bar, sharing of a map via 
a link, mouseover of site names, adjustable time bin, age bar chart and filter, ice sheet overlay) and 
least useful (investigator pie chart & filter, the record type pie chart and filter, and the altitude, the 
investigator, and additional notes about the site, as listed on site panel) at bottom. 
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Figure 20: As Figure 16, for IAM. The adjustable time bin and search bar are significantly more 
useful than five other widgets each and the share/save map widget is more useful than four others. 
The additional notes about a site was less useful than six other widgets and the investigator pie 
chart is less useful than five other widgets. 
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Development Priorities 

Using feedback from the survey, I created a table of development priorities for IAM that 

listed both the existing and respondent-suggested interaction widgets and representations 

(Table 6). Then, I ranked each widget or representation by its importance for paleoecology 

research, education, and science communication (1=least important, 5=most important) and its 

implementation difficulty (1=most difficult, 5=easiest). 

 

 

 

 
Figure 21: As Figure 18, for IAM. 
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Table 6: Development Priorities for Ice Age Mapper: the current and suggested features are categorized by interaction or representation, 
their operator their IAM panel, current or suggested feature status, survey question where they were suggested or discussed, and the 
number of respondents who mentioned them. Then, they were ranked on the difficulty of implementation (technical input, 1=very difficult, 
5=very simple) and the importance of the feature for paleoecology research, education, and science communication (scientific input, 1=little 
importance, 5=very important). The two input scores were added together to get the overall score, which highlights top features and future 
development priorities. 

Interface Design 
Suggestions 

Interaction or 
Representation Operator Panel 

Current 
IAM 
Feature 

Survey 
Question 

Request 
Number 

Technical 
Input 

Science 
Input 

Overall 
Score 

Search bar Interaction Search Add Data √ Q4.1  5 5 10 

Ice sheet overlay Interaction Overlay Map Interface √ Q4.1  5 5 10 

More sites (no mask on W 
and SW US)  Representation SQL Map Interface √ Q2.4  5 5 10 

Map other proxies from 
Neotoma (not just pollen) Representation SQL Map Interface √ Q2.4 2 5 5 10 

Adjustable time bin Interaction Filter Time Bar √ Q4.1  5 5 10 

Left to right time bar Interface  Time Bar  Q4.4  5 5 10 

More taxa Representation SQL Add Data √ Q2.4 2 5 4 9 

Age bar chart & filter Interaction Filter Dashboard √ Q4.1  5 4 9 

Mouseover of site name Interaction Retrieve Map Interface √ Q4.1  5 4 9 

Highlight a specific site Interaction Retrieve Map Interface √ Q2.4  5 4 9 

Political units/capitals/cities Representation Basemap Map Interface Q2.4 2 5 4 9 

Links to DOI Landing 
Pages / Download datasets 
that correspond with the 
selected sites Interaction Retrieve Site  Q2.4  5 4 9 

Greenland isotope 
temperature curve Representation Dataset Time Bar √ Q4.1  5 4 9 

Carbon dioxide 
concentrations Representation Dataset Time Bar  Q4.3 3 5 4 9 

Global ice volume Representation Dataset Time Bar  Q4.3 2 5 4 9 

Methane concentrations Representation Dataset Time Bar  Q4.3  5 4 9 

Winter/summer insolation Representation Dataset Time Bar  Q4.3  5 4 9 

Browse by ecological group 
drop-down menus Interaction Filter Add Data √ Q4.1  5 3 8 

Ensure cf's aren't in 
searches Representation SQL Add Data  Q4.5  5 3 8 

Latitude bar chart & filter Interaction Filter Dashboard √ Q4.1  5 3 8 



 

 

 

Abundance bar chart & 
filter Interaction Filter Dashboard √ Q4.1  5 3 8 

Number of samples Interaction Retrieve Map Interface √ Q4.1  5 3 8 

Finer degrees of 
abundance mapped Interaction Resymbolize Map Interface Q2.4  5 3 8 

Topography/elevation Representation Basemap Map Interface √ Q2.4 4 5 3 8 

Ecoregions Representation Basemap Map Interface Q4.5 2 5 3 8 

Interactive taxonomy Interaction Reexpress Other Widgets √ Q4.1  5 3 8 

Titles and/or descriptions in 
shared/saved maps 
providing additional context Interface N/A Other Widgets Q4.5  3 5 8 

Investigator Interaction Retrieve Site √ Q4.1  5 3 8 

Description of site & 
vegetation Interaction Retrieve Site √ Q4.1  5 3 8 

Auto-zoom/scale to 
timescale (more detail 
visible) Interaction Retrieve Time Bar  Q4.3  5 3 8 

Labels of past climatic 
events Interface  Time Bar √ Q4.1  5 3 8 

Sea level change Representation Dataset Time Bar  Q4.3 2 5 3 8 

Investigator pie chart & 
filter Interaction Filter Dashboard √ Q4.1  5 2 7 

Record types pie chart & 
filter Interaction Filter Dashboard √ Q4.1  5 2 7 

Latitude/longitude lines 
layer Interaction Overlay Map Interface Q2.4  5 2 7 

Precipitation Representation Basemap Map Interface Q4.7  5 2 7 

Share/save map via link Interaction Retrieve Other Widgets √ Q4.1  3 4 7 

Gallery of animated maps Interaction Retrieve Other Widgets √ Q4.1  3 4 7 

Additional tutorials  Interface  Other Widgets Q4.5  3 4 7 

Altitude Interaction Retrieve Site √ Q4.1  5 2 7 

Additional notes about site Interaction Retrieve Site √ Q4.1  5 2 7 

Sample values at site Interaction Retrieve Site √ Q4.1  5 2 7 

Download datasets that 
correspond with selected 
sites Interaction Retrieve Site  Q4.7  5 2 7 

optional timescale of 0 - 
500 years Interaction Filter Time Bar  Q4.7  3 4 7 

species population as bar 
chart Interaction Reexpress Time Bar  Q4.3 2 5 2 7 
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Human population 
estimates Representation Dataset Time Bar  Q4.3  5 2 7 

Ability to lump taxa 
according to user's criteria Interaction Filter Add Data  Q2.4  3 3 6 

Ability to change overall 
range of timescale Interaction Filter Time Bar  Q4.5 2 3 3 6 

Play/pause button Interaction Sequence Time Bar  Q4.5  1 5 6 

Percentage cut-offs for 
pollen data Representation SQL Add Data  Q4.5  1 4 5 

different filters relevant to 
other types of data (i.e., 
water chemistry) Interaction Filter Dashboard  Q4.5  1 4 5 

Linear measuring tool Interaction Calculate Map Interface Q2.4  3 2 5 

Area measuring tool Interaction Calculate Map Interface Q2.4  3 2 5 

Proportional symbols Interaction Reexpress Map Interface Q4.7  1 4 5 

Range maps/taxa density 
through shadingl/kerneling Interaction Reexpress Map Interface Q4.5 2 1 4 5 

Indigenous archaeological 
sites for given time period Representation Dataset Map Interface Q2.4 2 3 2 5 

Download animation as 
mp4/video file Interaction Retrieve Other Widgets Q2.4 2 1 4 5 

If extended to longer 
timescales, geologic 
timescale Representation Dataset Time Bar  Q4.3  1 4 5 

Other climatic proxies Representation Dataset Time Bar  Q4.3  3 2 5 

Sparkline view (much 
simpler graphs) until focus 
is on panel Interaction Arrange Dashboard  Q4.5  3 2 5 

Multiple taxa at 
once/Easier comparisons 
between taxa Interaction Search/Filter Add Data  Q2.4 2 1 3.75 4.75 

River data Representation Dataset Map Interface Q4.3 2 1 3 4 

LR04 stack/Other ice ages Representation Dataset Time Bar  Q4.3  1 3 4 

Other climate intervals 
(LIA, YD) Representation Dataset Time Bar  Q4.3  1 3 4 

Lake data (shapes) over 
time Representation Dataset Map Interface Q4.3 2 1 2 3 

Indigenous sites 
(numerical?) Representation Dataset Time Bar  Q4.3  3  3 

downscaled CCSM3 Representation Dataset Time Bar  Q4.3  1 2 3 

More simple interface Interface  All  Q4.4 2 1 1 2 
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VII. Discussion 

Overview 

First, I discuss the documented uses of paleoecology maps, and how the needs assessment 

survey revealed the differing needs of researchers, educators, and science communicators. 

Then, I make design recommendations for the next generation of interactive paleoecology 

maps and specific recommendations for the further development of IAM, broken down by the 

four aspects of geoscientific thinking. 

The Uses of Paleoecology Maps and Differing Cartographic Needs for Research, 
Education, and Science Communication Use Cases 

The needs assessment survey offered insight into how paleoecology researchers, 

educators, and science communicators already are using interactive maps, and the new widgets 

and interface functionality that would improve the usability and utility of the maps (Roth, 

2013b). Pollen Viewer supplemented user’s research, education, and science communication as 

a tool both for presentation purposes – such as in a PowerPoint presentation for an 

undergraduate class or the public – and for data exploration – at the beginning of a research 

project or in an undergraduate lab assignment. The numerous supported use cases of PV 

suggest that the interface achieved a successful balance between flexibility and constraint (Dou 

et al., 2010). Users with limited scientific knowledge and cartographic experience find a 

constrained interface more immediately usable and the geoscience concepts more accessible. 

While many respondents focused on the possibilities of IAM, a handful thought the current IAM 

interface too complex, especially for education. As interface complexity grows, the potential 

audience narrows. Since IAM is already a fairly complex interface, I will not implement every 
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suggested widget or data layer during IAM development. In the sections below, I offer some 

suggestions for expanding the scope of the interface and some for constraining the interface, so 

IAM can continue to support users with a range of scientific knowledge and map expertise. 

Paleoecology Interactive Mapping Recommendations 

Spatial 
Spatial thinking usefulness scores did not significantly change from PV to IAM. However, 

the survey offered insights about the modes of searching for a taxon. The search bar was very 

useful, while the dropdown menu for browsing by taxon group was less useful. Thus, search will 

become the primary widget for adding data in the redeveloped Ice Age Mapper, and the 

dropdown menu will be removed. Search is useful when a user knows what they want to find; 

so, it supports people who are already trained in the discipline (i.e., researchers and teachers). 

Filter supports those who do not know what they want to find or are exploring new datasets. 

Thus, I will replace the dropdown menu with a panel of buttons for common taxa, like Picea 

(spruce) and Mammuthus (mammoth). These taxa will also be searchable in the search bar 

using scientific or common names. New users will be able to recognize the common names and 

create a map right away. Researchers still can look up a specific taxon, but will need to know its 

name, which, in most cases, will be true. To ensure that the preloaded taxon data will load 

quickly (limiting the frustration of inexperienced users), I have started developing a 

materialized view in the Neotoma Paleoecology Database that has the necessary information 

from the different tables in one place. This design recommendation removes complexity and 

utility – the filter targeted towards researchers – to support usability and learnability – the 

common taxa buttons.  
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I also plan to implement another suggestion: adding titles with the taxon name and 

constituent database (the data source) to saved maps, which will act as breadcrumbs that show 

the user the current configuration of the interface (Kalbach, 2007). Pan and zoom, which also 

filter the charts on the dashboard, facilitate spatial thinking about patterns on different scales 

and in different regions. The latitude chart and the investigator chart enable spatial thinking 

about latitudinal patterns and the geographic areas of focus for different investigators. The 

basemap, which shows geographic features and new additional overlays, such as the current 

distribution of a taxon or ecoregions, are useful for thinking about spatial patterns, as well as 

temporal patterns and connections between species ranges and other earth systems.  

The survey also uncovered a great appreciation for the interpolated surface range maps 

from PV and numerous requests for range maps in IAM. While PV likely did condition users to 

expect range maps, paleoecologists long have been interested in mapping the underlying 

ecological features (species ranges), and avoiding excessive focus the unevenly-spaced clutter 

of sites (Davis, 1976; Solomon & Webb III, 1985; Szafer, 1935; von Post, 1924). In addition, 

ecologists think of species distribution in terms of ranges; so, continuous representation 

instead of presence/absence at sites would make the interface more accessible to a broader 

range of scientists. Beginning with surface range maps also supports Schneiderman’s visual 

information-seeking mantra: overview (surface range maps) first, sequence and filter, then 

details (site retrieval) on-demand (Shneiderman, 1996). However, there are few packages that 

create interpolated surfaces on the fly, which would be necessary with the current IAM 

architecture of synchronous data pulls. The IAM architecture could be altered to pull all the 

data asynchronously each week, interpolate the subset of the taxa for which interpolation is 
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logical and the number and distribution of sites is adequate, and store the interpolations 

locally. For these taxa, the surface range maps could load first, and the user could reexpress the 

data using a widget on the dashboard. These surface range maps could also enable a multi-

taxon overlay, another suggestion from the survey. Proportional symbols, showing percent 

pollen of a given taxa at a site are another way to visualize the pollen data; they would be 

easier to implement in the IAM architecture (George et al., 2020). A controlled experiment 

comparing different thematic representations at different spatial and temporal resolutions and 

their usefulness for geoscientific thinking would be a logical next step. 

The coordinated multi-view filters supporting multivariate associations for spatial and 

temporal thinking received mid-to-poor utility rankings (Figure 19), which could be explained by 

user confusion, widget irrelevance, or saliency (i.e., change blindness). User confusion about 

the complex interface with multiple moving widgets likely does not explain the utility rankings, 

because the respondents were primarily professors and researchers involved with Neotoma 

who are somewhat to very experienced with data visualization and web-based data interfaces. 

Widget irrelevance (i.e., the widgets provided information that also was available on the map or 

time bar) also does not explain the filters’ utility rankings, because they offer different 

information and functionality from the other panels. The most likely explanation of the mid-to-

poor utility rankings is a lack of saliency. Because the pie charts change in proportion rather 

than size, users may have missed that they updated when other charts were filtered (Cleveland 

& McGill, 1984). While better affordances could be added to alert the user to the change itself, 

this is ultimately a limitation of the pie chart visual variable, orientation, which is not very 
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salient. I recommend changing the pie charts to ghosted histograms that show the total versus 

the filtered data – like the age and latitude charts – to increase the visual saliency of the graphs. 

 

Temporal  
 PV and IAM were equally useful for temporal thinking, and several of the most useful 

widgets were temporal controls: the play/pause animation button (PV), the adjustable time bin 

on the time bar (IAM), and the age bar chart and filter (IAM). Users can also reexpress the 

temporal range of the data by changing the size of the adjustable time bin. The age bar chart 

and filter was the only dashboard chart identified as a useful widget, which indicates that the 

chart-based visualization of temporal data patterns is highly useful. Researchers likely 

appreciated the information about data availability over time, which impacts the kinds of 

research questions they can answer and the reliability of their results. 

While the current widgets were useful, a number of users suggested adding an 

animation play/pause button to IAM. Though users can manually sequence the data using IAM 

(by choosing a time bin and dragging it along the time bar), Scott Farley did not implement 

animation due to a focus on exploration and interface flexibility, as well as  emerging research 

on change blindness in animated maps (Goldsberry & Battersby, 2009; Morrison et al., 2000). 

Change blindness describes our inability to process all visual information from a dynamic scene. 

When applied to maps, the greater information complexity across the animation leads to a bias 

towards the changes from the first and last states in the animation, with nuance lost in 

between (Morrison et al., 2000). Instead, the current IAM interface offers interactivity and 
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flexibility for exploratory research, a design decision based on the current cartography 

literature (Goldsberry & Battersby, 2009; Harrower et al., 2000; Tversky et al., 2002). 

However, animation of surface maps potentially suffer less from issues of change 

blindness because their smooth and continuous nature means that the next class in the color 

ramp is always adjacent to the current color, resulting in an appearance of motion instead of 

flickering changes that may be easier to reason about and recall (Mccabe, 2009). In addition, 

with user control on frames and ability to pause (interactivity), user can focus on comparisons 

of the frames of interest. Users also often prefer animation, despite the issues with perception 

(Hegarty et al., 2009), making them more approachable for educational and science 

communication use cases. Thus, I decided that a priority for development should be a 

play/pause sequence button to animate through time. As a first step towards the animation 

affordance, I reversed the time bar to read oldest on the left and youngest on the left. 

In PV, users could export an animated map as a GIF.  Researchers, educators, and 

science communicators could then insert the paleoecology GIF into a slideshow and show the 

spatial and temporal patterns of the ecology data and its connections to other components of 

the Earth system in presentations to other researchers, students, or the general public. IAM 

supports presentation use less readily, particularly if the venue has unreliable internet or the 

presenter has limited experience switching between a presentation and a website. To support 

presentation as well as exploration, I recommend adding a button that plays and records the 

user’s animation and downloads it to the user’s computer as a GIF or movie, for use in 

presentations. Another solution would be to create a set of premade animations for common 

taxa. 
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Systems  
Usefulness for systems thinking was similar for PV and IAM across all use cases (Figure 

21). Both mapping interfaces include a visualization of the melting ice sheets. PV shows sea 

level change and IAM has the temperature curve showing time, as well as the dashboard with 

filters. So, users could connect range dynamics with glaciers, oceans, and the atmosphere. 

Additional overlays to the map or time bar, which often enable systems thinking, were some of 

the most common requests (Table 6); scientists know that changing species distributions are 

linked to these changing environmental factors, and they want to be able to see these 

relationships. During IAM development, I will consider the availability of the datasets and the 

increased interface complexity. Too many layers and widgets can overwhelm users who have 

little experience with the interface or the scientific material (Harrower et al., 2000; Roth, 2017). 

Researchers wanted additional filters, while educators and science communicators wanted a 

simpler interface, showing once again the differing mapping goals of the two groups. 

I discussed the mid-to-poor utility rankings of the dashboard charts above in the spatial 

thinking section and suggested the replacement of the pie charts with histograms of the same 

data. The current under-performing spatial and temporal dashboard charts alternatively could 

be replaced by coordinated multi-view charts focused on systems thinking, such as scatterplots 

comparing mean pollen abundance at each site to temperature, global ice volume, altitude or 

carbon dioxide concentration. Coordinated multi-views are flexible and often intuitive, which 

are benefits in exploratory mapping interface (Casseb do Carmo et al., 2007). The addition of 

systems thinking coordinated multi-views would add significant utility to the interface. Another 

method of enabling systems thinking within IAM would be to close the dashboard panel and 

create a side-by-side multi-taxa view by a reexpress to a split map view, showing the 
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distribution of a different taxon on each map. However, this is unlikely to be implemented, due 

to its additive complexity.  

Field Observations 
PV and IAM were equally useful for making connections between individual sites and broad 

mapped patterns, which is one goal of many for students making field observations during field 

experiences. Overlaying sites in PV and the mouseover of site names in IAM were identified as 

useful in the survey, while the altitude, investigator, and additional notes about the site, as 

listed on site panel, were identified as least useful. Survey respondents clearly saw access to 

site-level data as a key feature of both interfaces. The low utility rankings for altitude and 

additional notes might point to the site panel seeming too cluttered or the current amount of 

site-level data as unnecessary (i.e., overly complex interface). I recommend removing the 

additional notes from the site panel and integrating altitude data into the map panel as an 

overlay and the dashboard as a chart and filter. An altitude overlay would encourage users to 

focus on the map, the primary panel, and a chart and filter would support the user making 

connections between altitude and the mapped ecological patterns. 

IAM allows users to visit sites virtually by selecting a site from the map to view the raw data 

and site details. This is a method of bringing the field to students and a clear improvement from 

PV, which only included a point overlay of sites. Students can critique the quality of the 

observational paleoecology data from a given site, which is a goal of field observations. Adding 

range maps, as suggested in the spatial thinking section above, would act as an affordance to 

users to make the connections between site data and ecological patterns. IAM certainly could 
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be used as an accessible, virtual way for students to make field observations. IAM’s extensive 

features also enable data science training.  

Data Science 

 Kastens et al (2009) combine field observations and data science into one concept, field 

data. As the geosciences move increasingly towards online databases with large datasets and 

computer-based data analysis, experience with and understanding of data science becomes 

increasingly important for researchers, educators, and science communicators. IAM includes 

tools that enable users to build understanding of spatial patterns, temporal trends, and links 

between taxa ranges and other Earth systems from site-level data – in other words, users are 

building generalizable knowledge from data, i.e., data science.  

Many of the suggestions in the above sections, such as range maps, animation, and 

additional overlays, also enable data science thinking. To encourage a graduated exploration of 

the interface, I recommend that only the map and time bar load when data is added. The user 

will thus focus their attention on general spatial and temporal patterns first, before exploring 

specific sites and the dashboard charts and filters (i.e., a multilayered interface) (Dou et al., 

2010; Harrower et al., 2000). This supports novice users, so they are not overwhelmed by the 

complex interface, without removing complex features that expert users want. To allow 

advanced users greater access to the individual site data, I recommend adding a link to 

Neotoma Explorer or the digital object identifier (DOI) site landing page, so the user could easily 

download the data of a site of interest. Clear connections between sites and the mapped 



 

 

68 

 

patterns are useful for both students honing their geoscientific thinking skills and researchers 

exploring data for a new project. 
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VIII. Conclusions 

 

This case study of Pollen Viewer and Ice Age Mapper demonstrates the importance of 

studying the effectiveness of geoscience interfaces, especially those used for multiple 

audiences. I delineated how and in which contexts Pollen Viewer was used, suggested 

improvements to make Ice Age Mapper a more effective tool, and offered insights on 

geoscientific thinking.  With respect to the first question identified in the Introduction (“How 

can these dynamic data visualizations of past changes in species distributions, specifically Ice 

Age Mapper and Pollen Viewer, best support multiple audiences in Earth science research, 

education, and science communication?”), I found that Pollen Viewer supported geoscientific 

thinking in multiple audiences through a constrained interface, a limited number of widgets for 

more advanced data exploration, and the ability to download an animation for sharing. 

Researchers, educators, and science communicators used Pollen Viewer for presentation (in 

scientific papers and in lectures to undergraduate classes and the general public) and 

exploration (generating hypotheses for future research and exploring range dynamics in a lab 

assignment). The constrained interface was simple to use, which aided inexperienced users, but 

still included widgets that facilitated more complex exploratory goals for researchers. The users 

could easily use Pollen Viewer animations in presentations, because they could place exported 

animated maps as GIFs into their slides, instead of navigating to an animated map that is only 

hosted in an application or online during a presentation.  

When a map has two or more distinct audiences, the desires for an interface may 

diverge. In our needs assessment survey, the divergent interests were clear. Researchers 
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suggested a larger number of new widgets and data layers, while educators and science 

communicators suggested a simpler interface and an easy method to download animations. For 

Ice Age Mapper, I recommend a layered interface where the more esoteric functions are 

hidden. Despite the challenges in balancing the needs of different user groups, paleoecology 

interactive maps, when designed well, can help the user understand and share the data in new 

ways. 

The second question asked, “What is the efficacy of emerging cartographic animation 

and interaction techniques for advancing paleoecological research and helping students develop 

key skill sets in integrative geoscience education and science communication?”   Here I found 

that the design recommendations for Ice Age Mapper reflect the necessity of balancing 

interface flexibility and constraint to meet the divergent needs of research, education, and 

science communication audiences. As a priority for IAM development, I suggest integrating a 

multilayered interface into the next version of the interface, so that first-time users are not 

overwhelmed with the number of widgets, but more experienced researchers, educators, and 

science communicators can use the interface for more complex tasks. In addition, I suggest 

making the search bar the main method to add taxa – primarily targeting researchers, 

educators, and science communicators, who already know what taxon they wish to find – and 

add quick-start buttons for several common taxa – for immediate interface accessibility for 

first-time users. This recommendation perhaps scales to all tools that support research, 

education, and/or science communication: include a search bar for advanced users and have a 

small set of affordances for new and inexperienced users. Users suggested adding range surface 

maps. While surface maps are useful for ecological reasons – species ranges are continuous – 
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and for cartographic animation reasons – map changes are more visible – they are difficult to 

implement in Ice Age Mapper, because the data is imported in real-time from Neotoma and it is 

difficult to apply the expert knowledge within an automated system. However, range maps for 

a subset of the taxa might be possible. 

The geoscientific thinking skills framework informed and was informed by this case 

study. Systems thinking could be improved in Ice Age Mapper by adding options for new time 

series, (i.e., global ice volume or carbon dioxide concentration) and overlays (i.e., indigenous 

territories or present taxa ranges). Another way to enhance system thinking could be a panel 

showing correlation plots between pollen data and other systems data, such as temperature or 

elevation. Kastens et al (2009) theorized that there were four aspects of geoscientific thinking: 

spatial, temporal, systems, and field data. However, they were conflating field-based data 

observations with the ability to generate generalizable knowledge from data, or data science 

thinking. As geoscientists do more research and analysis on large datasets, which are available 

without the scientists setting foot in the field, data science thinking is becoming an increasingly 

important skill for students to learn. In addition, data science is more accessible than the field 

for many students. Thus, I suggest revising geoscientific thinking to include five aspects: spatial 

thinking, temporal thinking, complex systems thinking, field observations, and data science 

thinking.  
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X. Appendix A: Survey Text and Recruitment Materials 

 

Recruitment email: 

Dear Friends and Colleagues, 

  
We’re reaching out to you because you’ve used Pollen Viewer and/or the Neotoma 
Paleoecology Database in the past. We are building a new interactive online interface, called Ice 
Age Mapper, for creating animated maps of species range dynamics over time, and we wanted 
to offer you a preview. We would love your feedback and suggestions via a short (<15 min) 
survey (link).  
 
Thank you for your participation! 
  
Best, Jack Williams, Anna George, and Rob Roth 

 

Follow-up email: 

Dear Friends and Colleagues, 

 
We recently invited you to give feedback on a new interactive online interface, called Ice Age 
Mapper, that will replace Pollen Viewer. If you haven’t had a chance to take the short (<15 min) 
survey (link), we encourage you to do so. Your thoughts on the interface will help us make key 
design decisions about Ice Age Mapper as development continues. If you’ve already taken the 
survey, thank you! If you have colleagues or collaborators you think would be interested in 
giving feedback, feel free to forward this email to them. Thank you for your time. 

 
Best, 
Jack Williams, Anna George, and Rob Roth 

 

Closing email: 

Dear Friends and Colleagues, 

 
The Ice Age Mapper survey will close next Monday. It takes under fifteen minutes to complete 
and is your chance to give feedback on the interactive mapping interface that will replace Pollen 
Viewer. Here is your link to the survey:  If you’ve already taken the survey, thank you!  

 
Best, 
Jack Williams, Anna George, and Rob Roth  
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PAGE 1: BACKGROUND 
 

Welcome to the Pollen Viewer / Ice Age Mapper Survey! Thank you for agreeing to take part. 
  
Today, we will be getting your feedback on Pollen Viewer, a now-defunct online application for 
creating animated maps of post-glacial plant range shifts, and Ice Age Mapper, a new interface 
currently in development to replace Pollen Viewer and add new features. The survey is organized 
into four additional pages of questions and should take roughly 15 minutes to complete. 
  
First, we will ask some background questions to contextualize your responses. All answers are 
anonymous and will be kept confidential. 

 
1. What best represents your professional status? (Select one) 

a. Graduate student  
b. Post-doctoral researcher / teacher  
c. Research scientist (no teaching appointment)  
d. Teacher (K-12)  
e. Professor/Faculty (college or university)  
f. Developer 
g. Other: <Text entry> 

 
2. How old are you? (Select one) 

a. 18 to 25 
b. 25 to 35 
c. 35 to 45 
d. 45 to 55 
e. 55 to 65 
f. 68 to 75 
g. 75+ 
h. Prefer not to say 

 
3. What is your gender identity? (Select one) 

 
a. Female 
b. Male 
c. Nonbinary/third gender 
d. Prefer to self-describe: <Text entry> 
e. Prefer not to say 

 
4. What is your racial or ethnic identity? Check all that apply. 

a. American Indian or Alaska Native  
b. Asian  
c. Black or African American  
d. Native Hawaiian or Other Pacific Islander  
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e. White 
f. Prefer to self-describe: <Text entry> 
g. Prefer not to say 

 
5. Please list all degrees that you hold (e.g., BS Geography, MS Data Science, PhD 

Geoscience): <Text entry> 
 

6. Have you previously used Pollen Viewer? (Select one) 
a. Yes 
b. No 

7. Have you interacted with the Neotoma Paleoecology Database in the past? (Select one) 
a. Yes 
b. No 
c. Unsure 

 
PAGE 2: Pollen Viewer 

(This page of questions was only shown to those who answered Yes to Question 1.6.) 
 

Next, we will ask you questions about your experience with Pollen Viewer. A sample screenshot of 
Pollen Viewer interface is included below (low resolution due to defunct technology).  

 
1. For what purpose(s) did you use Pollen Viewer? Check all that apply. 

a. Research 
b. Education: K-12 / Pre-College 
c. Education: College or University 
d. Professional Development / Science communication 
e. Public Lectures or Outreach 
f. Other: <Text entry> 
g. Notes (Please add comments or URLs to resources): <Text entry> 

 
The next three questions ask you about the functionality included in Pollen Viewer. 
 

2. Please rate the relatively usefulness of the following features in Pollen Viewer. See the 
annotated screenshot to clarify feature descriptors. (Likert scale: (1) Not at all useful, 
(2), (3), (4) Not useful or useful, (5), (6), (7) Extremely useful) 

a.  Taxa selection 
b.  Switch between Latin & common name 
c. Delay (change animation speed) 
d. Play animation 
e. Jump to beginning/end 
f. Move forward/backwards one frame 
g. Display sites 
h. Reverse animation 
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i. Compare images 

 
3. What aspects of Pollen Viewer would you keep in a new version? (optional) <Text entry> 

 
4. What would you add to or change in a new version of Pollen Viewer? (optional) <Text 

entry> 
 
The next three questions ask about the ways you have used Pollen Viewer for research 

purposes. (Only shown to those who selected “a. Research” in Question 2.1) 
 

5. Have you ever cited Pollen Viewer in your research? (Select one) 
a. Yes - if so, please cite (author, year, journal): <Text entry> 
b. No  

 
6. How have you used Pollen Viewer in your research? Select all that apply. 

a. Poster/presentation at conference 
b. Citation in a publication 
c. Data exploration 
d. Other: <Text entry> 

 
7. Please rate the level to which you agree or disagree with the following statements 

(Likert scale: (1) Strongly disagree, (2), (3), (4) neither agree nor disagree, (5), (6), (7) 
strongly agree) 

a. Pollen Viewer helped me quickly visualize the spatial patterns of past range 
dynamics.  

b. Pollen Viewer helped me quickly visualize the temporal patterns of past range 
dynamics. 

c. Pollen Viewer helped me quickly visualize the relationships between ice sheet 
retreat, sea level rise, and past range dynamics. 

d. Pollen Viewer helped me understand the links between site-level data and the 
broad mapped patterns of vegetation distributions. 
 
 

The next four questions ask about the ways you have used Pollen Viewer for 
educational purposes. Please skip these questions if you have not used Pollen Viewer for 
education. (Only shown to those who selected “b. Education: K-12 / Pre-College, c. Education: 
College or University, or f. Other” in Question 2.1) 

 
8. What instructional delivery method did you use for course or workshop using Pollen 

Viewer? Check all that apply. 
 

a. Traditional: Primarily face-to-face delivery 
b. Online: Primarily online delivery 
c. Blended: Combination of face-to-face and online delivery 
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9. What types of instructional activities or assessments included Pollen Viewer? (check all 

that apply) 
a. Lectures (e.g., powerpoint slides, live demos) 
b. Readings 
c. Discussion prompts / activities 
d. Exercises / worksheets / other assignments 
e. Field trips / field work 
f. Quizzes or exams 
g. Other (please describe): <Text entry> 

 
10. What pedagogical goal(s) or learning objectives did Pollen Viewer support? (optional) 

<Text entry> 
 

11. Please rate the level to which you agree or disagree with the following statements. 
(Likert scale: (1) Strongly disagree, (2), (3), (4) neither agree nor disagree, (5), (6), (7) 
strongly agree) 

a. Pollen Viewer supported instruction on spatial patterns in past range dynamics. 
b. Pollen Viewer supported instruction on temporal patterns in past range 

dynamics 
c. Pollen Viewer supported instruction on the relationships between ice sheet 

retreat, sea level rise, and past range dynamics. 
d. Pollen Viewer supported instruction on the links between site-level data and the 

broad mapped patterns of vegetation distributions. 
 

The final two questions ask about the ways you have used Pollen Viewer for outreach 
purposes. Please skip these questions if you have not used Pollen Viewer for outreach. (Only 
shown to those who selected “d. Professional Development / Outreach, e. Public Lectures or 
Outreach, or f. Other” in Question 2.1) 

 
 

12. In what ways did you use Pollen Viewer in public outreach? (check all that apply) 
a. Public presentations (e.g., powerpoint slides, live demos) 
b. Social media (e.g., Facebook, Twitter) 
c. New story, blog post, or other non-research article 
d. In science booth/at expo 
e. Static image in report 
f. Other (please describe): <text entry> 

    
13. Please rate the level to which you agree or disagree with the following statements. 

(Likert scale: (1) Strongly disagree, (2), (3), (4) neither agree nor disagree, (5), (6), (7) 
strongly agree) 

a. Pollen Viewer supported outreach about spatial patterns in paleoecological data. 
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b. Pollen Viewer supported outreach about temporal patterns in paleoecological 
data. 

c. Pollen Viewer supported outreach about the relationships between ice sheet 
retreat, sea level rise, and paleoecological data. 

d. Pollen Viewer supported outreach about the links between site-level data and 
the broad mapped patterns of vegetation distributions. 

 
Page 3: Neotoma Paleoecology Database 
 
Ice Age Mapper visualizes data from the Neotoma Paleoecology Database. Before we 

ask you about Ice Age Mapper, we would like to know about your past experience with 
Neotoma. 

 
1. What year did you first become involved with Neotoma? <Text entry> 
2. How have you interacted with the Neotoma Paleoecology Database? Select all that 

apply. 
a. Contributed data 
b. Served as Data Steward 
c. Viewed data on Neotoma Explorer 
d. Downloaded data from Neotoma for research 
e. Used data or visualizations from Neotoma for education in the classroom or for 

the public 
f. Other 

 
 
Page 4: Ice Age Mapper 
 
Next, we would like your feedback on Ice Age Mapper functionality. Before you answer 

these questions, we ask that you first watch the following short (2:34) video demonstrating Ice 
Age Mapper functionality. 

 
https://www.youtube.com/watch?v=rvrEk3rGu2Q&t=4s 
 
Questions about each part of the interface (see figures at bottom of survey)  
 
 

1. Based on the video and screenshot above, please assess the utility of the implemented 
Ice Age Mapper functionality. You can replay the video as needed. (Likert scale: (1) Not 
at all useful, (2), (3), (4) Not useful or useful, (5), (6), (7) Extremely useful) 

a. Add Data Page 
i. Search bar 

ii. Browse by ecological group drop-down menus 
b. Map Interface (center) 

i. Ice sheet overlay 

https://www.youtube.com/watch?v=rvrEk3rGu2Q&t=4s
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ii. Mouseover of site name 
iii. Number of samples 

c. Site Panel (left) 
i. Investigator 

ii. Description of site & vegetation 
iii. Altitude 
iv. Additional notes about site 
v. Sample values at site 

d. Dashboard (right) 
i. Latitude bar chart & filter 

ii. Age bar chart & filter 
iii. Abundance bar chart & filter 
iv. Investigator pie chart & filter 
v. Record types pie chart & filter 

e. Time bar (bottom) 
i. Greenland isotope temperature curve 

ii. Labels of past climatic events 
iii. Adjustable time bin 

f. Other Features 
i. Share/save map via link 

ii. Gallery of animated maps 
iii. Interactive taxonomy 

2. What would you recommend for a primary time bin? (optional) <Text entry> 
 

3. What, if any, other time series data would you add to the time bar panel? (optional) 
<Text entry> 
 

4. Based on your review of the video, which Ice Age Mapper features are of most interest 
to you? Why? (optional) <Text entry> 

 
5. Based on your review of the video, what revisions or additions to Ice Age mapper would 

you like to see? Why? (optional) <Text entry> 
 

Finally, we would like your feedback on your expected use of Ice Age Mapper for 
research, education, and outreach. 

 
6.  Please rate the level to which you agree or disagree with the following statements. 

(Likert scale: (1) Strongly disagree, (2), (3), (4) neither agree nor disagree, (5), (6), (7) 
strongly agree) 

a. Research 
i. I think Ice Age Mapper will help me quickly visualize the spatial patterns 

of past range dynamics.  
ii. I think Ice Age Mapper will help me quickly visualize the temporal 

patterns of past range dynamics. 
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iii. I think Ice Age Mapper will help me quickly visualize the relationships 
between ice sheet retreat, sea level rise, and past range dynamics. 

iv. I think Ice Age Mapper will help me understand the links between site-
level data and the broad mapped patterns of vegetation distributions. 

b. Education 
i. I think Ice Age Mapper will support instruction on spatial patterns in past 

range dynamics. 
ii. I think Ice Age Mapper will support instruction on temporal patterns in 

past range dynamics. 
iii. I think Ice Age Mapper will support instruction on the relationships 

between ice sheet retreat, sea level rise, and past range dynamics. 
iv. I think Ice Age Mapper will support instruction on the links between site-

level data and the broad mapped patterns of vegetation distributions. 
c. Outreach 

i. I think Ice Age Mapper will support outreach about spatial patterns in 
past range dynamics. 

ii. I think Ice Age Mapper will support outreach about temporal patterns in 
past range dynamics. 

iii. I think Ice Age Mapper will support outreach about the links between 
site-level data and the broad mapped patterns of vegetation 
distributions. 

iv. I think Ice Age Mapper will support outreach about the relationships 
between ice sheet retreat, sea level rise, and past range dynamics. 

d. General 
i. I will use Ice Age Mapper in my research. 

ii. I will use Ice Age Mapper in my teaching. 
iii. I will use Ice Age Mapper for outreach. 

 
7. Other comments on Ice Age Mapper? (optional) <Text entry> 

 
 
End of Survey Page 
Thank you so much for completing the survey! If you're interested in giving more 

feedback on Ice Age Mapper as we continue to develop it, click here. Your responses to the 
prior survey will remain anonymous and are not linked to the prior survey. 

https://forms.gle/Jt8NVyzPcSUZG54H8
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