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Abstract 
 

Communicating across boundaries: An examination of social information use by foraging 
bumble bees and of integrated assessments in ecology teaching 

By Donna McDermott 

 

 In this dissertation, I present research in two disciplines. The first is behavioral ecology. 

In Chapter 1, I measured bees’ foraging activity in the presence of honest, misleading, or absent 

social cues. In this context, the social cue was the sight of another bee on a flower, a powerful 

influence on bees’ decisions about which flowers to forage on. I found that misleading social 

cues had a lingering influence on bee foraging choices, even after the cue was removed. This 

indicates that bees that encounter misleading social cues are more likely to learn the 

characteristics of a rewarding flower instead of relying on the social cue as a shortcut. In Chapter 

2, I expanded that experiment by adding a component of human-driven change when I studied 

the impact of pesticide exposure on social cue use. I found that bees that were exposed to 

pesticides did not follow social cues while foraging. 

 The second discipline is biology education research. For Chapter 3, I used qualitative 

content analysis to study how instructors that teach ecology assess the connections that students 

make between ecology and concepts from other disciplines. I identified seven strategies that 

instructors use to integrate diverse disciplinary concepts in their assessments. 
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Introduction  

 As pollinators, bees play an essential role in maintaining the reproduction of the plant 

communities that underlie terrestrial ecosystems. For example, animal pollinators are estimated 

to be needed for the reproduction of 80-90% of angiosperms (Ollerton et al. 2011). Wild bees are 

particularly important for crop production (Garibaldi et al. 2013) of crops including apples 

(Mallinger and Gratton 2015) and watermelon (Garibaldi et al. 2013), among many others. The 

bumble bee Bombus impatiens is wild in much of the United States (Williams et al. 2014) and 

also managed as a commercial pollinator for tomatoes and many other crops (Morandin et al. 

2001). 

 Bumble bees like B. impatiens are also valued by scientists as a model system for 

researching animal cognition (Leadbeater and Chittka 2007a). These bees learn how to identify 

and handle rewarding flowers through information they gather through their own trial-and-error, 

called personal information, and information they gather by observing and copying other bees, 

called social information (Laland 2004; Kawaguchi et al. 2006; Leadbeater and Chittka 2009; 

Dunlap et al. 2016). Bees yield insight into the environmental conditions in which learning is 

adaptive (Leadbeater 2015; Dunlap et al. 2017; Leadbeater and Dawson 2017), how learning can 

be hindered by anthropogenic elements such as antibiotics (Avila et al. 2022), and what the 

potential costs are of spending time and energy on learning, such as decreased speed of visiting 

flowers (Chittka et al. 2003) and even a shorter foraging lifespan (Evans et al. 2017).  

 Though bees are valued both as pollinators and research subjects, bee populations are 

declining. For example, in the United States, 23% of the land area of the country experienced bee 

declines from 2008 to 2013 (Koh et al. 2016). Bee decline is likely caused by a combination of 
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parasites, pesticides, and a lack of flowers for bees to forage on (Goulson et al. 2015). One 

particular class of pesticides called neonicotinoids are of susbstantial concern both for their 

widespread use and range of effects on non-target organisms (Goulson 2013; Godfray et al. 

2014; Godfray et al. 2015). Neonicotinoids influence bee foraging behavior (Yang et al. 2008; 

Schneider et al. 2012), even changing the types of plants bees visit (Stanley and Raine 2016) and 

diminishing their ability to learn how to collect pollen (Whitehorn et al. 2017). However, these 

sublethal effects of neonicotinoid exposure on bees can be subtle and complex, prompting 

researchers to call for future studies that assess bees’ cognitive function in a broad range of 

increasingly realistic learning scenarios (Muth and Leonard 2019). In sum, while there is a strong 

evidence basis to support the claim that neonicotinoids change bee cognition, more research is 

needed to investigate the conditions under which this change occurs and what the implications 

are for pollination. 

 Though scientific research is essential for understanding bee decline, ameliorating bee 

decline requires extensive change in culture and policy (Potts et al. 2016; Smith and Saunders 

2016). In order to teach these multiple facets of bee decline, science educators have chosen to 

approach this topic as both a social and scientific issue. For example, instructors engage 

students’ real-world knowledge by incorporating gardens into lessons (Wells et al. 2021), 

visiting bee hives (Schönfelder and Bogner 2018), and assigning news articles about the issue 

(Stanisavljević et al. 2016). However, it is unclear how these lessons about bees fit into broader 

curricula, since instructors (Pauley et al. 2019) and textbooks (Wyner and DeSalle 2020) both 

face limitations in integrating content about science and society. The recently developed 4-

Dimensional Ecology Education (4DEE) framework calls for such integrated lessons (Berkowitz 

et al. 2018), though it is unclear how instructors should approach this integration. 
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 The research reported in this dissertation addresses the overlap between social and 

ecological issues in two different ways. First, through behavioral ecology research, I sought to 

better understand bee cognition during foraging. Specifically, in Chapter 1, I present a study in 

which I investigated how social information, such as the sight of another bee on a flower, 

influences bees’ foraging choices. For Chapter 2, I studied how neonicotinoid exposure changes 

those patterns of social cue use. My second approach in researching social and ecological issues 

was to conduct biology education research to examine how these issues are taught. Specifically, 

in Chapter 3, I describe a study in which I examined how college-level ecology instructors 

incorporate information from multiple dimensions of the 4DEE framework in their assessments. 

Although bee decline is only one topic that might come up in an ecology course, understanding 

how instructors prepare students to make sense of topics that span ecology and other disciplines 

is an important step toward learning how to make cultural, social, and political changes that can 

ameliorate the loss of pollinator populations. 

 For Chapter 1, I investigated how training with social cues influenced bee foraging 

choices the next day, when the social cues were removed. While existing literature shows that 

social cues have a powerful influence on bees’ foraging choices, it is unclear how temporary 

social cues influence bees’ future foraging trips. I used experiments in a laboratory artificial 

foraging arena to address this gap. In the foraging area, I was able to isolate the study factors I 

was most interested in (particularly social cues) while maintaining controlled conditions that 

would not be possible in a field study. I evaluated bees’ foraging activity over two days, 

comparing the behavior of bees that were trained with honest, misleading, or no social cues. I 

measured the extent to which bees preferred a rewarding, blue flower on Day 1, while social cues 

were present, and on Day 2, when social cues were absent and the blue flower was no longer 
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more rewarding than an alternative. While this study yielded insight into bee foraging behavior, I 

built on this work to next add a greater degree of field realism by investigating how this system 

is affected by an element of anthropogenic change. 

 In Chapter 2, I present a study of the effect of neonicotinoid pesticides on social cue use. 

Since neonicotinoids can impact bee cognition, I evaluated whether pesticide exposure would 

cause bees to rely more heavily on social cues rather than their own personal information 

acquired through trial-and-error. To test the influence of pesticide exposure on bee social cue 

use, I again used the laboratory foraging arena to measure bees’ responses to honest, misleading, 

and no social cues. However, this experiment measured foraging only while cues were present 

(with the exception of the no-cue control) and also compared the performance of bees who had 

and had not been exposed to field-realistic amounts of the neonicotinoid pesticide thiamethoxam. 

While I believe studying the ecological implications of anthropogenic change is important, for 

my final chapter I chose to study how these complex ecological patterns are taught at the 

undergraduate level.  

 For Chapter 3, I assessed the extent to which instructors integrate ecology with other 

disciplinary concepts in Ecology course assessments. Specifically, I evaluated how ecology 

teaching aligns with a recently proposed curriculum framework called 4 Dimensional Ecology 

Education (4DEE), which calls for ecology lessons that integrate information from other 

sciences, with research skills, and in the context of human-environment interactions. I used 

qualitative content analysis of exams and other assessments used in courses that teach ecology to 

evaluate how professors assess students’ ability to integrate ecology concepts with the other 

4DEE dimensions. Future studies can build on this research by investigating the impact 

integrated assessments have on students’ academic and career success.  
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Chapter 1 

Misleading social cues have a lingering influence on 

foraging choices in bumble bees 

Abstract 

 Bumble bees use social cues such as the presence of another bee on a flower to help 

identify rewarding flowers in a community. Although previous researchers have found that social 

cues help bees identify flowers, little is known about the potential for lingering effects of social 

cues on foraging, after the cues are no longer present. To address this gap, we tested whether the 

reliability of social cues affected bumble bee (Bombus impatiens) foraging choices, first while 

the social cues were present and subsequently one day later, when the social cues were removed. 

Our hypothesis was that if honest social cues replaced bees’ need to learn the characteristics of 

rewarding flowers, then bees trained with misleading cues would learn those characteristics 

better than bees trained with honest social cues. In the laboratory, we trained bees to forage on 

flowers with honest, misleading, or absent social cues. The next day, we tested foraging choices 

without social cues by measuring preference for a flower that, on Day 1, was more rewarding 

than an alternative flower but, on Day 2, was as rewarding as the alternative flower. We found 

that only bees trained with misleading social cues exhibited a preference for the previously 

rewarding flower the next day, after social cues were removed. This result is consistent with the 

idea that, instead of just copying others, bees may have weighted their own experience more 

strongly after training with misleading relative to honest social cues.  



 

 

6 

Introduction 

 Foraging is a complex challenge for many animals, particularly when a forager is 

searching for resources that are spatially and temporally ephemeral. This challenge is particularly 

apparent for pollinators, given the often rapid turnover in blooming of floral resources. To 

accomplish this complex foraging, bees need to learn to access the pollen and nectar rewards 

coming from a community of flowers that changes throughout the season, remember which 

flowers deliver which rewards, avoid competitors and predators, and bring these rewards back to 

their colony repeatedly throughout the day.  

 One strategy for meeting this challenge is to use social cues to discover potentially 

rewarding flowers (Leadbeater and Chittka 2007b). In this context, social cues can be a passive 

display of information, such as the presence of a conspecific on a food resource indicating that 

the resource is likely to be rewarding (Dall et al. 2005). In bumble bees, foragers use these 

passive social cues, as seen in experiments in which bees preferentially visit a flower after seeing 

another bumble bee on the flower (Leadbeater and Chittka 2009). Social cues can be quite 

powerful—bees will continue to visit flowers that are indicated by a social cue, even if the social 

cue often points to a flower that is not rewarding (Dunlap et al. 2016). The information that is 

shared between bees in this form of communication is called social information. Bees may learn 

from social information. In this chapter, we use the term “learning” to mean a change in behavior 

that occurs with relevant experience, a common definition in behavioral ecology work because it 

is measurable and useful for studying animal cognition in an ecological context (Barron et al. 

2015). 

 While social cues clearly impact bees’ foraging choices while those cues are present, it is 

unclear how social cues influence their choices in subsequent foraging trips. One possibility is 
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that, when social cues are present, bees not only follow them but also learn the characteristics of 

the flower that the social cue indicates is rewarding, so that they can seek out that type of flower 

in future foraging. In this case, bees would make foraging choices by integrating information 

from past and current social cues as well as their own personal experience of trying to collect 

resources from different flowers. Alternatively, social cues might act as a shortcut for bees to 

identify rewarding flowers without having to learn the characteristics of those flowers. In this 

case, bees may have adapted to forage on ephemeral floral resources by following social cues 

only when they are present and not investing energy in making foraging trips that align with old 

cues.  

 There is some precedence for the alternative prediction that reliable social information 

does not influence foraging after social cues are removed because foragers had only learned 

information about the social cue, not the rewarding resource it led to (Giraldeau et al. 2002). For 

example, birds may use social cues from conspecifics, observing their conspecifics’ discovery of 

food sites and stealing those food resources (Laland 2004). Previous researchers have found that 

pigeons who follow social cues to food caches placed by the researchers are not able to find the 

same food caches on subsequent trips without social cues until they forage by themselves and 

learn by trial-and-error (Giraldeau and Lefebvre 1987). However, in studies like this where 

social cues accurately indicate a reward, a forager is not incentivized to learn the characteristics 

of a rewarding resource while the social cue is present. In nature, not all social cues are accurate; 

animals also learn from social cues that are misleading and do not directly indicate a reward 

(Laland and Williams 1998). If bees are misled by social cues to a flower that is not rewarding, it 

may be more advantageous for those bees to identify an alternative flower that is rewarding and 

learn the rewarding flower’s characteristics to distinguish it from the not rewarding flower, in 
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order to avoid being misled in future. Thus, our hypothesis is that bees trained with misleading 

social cues should learn the characteristics of a rewarding flower, and that information should 

influence future foraging trips, in that bees would preferentially visit the flower they had learned 

was rewarding.  

 Do honest or misleading social cues influence bees’ learning about foraging resources 

and their foraging choices in the future? To address this question, we trained bees to forage in a 

foraging arena with two flowers, where one flower color was more rewarding than the other. In 

addition to color, flowers were also distinguished by the presence of social cues. Some of the 

bees were trained with honest social cues that indicated the more-rewarding flower, some with 

misleading social cues that indicated the less-rewarding flower, and a control group was trained 

with no social cues. The next day, we tested them in a scenario with no social cues and with the 

previously more-rewarding flower and a novel, equally rewarding flower. We hypothesized that 

if, like scrounging pigeons, bees that copy social cues are using the cue as a shortcut to identify 

rewarding flowers without learning the characteristics of the flowers themselves, then bees 

trained with honest social cues would not learn to associate flower color with reward, but bees 

trained with misleading social cues would learn to associate flower color with reward and would 

use this information to choose flowers on future foraging trips. 

Methods 

Study System 

 We used four Bombus impatiens colonies purchased from Koppert Biological Systems 

(Howell, Michigan). Colonies were housed in a plastic container (0.600 x 0.416 x 0.165 m) with 

metal screened sides. Bees that were used in experiments were placed in subcolonies housed in 

plastic containers (22.2 x 16.8 x 14.0 cm) with metal screened sides that were placed next to the 
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main colony so that they were exposed to queen pheromone and also were easy to access for 

experiments. Bees continued to live in these subcolonies (next to the main colony) throughout 

the experiment and were only removed temporarily for trials. All colonies were kept in a dark 

room. Bees in their colonies and subcolonies were fed ad lib pollen (Koppert Biological Systems, 

Howell, MI) and 1 M sugar water solution. The same solution was used in the foraging arena. 

 

Table 1: Number of bees used in experiment. 

Colony Social Cue Number of Bees 

1 Control 14 

 Honest 8 

 Misleading 12 

2 Control 18 

 Honest 14 

 Misleading 20 

3 Control 22 

 Honest 18 

 Misleading 28 

4 Control 30 

 Honest 32 

 Misleading 28 

Foraging Arena 

 Bees were trained and tested over the course of two days in an indoor artificial foraging 

chamber (0.75 x 2.27 x 0.74m). Bees did not live in the chamber and they did not have 
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continuous access to it. The foraging chamber was divided into seven sub-enclosures (each 42.55 

x 30.18 x 17.78 cm) so that we could test multiple bees simultaneously but still have each bee 

forage alone, since we placed each bee in a different sub-enclosure. Sub-enclosures were opaque 

white on the sides, to prevent the bees from seeing other bees, and screened in on the top for air 

flow. Sub-enclosures were thus open to light and heat from the ceiling of the foraging chamber. 

The ceiling of the foraging chamber was lit with incandescent light bulbs that also heated the 

chamber to 28ºC. Each sub-enclosure contained two artificial flowers, one of each type as 

described below (14 total flowers in the chamber). 

 Flowers were 3D-printed and painted with acrylic paint (Crayola, Forks Township, 

Pennsylvania), such that they contrasted both in color and shape from the green plastic chamber 

floor. We chose to train bees to form associations between flower color and reward because 

previous studies of bee foraging have shown that bees readily form these associations (Gumbert 

2000; Kunze and Gumbert 2001; Worden and Papaj 2005; Kaczorowski et al. 2012). These 

associations between flower color and reward mimic bees’ color associations while foraging in 

the wild (Chittka et al. 1997).  

 We tracked bee foraging within each sub-enclosure using a Radio Frequency 

Identification (RFID) system that identified each bee and each flower. To do this, we attached an 

RFID tag (mic3-TAG RFID tag; 1.9 x 1.6 x 0.5 mm; Microsensys, Gainesville, FL) to each bee 

one week before trial. We attached the tags with glue (Elmer’s Carpenter’s Wood Glue) to each 

bee’s thorax. An RFID reader was placed at the entrance to each artificial flower. This RFID 

reader was triggered when a bee wearing an RFID tag passed next to it, entering a small cavity in 

the middle of the flower. Once triggered by a bee, an artificial flower dispensed a 3µl droplet of 

liquid (either artificial nectar or water). The liquid was delivered through pneumatic solenoid 
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valves (Skycraft Surplus, Orlando, Florida) that were controlled by Arduino UNO 

microcontrollers. All visits to flowers were automatically recorded by the RFID system.  

 Bees were placed in the foraging chamber sub-enclosures to forage for 30-minute periods 

(one trial on each of two consecutive days), during which time each bee had access to two 

flowers. In previous studies of foraging in bees, researchers controlled the amount of exposure to 

a foraging arena by limiting the number of visits to flowers, instead of limiting foraging time 

(Gumbert 2000; Dunlap et al. 2016; Evans et al. 2017). A time-based approach was more 

logistically feasible in our experiment because the bees did not have continuous access to the 

foraging chamber from their colony, but instead individuals were placed into the chamber sub-

enclosures manually before training or testing began. We cleaned the foraging chamber, sub-

enclosures, and flowers with a 70% ethanol solution between all trials to remove any potential 

pathogens or scent marks. We flushed the tubing within the chamber with 1% bleach solution 

periodically between trials, rinsing well to remove any residual bleach. 

Social Cue Conditions 

 Previous researchers have argued that research on animal cognition should be done in 

experiments with rigorously consistent cues (Rowe and Healy 2014). In order to consistently 

define one flower as better than the other on Day 1, we aligned the sensory cues in the same way: 

all bees were naïve to the foraging chamber and the artificial flowers before the experiment; the 

rewarding flower was blue, a salient color cue toward which bumble bees exhibit an inherent 

positive bias, as in they visit that flower more often (Raine et al. 2006); and the reward quantity 

and type (rewarding or unrewarding) were consistent throughout. 

 While bees were foraging during training (on the first day of trials), some flowers had a 

social cue placed on them (Figure 1). The social cue was a dead, frozen, and pinned conspecific 
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from a different colony. Dead conspecifics are commonly used as a social cue in research on 

foraging in bees (e.g., Worden and Papaj 2005; Kawaguchi et al. 2006). The social cue was 

placed on the rewarding, blue flower in the “honest social cue” condition. The social cue was 

placed on the non-rewarding, green flower in the “misleading social cue” condition. Thus, in 

honest trials, the social cue was aligned with the preferred color of flower and the reward, but in 

misleading trials, the social cue conflicted with these factors. The social cue was absent in the 

control condition. On the second day of trials (testing), we did not place social cues on any 

flowers (Figure 1). 

Training- Day 1 

 Bees’ first exposure to the foraging chamber was a training scenario. Before foraging, all 

bees were placed into 50ml falcon tubes (one bee per tube) and deprived of food for at least two 

hours (a common technique to enhance foraging, e.g., Rademaker et al. 1997; Manson et al. 

2010)  Each bee was presented with two flowers, a blue flower that offered a sugar water reward 

and a green flower that offered only water (neither reward nor punishment). One of the flowers 

may have had a social cue placed on top of it, as described in the Social Cue Conditions section. 

Over 30 minutes, we recorded the number of times that each bee collected a reward from a 

flower after triggering the RFID reader with its RFID tag. After 30 minutes, the bee was 

removed from the sub-enclosure and chamber. Once bees were removed from the chamber, they 

were placed back into their subcolony and fed ad libitum pollen and nectar. 

Test- Day 2 

 On the day after training, bees were placed in the foraging chamber again in a test 

scenario. Preceding this trial, all bees were placed in individual tubes and food-deprived for at 

least two hours as described for Day 1. Once in the chamber, bees were presented with two 
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flowers for 30 minutes: the same, rewarding blue flower and a novel purple flower that was as 

rewarding as the blue (i.e., both flowers dispensed the same sugar-water solution). We did not 

use a green flower again, because we wanted to measure the effect of bees’ experiences with 

blue flowers as rewarding independent of their experience with green flowers as not rewarding. 

We also chose to make the purple flower offer the same reward as the blue flower so that our 

experiment was not confounded by either the effects of bees learning to prefer blue or purple 

flowers (whichever would have been more rewarding) during the second-day trials, or the effect 

of bees learning that neither flower was rewarding and ceasing to forage (if we had made both 

flowers not rewarding). The position of the blue flower relative to the non-blue flower (either 

green or purple) was switched between Day 1 and Day 2. No social cues were used on the test 

day. We recorded the number of visits each bee made to both flowers. We considered a visit to 

have occurred when a bee landed on a flower, their RFID tag triggered the RFID reader in a 

flower, and a droplet of nectar was dispensed.  
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Figure 1: Diagram of experimental design for two days of bee foraging.  

Flower cartoons represent the flower choices available to bees in the foraging chamber. Flowers with a check mark 

beneath them were filled with a rewarding 1 M nectar solution and X represents flowers filled with not rewarding 

water. Pinned bee represents social cue. 

Data Analysis 

 We analyzed data in R version 3.6.3 (R Core Team 2020), including data organization 

with the dplyr package (Wickham et al. 2020). First, to determine whether social cue condition 

was correlated with preference for either flower available in a foraging bout, we compared the 

average proportion of visits to blue flowers on each day to random foraging (0.5 proportion of 
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visits to blue flowers) for each social cue condition and the control group by using G-tests of 

goodness of fit in the R package RVAideMemoire (Hervé 2020). 

 To test the effect of social cues, we compared the foraging choices of bees across the 

three social cue groups. We used generalized linear mixed effects models (GLMMs) with 

binomial errors to compare the foraging behavior of bees in different social cue conditions to 

each other: first across days and then, in separate models, within each day. To fit the models, we 

used the glmer function of the lme4 package in R (Bates et al. 2020). Individual bee identity was 

nested within colony identity and included as a random intercept. For the model that compared 

conditions across both days, we included the interaction between social cue and day of foraging 

(i.e., training vs. test) to determine whether the effect of social cue changed over time. For the 

models that compared the effect of conditions within each day, the predictor variable was social 

cue condition and there was no interaction effect. The response variable for all models was the 

binomial counts of visits to blue flowers as opposed to not-blue flowers (either green or purple, 

depending on the day of foraging).  

  We also tested the effect of both social cue and day of foraging on the total number of 

rewarded visits that bees completed during their 30-minute foraging period. We used the lmer 

function of the lme4 package in R to run a linear mixed effects model. The response variable for 

this model was the total number of visits to flowers in which bees received a reward. The main 

effects in this model were social cue condition, day of foraging, and the interaction between 

them. We included bee identity nested in colony identity as one random intercept term. 
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Results 

Day 1- Foraging in the Presence of Social Cues (Training) 

 Both social cues and floral rewards influenced foraging choices on Day 1 (Figure 2, Day 

1). Bees in the control group (with no social cue) visited the rewarding, blue flower more often 

than would be expected by chance on Day 1 (mean ± standard error (SE) proportion of visits: 

0.63 ± 0.03, N = 42 bees; G-test of goodness-of-fit against expected 0.5: G = 19.02, p < 0.001). 

Bees in the honest social cue condition also visited the rewarding flower more often than 

expected by random chance (mean ± SE: 0.75 ± 0.03: N = 36; G = 63.60, p < 0.001). Bees in 

both the control group and honest social cue group still visited the non-rewarding flower: 24.9% 

of visits for bees in the honest condition and 37.5% of visits for bees in the control condition. By 

contrast, for bees in the misleading condition, the proportion of visits to rewarding flowers was 

not significantly different from chance (mean ± SE: 0.44 ± 0.03: N = 44; G = 4.47, p = 0.034). 

 In comparing all groups of bees to one another on Day 1, we found that bees trained with 

misleading social cues visited the blue flower significantly less often than bees in the control 

group (GLMM F = 1.038, p = 0.014) or bees trained with honest social cues (F = 2.13, p < 

0.001). In contrast, bees trained with honest social cues visited the blue flower significantly more 

often than control bees (GLMM F = 1.09, p =0.021).  

Day 2- Foraging Without Social Cues (Testing) 

 On the second day of foraging, both flowers offered a reward (Figure 2, Day 2). Bees in 

the control and honest social cue groups no longer visited the blue flower more often than 

random chance (Control mean ± SE: 0.49 ± 0.03: N= 42; G = 0.047, p = 0.83; Honest cue 

condition mean ± SE: 0.45 ± 0.03: N = 36; G = 2.27, p = 0.13). In contrast to bees in both the 

control and honest cue conditions and to their own behavior on the previous day, bees in the 
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misleading condition foraged on the previously more-rewarding blue flower more often than 

would be expected by random chance on Day 2 (mean ± SE: 0.59 ± 0.03: N = 44; G = 8.98, p = 

0.002). However, there was not a significant difference between groups: the blue preference of 

bees in the misleading condition was not greater than that of the control bees (F = -0.70, p = 

0.20) or of bees in the honest cue condition (F = -0.93, p = 0.11) on Day 2. 

 

Figure 2: Bees’ propensity to visit blue flowers during foraging trips over the two days.  

Social cue conditions are distinguished by line and dot color. Social cues were present on Day 1 and not present on 

Day 2. The six large, bold dots are the mean preference for blue flowers for bees in each social cue condition on 

each day. Lines indicate the change in blue preference for bees in each social cue group over the two days. Each 

small dot in the vertical arrays represent the mean flower choice for an individual bee. Error bars are 95% 

confidence intervals around the mean. Dotted line set at 0.5 (random foraging). 
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Changes Between Day 1 and Day 2- Lingering Influence of Social Cues 

 Day had a significant effect on foraging in all conditions; specifically, the proportion of 

visits in which bees visited the blue flower differed between Day 1 and Day 2 (GLMM effect of 

day: chi-square = 16.98, p < 0.001). In addition to day, the other main effect we tested was the 

social cue condition, which did not have a significant effect on bees’ preference for blue flowers 

when the two days were considered together (GLMM effect of social cue: chi-square = 3.900, p 

= 0.14). However, there was a highly significant interaction between day of foraging and social 

cue condition, such that bees’ average preference for each day’s foraging options differed 

between the social cue condition groups (GLMM social cue*day interaction: F = 64.88, p < 

0.001).  

 In detail, we observed an interaction between social cue condition and day of foraging 

because bees in some social cue conditions decreased their preference for blue, while the other 

bees increased their preference for blue. The bees in the honest and control conditions decreased 

the proportion of visits to the blue flower on the test day (Day 1) relative to the training day (Day 

2). For bees in the honest condition, the mean proportion and standard error of visits to blue 

flowers was 0.751 ± 0.03 on Day 1 and 0.451 ± 0.03 on Day 2. For control bees, mean 

proportion and standard error of visits to blue flowers was 0.625 ± 0.03 on Day 1 and 0.494 ± 

0.03 on Day 2. In contrast, the bees in the misleading condition increased the proportion of visits 

to the blue flower from mean and standard error 0.440 ± 0.03 visits on Day 1 to 0.589 ± 0.03 

visits on Day 2 (Figure 2). 

 Overall amount of foraging did not differ between groups. Within their 30-minute 

foraging periods, there were no differences between bees in the control and two social cue 
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conditions in how many rewarded visits they made to flowers (LMM effect of social cue; chi-

square = 4.19, p =0.12). In addition, there was no significant difference in this measure over the 

two different days (chi-square = 0.041, p = 0.84). Finally, there was no interaction between 

social cue condition and day for the total number of rewarded visits (chi-square = 3.27, p = 0.20). 

Discussion 

 How do social cues influence bumble bee foraging after the cue is no longer present? We 

found that social cues influenced future foraging choices when the social cue was misleading. 

Specifically, bees in the misleading condition displayed a preference for the resource that had 

been more rewarding than an alternative on the previous day, but that was no longer the better 

choice (Figure 2). The foraging choices of bees in the honest and control groups on Day 2 

aligned with our expectation for how bees would forage if, on Day 1, they did not invest time 

and energy into learning the characteristics (such as color) of the flower they were visiting. 

Social cues are an influential shortcut for foraging 

 We found that bees that foraged in an environment with an honest social cue biased their 

foraging toward the flower with the cue. On Day 1, bees that were presented with an honest 

social cue foraged on the rewarding, blue flower more often than would be expected by random 

choice and significantly more often than did bees presented with no social cues. This result is 

consistent with many empirical and theoretical studies that describe the value of social cues for 

foragers. Theory predicts that social cues are typically consistent with the best, most recent 

information a forager can get (Rendell et al. 2010). This power of social cues for communicating 

time-sensitive information is also seen in experiments in which foraging bumble bees follow 

novel social cues even if the cues conflict with the foragers’ own previous experiences 

(Leadbeater and Chittka 2009; Dunlap et al. 2016). Social cues are a foraging shortcut in that 
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they can save substantial time relative to learning information through trial and error (Kawaguchi 

et al. 2006). Indeed, the burden of taking time to learn is seen in field experiments of bee 

foraging. For example, foragers’ accuracy in identifying the most rewarding flower comes at the 

expense of foraging speed (Chittka et al. 2003), though we did not observe any differences in 

foraging speed between either of the social cue conditions or control group in our experiment. 

However, while honest social cues may function as a useful shortcut while present (bees 

followed honest social cues on Day 1), once the honest cues were absent on Day 2 of our 

experiment, bees did not appear to be influenced by their experience with blue flowers and their 

rewards (i.e., honest condition bees did not prefer blue flowers on Day 2), in contrast to the bees 

that were trained with misleading cues. 

  On Day 1, bees trained with misleading cues chose to follow that cue (and thus received 

no reward) on more than half of their flower visits. Following misleading social cues poses a 

clear risk to foraging efficiency. In nature, misleading social cues may come from other species 

of bees. There is ample evidence that bees follow social cues from heterospecifics (Slaa et al. 

2003; Dawson and Chittka 2012; Romero-González, Solvi, Chittka 2020). However, these cues 

may not be valuable when the heterospecific is aggressive and poses a threat, as in stingless bees 

(Slaa et al. 2003), or when the heterospecific is collecting pollen and nectar that are not preferred 

by the forager. Bumble bees can learn to ignore heterospecific social cues when cues from that 

species have been misleading in the past (Romero-González et al. 2020). 

 Despite the risks, adherence to misleading social cues—even when the associated floral 

resources offer little or no reward—may still be valuable to bees. For example, in nature, flowers 

have ephemeral blooming peaks and their nectar and pollen deposits can spontaneously refill 

throughout the day (Thomson et al. 1989) or produce more nectar after being stimulated by a 
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previous forager (Castellanos et al. 2002). Thus, a flower that contained no reward in the past 

may now contain one, and a social cue could indicate to foragers that this change has occurred.  

Even with an honest social cue, bees still sample less-rewarding flowers 

 Bumble bees gather information about changes in their environment by consistently 

sampling the flowers that occur in their foraging range (Dunlap et al. 2017). In previous studies, 

researchers have found that, while sampling a flower that was previously unrewarding is most 

advantageous in an environment where rewards fluctuate over time, many foragers in stable 

environments consistently sample potential resources (Keasar et al. 2013; Evans and Raine 

2014).  

 Bees also sample flowers that have offered no reward in the past. The bees in our study 

that were trained with honest social cues pointing them to the sole rewarding flower still sampled 

the other, non-rewarding flower on 24.9% of visits during their foraging bout on Day 1 (Figure 

2). Previous researchers have described these “errors” in flower choice as potentially adaptive. 

For example, Evans and Raine (2014) found that bumble bees (Bombus terrestris) that were 

more “error-prone” (i.e., more likely to sample a flower that was consistently less rewarding than 

an alternative flower) than other foragers were also quicker to discover novel food sources. 

Misleading social cues and learning 

 The primary finding of this study is that the reliability of social cues drove changes in 

foraging behavior on subsequent foraging trips. More specifically, on Day 2, bees preferred the 

previously rewarding flower only if they experienced misleading cues on the previous day, and 

not if they had foraged without cues or with honest cues. Bees trained with misleading social 

cues displayed this preference even though both the familiar blue and novel purple flowers were 

equally rewarding.  
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 One mechanism that may explain the differences in behavior between groups on Day 2 is 

that the bees in the misleading social cue condition learned to associate blue flowers with reward 

on Day 1, and the others did not. We would expect that a group of foragers that did not learn to 

associate blue flowers with reward on Day 1 would not be biased by out-of-date information that 

blue flowers offered the best reward once it was no longer true the next day. In our study, bees 

trained with honest cues or no cues exhibited an essentially equal probability of foraging on 

either flower type on Day 2, i.e., they did not exhibit a bias toward blue flowers. In contrast, bees 

trained with a misleading cue did show a bias toward the blue flower on Day 2, even though it 

was no longer more rewarding. This difference between social cue conditions may indicate that 

misled bees learned on Day 1 that the blue flower was rewarding and thus preferred it to the 

novel flower the next day, but bees exposed to honest cues did not learn to associate reward with 

the blue flower on Day 1 and thus did not prefer it on Day 2.  

 Our findings are consistent with our hypothesis that bees trained with reliable social cues 

do not learn additional associations between flower color and reward. This idea in turn is 

consistent with social learning theory that predicts that foragers that copy others do not 

necessarily learn the information that drives the actions they are copying (Laland 2004). In 

empirical research of other animal study systems, copying and learning are similarly 

disconnected. For example, zebrafish that follow a conspecific leader to a shoaling location 

(McAroe et al. 2017), and pigeons that follow other foragers to cached food (Giraldeau and 

Lefebvre 1987) are unable to find that location afterwards unless they search for it themselves. 

The work presented here is distinct in terms of focusing on a highly simplified, non-geographic 

outcome (choice between two simple artificial flowers differing only in color) as opposed to a 

geographic or spatial outcome (shoaling or cache location). Moreover, previous work has 
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focused on dynamic social cues from living conspecifics that can literally be followed in real 

time. In other words, no trial-and-error learning is required by the follower. In our work, 

individual bees were presented with a static social cue—a dead conspecific attached to a 

flower—and then later had to make foraging choices on their own. Thus, our work suggests a 

potentially stronger basis for the connection between social cues and learning than in previous 

studies, in particular that social information may affect learning even when personal trial-and-

error is also involved.   

Limitations and future studies 

 As described in the Methods section, our study was designed to avoid confounding the 

signal that the rewarding flower was better. Bumble bees exhibit an innate preference for blue 

flowers (Heinrich et al. 1977; Keasar et al. 1997; Skorupski and Chittka 2010), so our blue 

flower was always rewarding. This design prevented us from having to disentangle the effects of 

innate color preference, social cue, and reward on bees’ choices. A limitation of this design, 

however, is that we do not know how bees would respond to a rewarding green flower and a not 

rewarding blue flower, though we have no reason to expect that this response would vary 

between social cue conditions. We also chose to set up the experiment so that, on Day 2, bees 

were not presented with a green flower as on Day 1, but instead a novel purple flower. We chose 

this option in order to disentangle a potential association between blue flowers and reward from 

the separate association between green flowers and a lack of reward. Our design was thus 

developed such that bees on Day 2 were incentivized to forage because rewards were present and 

so that they would have no reason to avoid the purple flower (except, perhaps, for bees’ innate 

blue preference, though an innate preference should not vary between the groups of bees that we 

compared) or to prefer it over blue. Future studies could incorporate a wider variety of social and 
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floral cues to gain deeper insight into cognition in foraging bees, such as the impact of multiple 

social cues or the continued influence of social cues over longer time scales.  

Conclusion 

 Bumble bees take on the myriad challenges of foraging by following social cues and 

comparing those cues with information gained through their own experience of trial-and-error on 

previous days. Our work is consistent with the idea that bees learn more information when social 

cues and experience conflict, rather than align. This study adds to a growing body of literature 

that describes the complex ways that animals integrate information from various sources while 

foraging.  

 

Chapter 2 

Bumble bees do not use social cues after exposure to a 

neonicotinoid pesticide 

 

Abstract     

 Neonicotinoid pesticides have a broad range of sublethal effects on insect behavior. For 

example, bees that are exposed to sublethal doses of neonicotinoids show a diminished ability to 

learn while foraging. However, little is known about how neonicotinoid exposure influences 

bees’ use of social cues, which are a common shortcut to foraging efficiency, especially when a 

foraging task is difficult. To investigate the effect of pesticides on social cue use, we examined 
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the foraging behavior of the bumble bee Bombus impatiens, comparing those who were exposed 

to the neonicotinoid pesticide thiamethoxam to unexposed controls, across three different social 

cue conditions. Social cues were either absent, honest (associated with a rewarding flower), or 

misleading (associated with a not rewarding flower). We hypothesized that, if neonicotinoids 

impair bumble bee learning, then bees may compensate for this impairment by relying more 

heavily on social cues from fellow bees. We found that, contrary to our hypothesis, bees that 

were exposed to pesticides did not align their foraging choices with the information provided by 

social cues. Our results may explain why groups of bees (but not individuals) are less efficient 

pollinators after pesticide exposure. Pesticides may impair bees’ ability to access some emergent 

benefit of group foraging, such as the communication between individuals that facilitates reward 

identification.  

Introduction 

 Neonicotinoid pesticides are the most prevalent class of insecticide used in the United 

States (Jeschke et al. 2011; Goulson 2013; Simon-Delso et al. 2015). These pesticides persist for 

multiple years in soil (Bonmatin et al. 2005) and spread far from the site of application; for 

example, in a nationwide survey of 48 streams, 63% of streams had detectable levels of 

neonicotinoids (Hladik et al. 2015).  Neonicotinoids also have a broad range of detrimental 

effects on animal development, behavior, and survival. For example, previous studies have found 

that exposure to neonicotinoid pesticides is associated with damage to organ development in rats 

(Bal et al. 2012), diminished foraging resources for insectivorous birds (Hallmann et al. 2014), 

and changes in how frogs (Lee-Jenkins and Robinson 2018) and honey bees (Zhang and Nieh 

2015) respond to predators. Neonicotinoid exposure at relatively minute levels can also be lethal 

https://www.zotero.org/google-docs/?qU770J
https://www.zotero.org/google-docs/?n6qYfh
https://www.zotero.org/google-docs/?i57Vbv
https://www.zotero.org/google-docs/?5aQ5LH
https://www.zotero.org/google-docs/?1JAyh0
https://www.zotero.org/google-docs/?twNPwm
https://www.zotero.org/google-docs/?yfS5YQ
https://www.zotero.org/google-docs/?yfS5YQ
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to a range of non-target aquatic invertebrates (Morrissey et al. 2015) and bees (Rundlöf et al. 

2015).  

 Although less immediately apparent, the sublethal effects of pesticide exposure on animal 

cognition may have far-reaching ecological implications. For example, bees that have been 

exposed to neonicotinoids as juveniles exhibit impaired learning as adults (Smith et al. 2020). 

When exposed bees learn to forage, they are capable of learning from fewer sensory modalities 

than unexposed bees (Muth et al. 2019) and their efficiency in foraging tasks does not improve 

with experience (Whitehorn et al. 2017). In some species, bees that are exposed to pesticides 

change which flowers they visit, compared with those who are not exposed (Almeida et al. 

2021). Of considerable concern is the impact of exposure to pesticides on bees’ ability to 

pollinate crops. For example, Stanely et al. (2015) found that bumble bees foraging in groups 

after exposure to neonicotinoid pesticides were less efficient pollinators than groups that were 

not exposed to pesticide. However, in the study, the difference between groups of foragers did 

not seem to be the sum of individual-level effects, as individual bees in their study did not 

exhibit impaired foraging ability after exposure to pesticides (Stanley, Garratt, et al. 2015). One 

potential explanation for this discrepancy between group- and individual-level foraging activity 

is that pesticide exposure may diminish some emergent benefit of group foraging, such as 

communication between individuals that facilitates efficient identification of the most rewarding 

resources. 

 While foraging, bumblebees communicate passively through the use of social cues, 

preferentially visiting flowers where they see the visual cue of a conspecific foraging (e.g., 

Leadbeater and Chittka 2007). Although passive, these social cues can strongly influence bees’ 

choice of flowers, even if the cue is not consistently accurate (Dunlap et al. 2016). In other 

https://www.zotero.org/google-docs/?ikhsw0
https://www.zotero.org/google-docs/?8O6sfB
https://www.zotero.org/google-docs/?8O6sfB
https://www.zotero.org/google-docs/?KVqrL6
https://www.zotero.org/google-docs/?aI3EJe
https://www.zotero.org/google-docs/?7JE4Xk
https://www.zotero.org/google-docs/?4ifh6i
https://www.zotero.org/google-docs/?4ifh6i
https://www.zotero.org/google-docs/?SsVW9c
https://www.zotero.org/google-docs/?RFqJxu
https://www.zotero.org/google-docs/?RFqJxu
https://www.zotero.org/google-docs/?TpdHsA
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species, pesticide exposure can change animals’ use of sensory cues. For example, zebrafish 

exposed to the pesticide chlorpyrifos decreased their response to olfactory social cues about the 

presence of a predator (Volz et al. 2020). However, little is known about how this effect of 

pesticide exposure on conspecific social cues applies to bees’ use of visual social cues. 

 To address this gap, we tested the effect of thiamethoxam (a commonly used 

neonicotinoid pesticide) exposure on bumble bee (Bombus impatiens) use of both honest and 

misleading social cues in a laboratory foraging arena.  

Methods 

 Study System 

We used bumble bees (Bombus impatiens) from four colonies obtained from Koppert Biological 

Systems (Howell, Michigan). We fed the bees an ad libitum supply of pollen (Koppert Biological 

Systems, Howell, MI) and a 1 M sugar water solution. Each colony was placed in a plastic 

container (0.600 x 0.416 x 0.165 m) with large ventilation panels covered in metal screen. Before 

experiments, a selection of workers was placed in smaller subcolonies that were located inside of 

the main colony box, so that we could easily manipulate and/remove these bees while 

maintaining their exposure to natural queen pheromones. The subcolony boxes measured 22.2 x 

16.8 x 14.0 cm and were also made of plastic containers with sides covered in metal screen.  

The bees used in this experiment were also used in the experiment that is described in Chapter 2. 

Some of the data included in this report are also included in that publication, though the analysis 

and interpretation in that chapter focused on the effects of social cues (and that chapter does not 

include any data on pesticide exposed bees), while this report focuses on the effects of pesticide 

exposure. 

https://www.zotero.org/google-docs/?FJAVSt
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Pesticide Exposure 

 Three days before trials began, bees were assigned to pesticide-exposed and unexposed 

treatments by subcolony. Unexposed bees were fed ad libitum pollen and sugar water solution as 

they had been. Pesticide-exposed bees were fed the same pollen, but their sugar water solution 

included 10 parts per billion thiamethoxam for the duration of the week. This solution was 

prepared by serial dilution of 10 mg dry thiamethoxam (Cayman Chemical Company, Ann 

Arbor, MI) dissolved into 1 L hot water. 0.5 mL of this solution was then added to 499.5 mL of 

our usual sugar water solution. We chose 10ppb as a field-realistic concentration of 

thiamethoxam as in many other studies (e.g., Stanley and Raine 2016; Shi et al. 2017; Ma et al. 

2019; Arathi H S and Bernklau 2021), given that previous studies have found concentrations of 

thiamethoxam ranging from 1-50 ppb in the nectar and pollen of crop plants and 1-9 ppb in the 

nectar and pollen of non-crop plants growing at the margins of agricultural fields (Goulson 

2013). 

 

https://www.zotero.org/google-docs/?y3PFZF
https://www.zotero.org/google-docs/?y3PFZF
https://www.zotero.org/google-docs/?01UnO0
https://www.zotero.org/google-docs/?01UnO0
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Figure 1: Diagram of experimental design for neonicotinoid exposure and foraging trials.  

Flower illustrations represent the flower choices available to bees in the foraging arena. Flowers with a check mark 

beneath them were filled with a rewarding 1 M sugar water solution and those with an X were filled with water (not 

rewarding). Pinned bee represents social cue. 
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Foraging Arena 

 The artificial foraging arena was a large (0.75 x 2.27 x 0.74m) space with white plastic 

sides, a wire screen top, and a green plastic base that had 14 artificial flowers set into it. We 

divided the total space of the foraging arena into seven sub-enclosures, so that we could test up 

to seven bees simultaneously and separately, as only one bee was placed into each sub enclosure 

at a time. The sub-enclosures (42.55 x 30.18 x 17.78 cm) were made of plastic painted white (so 

bees could not see each other) with a metal screen top that was open to air and light. The 

foraging arena was maintained at 28˚C by incandescent light bulbs that illuminated the sub-

enclosures. Bees did not live in the sub-enclosure nor in the larger foraging arena. They were 

placed into the sub-enclosures only during trials. Before and after trials, the bees continued to 

live in the sub-colony with exposure to the main colony. 

 Each sub-enclosure contained two artificial flowers. Each flower was equipped with a 

Microsensys Radio Frequency Identification (RFID) reader. This reader could be triggered to 

dispense a droplet of water or sugar water solution by a bee wearing an RFID tag. We attached 

mic3-TAG RFID tags (1.9 x 1.6 x 0.5 mm; Microsensys, Gainesville, FL) to each bee’s thorax 

one week before trial. In this way, the foraging arena was designed to track the flowers each bee 

visited. The RFID readers could read tags that were within a 3-4 mm distance. The readers did 

not dispense a droplet of liquid if the reader was triggered by the same bee’s tag with a 30 

second period, so that bees could not sit in the center of a flower and continuously receive sugar-

water rewards but instead had to leave the flower and return again to get a new reward. 

 The flowers in the foraging arena were 3-D printed and painted with acrylic paint 

(Crayola, Forks Township, Pennsylvania). Blue flowers consistently dispensed sugar water, 

green flowers dispensed only water, which is not a reward. In our experiment, we chose to test 



 

 

31 

bees' ability to learn flower colors because previous studies have shown that bees readily make 

these associations (e.g., (Gumbert 2000; Kunze and Gumbert 2001; Worden and Papaj 2005; 

Kaczorowski et al. 2012). In all trials, the colors of the rewarding and non-rewarding flower 

were consistent in order to align the sensory cues that indicated which flower was the better 

choice. In this way, we measured bees’ overall response to the social cue and did not have to 

disentangle the rate at which bees learned to identify the rewarding sugar water and their 

inherent preference for blue flowers (Raine et al. 2006). Also consistent was that bees were all 

naive to the foraging arena before the foraging test and rewards were consistent in quantity and 

type. We kept these cues rigorously consistent as recommended by other researchers in the area 

of animal cognition (e.g., Rowe and Healy 2014).  

 We cleaned the foraging arena, sub-enclosures, and flowers with a 70% ethanol solution 

between all trials to remove any potential pathogens or scent marks. 

Social Cues 

 We compared the foraging behavior of bees trained with honest, misleading, or absent 

social cues. The social cue was a dead, frozen conspecific, a decoy that is commonly used in 

research on foraging in bees (e.g., Worden and Papaj 2005; Kawaguchi et al. 2006). Frozen bees 

were pinned to either the rewarding, blue flower (in the honest condition) or the non-rewarding 

green flower (in the misleading condition). For the control group of bees, flowers had no social 

cues (Figure 1).  

Foraging Test 

 Before the foraging test, individual bees were removed from both the pesticide-exposed 

and unexposed subcolonies and placed individually in 50ml falcon tubes in a dark cabinet while 

https://www.zotero.org/google-docs/?7vmIrL
https://www.zotero.org/google-docs/?7vmIrL
https://www.zotero.org/google-docs/?LBFNrt
https://www.zotero.org/google-docs/?t4bMEm
https://www.zotero.org/google-docs/?Zg4tD2
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they were deprived of food for at least two hours in order to enhance foraging as in previous 

studies (e.g., Rademaker et al. 1997; Manson et al. 2010). 

 For the foraging test, we placed each bee by itself into a sub-enclosure in the foraging 

arena (up to seven bees foraged simultaneously but were separated into different sub-enclosure 

and could not see each other.) We recorded the number of times each bee visited each flower 

type (blue or green) in a 30-minute period.  

 After the foraging test, bees were removed from the foraging arena and placed back into 

the subcolony they were removed from. They were then fed ad libitum pollen and sugar water. 

Data Analysis 
 We conducted all analyses in R version 3.6.3 (RStudio Team 2020). Our analysis 

consisted of a series of generalized linear mixed models (GLMMs) using the lme4 package 

(Bates et al. 2020). For these models, we tested the statistical significance of main effects and 

interactions using the ANOVA function of the car package (Fox et al. 2021) 

 First, we tested the impact of social cue condition and neonicotinoid exposure as main 

effects on total number of visits bees in each group collectively made to flowers in the 30-minute 

foraging period. For this analysis, we used a GLMM with poisson errors in the lme4 package. 

Bee identity, nested within colony identity, was included as a random effect.   

 Next, to test the impact of social cue on bee foraging, we ran three GLMMs with 

binomial errors. The first GLMM tested social cue condition, neonicotinoid exposure, and the 

interaction between those two as main effects. We performed two more GLMMs on subsets of 

the data to better understand the direction of the interaction between social cue and neonicotinoid 

exposure. The second GLMM tested only bees that were exposed to neonicotinoids, with social 

cue condition as the sole main effect. The third GLMM tested only bees that were not exposed to 

neonicotinoids, again evaluating the main effect of social cue condition. All GLMMs tested the 

https://www.zotero.org/google-docs/?T6jACJ
https://www.zotero.org/google-docs/?QGEIl6
https://www.zotero.org/google-docs/?Ojhp7C
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impact of the main and random effects on blue preference, the binomial count of visits that bees 

in each group made to the rewarding, blue flower or the not-rewarding green flower.  

 We used mixed-effects models because our experiment included repeated measurements 

of the same individual bees (i.e., if one bee made ten flower visits, that is represented in our data 

as ten data points), and multiple bees came from the same colony. Therefore, our models 

included both individual bee identity and colony identity as random effects. Bee identity was 

nested within colony identity.  

 

Results 

Bees in all groups foraged successfully in the artificial foraging arena. In each 30-minute time 

period, bees made between 1 and 17 choices of one flower or the other (Table 1). Bees that did 

not forage were excluded from analysis. Our GLMM showed that neither neonicotinoid exposure 

nor social cue condition had a significant effect on the number of visit that bees made to flowers 

during their 30-minute foraging period (Effect of social cue: chi-square=0.16, p=0.92; Effect of 

Neonicotinoids: chi-square=0.61, p=0.43; Social cue*neonicotinoid interaction: chi-square=0.38, 

p=0.83.) 

 

Table 1: Number of bees and amount of foraging. 

Number of bees used in each social cue condition, range of droplets (of water or sugar water) collected by bees in 

each group, and mean number of droplets per bee collected from the foraging arena. 

Neonicotinoid Social Cue Range 

of Visits  

Mean 

Visits 

Number of Bees per Colony 

    1        2        3        4      Total 
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Unexposed No Cue 2-15 7.1 14      18      22      30       84  

 Honest  1-15 6.7 8        14      18      32       72 

 Misleading 1-17 7.0 12      20      28      28       88  

Exposed No Cue 1-10 6.1 6        19      20      0         45 

 Honest 1-15 6.3 18      10      24      0         52 

 Misleading 1-14 6.5 12      8        14      0         34 

 

Effect of Social Cues and Neonicotinoids on Preference for Rewarding Flowers 

 Overall, our analysis showed an interaction between social cues and neonicotinoids in 

their combined effect on bee foraging. Specifically, our GLMM of all foragers showed a 

significant interaction between neonicotinoid exposure and social cue condition on bee 

preference for blue flowers neonicotinoid*social cue interaction: chi-square=17.16, p<0.001). 

The other main effects of this model were neonicotinoid exposure alone, which was not 

significant (effect of neonicotinoids; chi-square=0.063, p=0.80), and social cue treatment, which 

was significant (effect of social cues: chi-square=37.97, p<0.001). The significant effect of social 

cue treatment is likely driven by unexposed bees, and those data are interpreted in the previous 

chapter and will not be discussed at length in this chapter. 

 We used subsequent GLMMs to analyze the direction of the interaction between social 

cues and neonicotinoid exposure. In our GLMM of only neonicotinoid-exposed bees, we found 

that these bees, regardless of social cue condition, chose blue flowers at about the same rate; 

there was not a statistically significant difference in proportion of visits to blue flowers between 

the three social cue groups (effect of social cue: chi-square=1.68, p=0.43). For these 

neonicotinoid-exposed bees, the mean ± standard error (SE) proportion of visits to blue flowers 



 

 

35 

for bees in the honest social cue condition was 0.59 ± 0.04; for bees in the misleading social cue 

condition, it was 0.57 ± 0.05; and for bees in the no social cue condition, it was 0.65 ± 0.04. 

 In contrast to the neonicotinoid-exposed bees, the unexposed bees appeared to use social 

cues if they were present, such that these bees exhibited a significant difference in their level of 

preference for blue flowers depending on which social cue condition they had foraged in (effect 

of social cue: chi-square=52.70, p<0.001). Unexposed bees that foraged with honest social cues 

exhibited the strongest blue preference of all groups (mean ± SE: 0.75 ± 0.03; N=72) and 

unexposed bees that foraged with misleading social cues exhibited the weakest blue preference 

of all groups (mean ± SE: 0.44 ± 0.03; N=88). In between these two were unexposed bees that 

foraged without social cues, which exhibited a preference for blue flowers (mean ± SE: 0.63 

± 0.03) that was similar to the three groups of pesticide-exposed bees. 

 The results of these last two models are consistent with an absence of social cue use 

among neonicotinoid-exposed bees, in contrast to unexposed bees which do make flower choices 

that align with social cues (Figure 2). 
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Figure 2: The extent to which bees chose the blue flower while foraging.  

Pesticide exposure is indicated by point color. Error bars show 95% confidence intervals around the mean. Large, bold dots are 

the mean preference for blue flowers for bees in each social cue and pesticide exposure group. Small green and pink dots in 

vertical arrays represent the mean flower choice for each individual bee. Error bars are 95% confidence intervals around the 

mean. Dotted line set at 0.5 (random foraging). 

Discussion 

 In this study, we evaluated the role of neonicotinoid pesticides in bumble bees’ use of 

social cues while foraging. We expected that bees might increase their reliance on social cues if 

their cognition was damaged after exposure to pesticides. Specifically, we expected that 

pesticide-exposed bees would choose to visit a flower with a social cue on it more than their 

unexposed peers did. To our surprise, we found that pesticide-exposed bees did not align their 

foraging with social cues. This result contrasted starkly with that in unexposed bees, which 

tended to follow social cues even if they were misleading. 
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Pesticide-exposed bees did not use social cues 

 Bees exposed to a neonicotinoid pesticide did not bias their foraging toward a flower with 

a social cue on it, as their unexposed peers did. More specifically, among unexposed bees, those 

who foraged without a social cue chose blue flowers on 63% of their visits; bees exposed to 

honest social cues (on blue flowers) chose blue flowers significantly more often, and those 

exposed to misleading social cues (on green flowers) chose blue flowers significantly less often. 

This pattern did not hold for pesticide-exposed bees. Like unexposed individuals, pesticide-

exposed bees showed a preference for rewarding flowers, but unlike unexposed bees, this 

preference was neither increased by honest social cues nor decreased by misleading cues.  

 Our initial hypothesis that pesticide exposure would increase bees’ use of social cues was 

rooted in the logic that completing a difficult task (foraging while cognitively impaired) should 

be easier with external support (social cues), a logic supported by other experiments on cognition 

in bees (e.g., Baracchi et al. 2018). In contrast, our results suggest that one aspect of the 

cognitive impairment itself is the loss of social cue use as an external learning support. 

 Our results fit into the broader body of research, which shows that pesticide exposure hinders 

the myriad strategies bees use to forage efficiently. For example, Siviter et al (2021) found that 

bumble bees exposed to imidacloprid, a different neonicotinoid pesticide, wasted energy while 

foraging because they did not visit the flowers that were closest to them and instead flew to 

flowers that were farther away. These results are similar to ours; in both studies, bees did not use 

visual cues (flower proximity and social cues) as shortcuts in the same way as unexposed bees. 

To speculate on a broad mechanism, pesticide exposure appears to negatively impact bees’ 

ability to make comparisons between flowers, as if the bees cannot synthesize multiple pieces of 

information (e.g., both flower identification and flower proximity) as unexposed bees do. 

https://www.zotero.org/google-docs/?aO9AnM
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Another connection between our study and the one by Siviter et al (2021) was that the two 

different detrimental effects of neonicotinoids we observed may interact. Siviter et al. found that 

pesticide-exposed bees made suboptimal choices. Considering this result alone, one might 

hypothesize that this inefficiency is ameliorated when bees have access to the social cues of 

more efficient, unexposed foragers. Yet, our results indicate that this explanation is unlikely. 

Neonicotinoids may thus have compounding effects on insect cognition, i.e., negative direct 

impacts on learning may be heightened by reduced ability to utilize social cues. Future studies 

should investigate both the mechanisms by which neonicotinoid pesticides affect foraging and 

the interaction between the effects of neonicotinoids on the information bees learn themselves 

through trial-and-error and the information bees learn from others through social cues. 

Decreased use of social cues may explain group-level reduction in pollination 

efficiency 

 The impact of pesticide exposure on bees’ use of social cues may have broader 

implications for ecosystem services such as pollination. Previous research shows that 

neonicotinoid exposure can impair pollination (Goulson 2013; van der Sluijs et al. 2013). For 

example, Stanley et al (2015) found that neonicotinoid exposure decreased the overall pollination 

efficiency of a group of bumble bee foragers, relative to that of an unexposed group. 

Interestingly, they did not see this effect at the individual level; individual bees pollinated just as 

well whether they were exposed to pesticides or not. This difference between individuals and 

groups in their response to pesticide exposure may imply that there is some emergent benefit of 

foraging in a group, and that benefit is lost after pesticide exposure. One obvious emergent 

benefit of group foraging is that foragers in a group can learn from one another’s social cues. We 

see this benefit of social cues in our study. Among unexposed bees, foragers with access to 

https://www.zotero.org/google-docs/?5nhvUY
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honest social cues visited rewarding flowers at significantly higher rates (and thus collected 

sugar water more efficiently) than bees with no social cues. Previous researchers have also found 

this correlation between social cue use and foraging efficiency in, for example, alignment with 

pheromone-marked trails by ants (Czaczkes et al. 2011), orientation by colony mates’ flight 

directions in Cape gannets (Thiebault et al. 2014), and observation of the movement of shoal 

members in guppies (Day et al. 2001). Future studies should investigate the role of pollinator 

social cues on plant fitness outcomes. 

Conclusion 

 Neonicotinoids are the most heavily used class of insecticides; they spread into soil and 

water and they accumulate in the bodies of animals (Goulson 2013), some of which are essential 

to human well-being. Neonicotinoid exposure leads to a variety of sublethal effects in beneficial 

insects, changing the subtle but imperative interactions between these insects and their 

environment. We studied the influence of a neonicotinoid pesticide on bees’ social cue use while 

foraging. Social cues are a key component of how bees and other animals efficiently forage in 

the complex, constantly changing landscape of floral rewards. One possible implication of our 

study is that decreased use of social cues may explain why neonicotinoid pesticides reduce 

pollination efficiency among groups of foragers, even though an individual forager in isolation 

appears to be unaffected by neonicotinoid exposure (Stanley, Garratt, et al. 2015). It is critical 

that future researchers investigate how exposure to agrochemicals impacts not only individuals, 

but the communication between individuals that facilitates pollination and other ecological 

functions that arise from group efforts. 

https://www.zotero.org/google-docs/?XM7IGI
https://www.zotero.org/google-docs/?RCxHjG
https://www.zotero.org/google-docs/?vRoaVX
https://www.zotero.org/google-docs/?0EVSXj
https://www.zotero.org/google-docs/?i0SZtP
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Chapter 3 

Integration across dimensions of the 4DEE 

framework: Seven strategies from existing ecology 

assessments 

 

Abstract 

 The 4-Dimensional Ecology Education (4DEE) framework is a guide for undergraduate 

ecology teaching. Framework creators encourage instructors to teach lessons, units, courses, and 

curricula that integrate across the four dimensions of the framework, which are Ecology 

Concepts, Ecology Practices, Human-Environment Interactions, and Cross-cutting Themes. 

4DEE elements range from life history to informatics to ethics, touching on a range of 

disciplines. The disciplinary breadth contained within 4DEE may present a challenge for 

instructors planning to integrate across dimensions. Despite the challenges, integrating diverse 

disciplinary content with ecology concepts may help students contextualize coursework and, in 

their future careers, collaborate on solutions for ecological problems. However, there is little 

research on how ecology instructors already integrate information from various disciplines 

represented in the 4DEE dimensions. To address this gap, we used qualitative content analysis of 

ecology assessments to evaluate how instructors measure student ability to integrate across the 

4DEE dimensions. To guide this analysis, we drew on Svetlana Nikitina’s categories of 

interdisciplinary teaching. Seven themes of integration across 4DEE dimensions emerged from 
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our analysis of course documents: Addressing Problems in the Environment, Addressing 

Problems of Racism, Contextualizing in the Humanities, Justifying Ecology in Society, 

Connecting Ecology and Evolution, Tailoring Practices to Research Questions, and Emergent 

Patterns in the Natural Sciences. We discuss the strengths and limitations of each of these 

themes for teaching ecology and recommend strategies for using these themes to integrate across 

dimensions of the 4DEE framework. Future studies can build on this research by investigating 

the impact of lesson and assessments that use these themes on student learning outcomes and 

interest in ecology. 

 

Introduction 

Integration as an Umbrella for Interdisciplinarity and its Look-Alikes 

 Many institutions of higher education proffer interdisciplinarity as a fundamental 

characteristic of their research and teaching (Graff 2016). The merits of this approach are many; 

interdisciplinary scholars propose that their work incorporate ideas, tools, and approaches from 

multiple, conventionally siloed disciplines, and in doing so produce new forms of knowledge 

(Moran 2010). This knowledge yields deeper understanding of one’s original discipline, 

preparation of students for careers in which they work with multi-professional teams, and the 

promise of solving urgent world problems (Woods 2007).  

 Indeed, the benefits of interdisciplinary education have political ramifications. 

Interdisciplinarity may disrupt the political structure of universities, where conventional 

disciplinary boundaries make strong distinctions between academic thought, particularly that in 

the natural sciences, from human concerns (Moran 2010). In addition, interdisciplinarity is 

lauded as a tool for shaping national change. For example, researchers have called on 
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interdisciplinarity as a method for promoting ethical values among a rising cohort of 

biotechnologists in Malaysia (Hiong and Osman 2013), and for engaging critical understanding 

of scientific advances among citizens in the European Union (Osborne and Dillon 2008) by 

teaching sciences and mathematics in the context of their social, cultural, and ethical dimensions 

(Maass, Doorman, et al. 2019). 

 The powerful potential of interdisciplinary teaching is particularly relevant in ecology, a 

discipline in which researchers use tools from across the natural sciences to describe pressing 

world issues like climate change, species loss, and various forms of environmental degradation. 

However, ecology teaching does not always reflect the immediate relevance of these issues. For 

example, environmental science textbooks frequently discuss ecology topics as independent from 

content about everyday life, human action, or environmental impact, implying that people, both 

in their material needs and the consequences of their actions, are separate from their 

environments (Wyner and DeSalle 2020). This separation is not particularly surprising to those 

who have described the philosophical and cultural limitations of Western science. In particular, 

the limits of Western science are not inherent to science in general; for example, Indigenous 

sciences emphasize that humans are connected to the natural world, that all life forms are 

agentic, and that understanding responsibility and impact are key for knowledge production 

(Bang et al. 2018). Interdisciplinary teaching can be a powerful tool in guiding students through 

an examination of both the roots and implications of ecological scholarship. For example, 

evaluating ecology through a decolonial framework that emphasizes history and ethics can help 

generate ecological scholarship that is “more inclusive, creative and ethical at a moment when 

the perils of entrenched thinking have never been clearer” (Trisos et al. 2021). 
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 Despite the benefits of interdisciplinarity in theory, interdisciplinary teaching is 

challenging in practice. Many of the universities that market their interdisciplinary approach 

rarely define what they mean by the term, let alone support interdisciplinary scholars with 

tangible resources (Graff 2016). At the classroom level, some instructors do identify 

interdisciplinary perspectives that aid in student learning of content knowledge (Bopegedera 

2005). However, students may also object to extra-disciplinary lessons that appears to be “off-

topic” from the central concerns of their coursework (Richter and Paretti 2009). In addition, 

instructors may not be willing to take the risk of interdisciplinarity. For example, instructors 

trained to teach The Curriculum for Agricultural Science Education, another educational 

framework whose creators recommended interdisciplinary teaching, did not differ from their 

untrained peers in their intentions to integrate science concepts into their lessons (Pauley et al. 

2019). This conflicting evidence highlights important questions about interdisciplinary teaching: 

Do students and instructors understand the boundaries of their disciplines? Do they recognize 

when and how they are referencing other disciplines? Do they see value in it?  

 Addressing these questions and investigating the spaces between disciplines can quickly 

become unwieldly without a situating framework. In ecology, one such framework is 4-

Dimensional Ecology Education (4DEE), which was established in 2018 and sanctioned by the 

Ecological Society of America (ESA) as a guide with key topics and approaches for 

undergraduate ecology teaching (Berkowitz et al. 2018). 4DEE is intended to be relevant even 

beyond undergraduate courses; the authors of the original report presented the framework and 

noted that, “For society in general, the 4DEE model communicates to the general public what 

ecology is, its interdisciplinary nature, and its use in policy and management” (Berkowitz et al. 

2018). 
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The 4-Dimensional Ecology Education Framework 

 The 4DEE framework was developed by members of the ESA Committee on Diversity 

and Education and revised with feedback from the broader ESA community over several years 

(Berkowitz et al. 2018). The 4DEE framework’s four dimensions are Ecology Concepts, Ecology 

Practices, Human-Environment Interactions, and Cross-cutting Themes. The inclusion of these 

four dimensions not only stresses teaching of content knowledge and research skills, but also the 

relevance of these topics to students’ understanding that humans depend on the environment and 

their ability to communicate what they learn in order to address global environmental problems 

(Prevost et al. 2019). Indeed, the authors intend that 4DEE will empower students to take what 

they learn from ecology into careers outside of academia (Prevost et al. 2019). 

 4DEE’s emphasis on career-building skills and pressing environmental problems may be 

an asset to students looking to find meaning in their undergraduate courses and to ecology 

programs that seek to support these students. In particular, Black, Latino, American Indian, and 

first-generation students are more likely to identify as scientists if they believe that science is 

helpful to their communities and families, an identity that can help students persist in science 

programs (Jackson et al. 2016). Students who learn ecology by practicing transferrable research 

skills (as in the Ecology Practices dimension) and by examining human-environment interactions 

(its own dimension) may find that their coursework is better aligned with their goals and values 

than it would be in a one-dimensional course. 

 Marginalized students may also thrive in the active learning pedagogy that 4DEE was 

designed to facilitate. Specifically, early explanations of 4DEE lessons included active learning 

strategies like course-based undergraduate research and case studies, an intentional illustration of 
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how students can use skills in the Ecology Practices dimension to learn information in the 

Ecology Concepts dimension (Prevost et al. 2019). Previous research shows that marginalized 

students have particular strengths in learning through these techniques, as seen for Black men in 

lab-based education (Gasman et al. 2017), and for African American, Latino, Pacific Islander, 

and Native American students in active learning (Ballen et al. 2017) and team learning (Snyder 

et al. 2016) courses.  

 Students may also benefit from the 4DEE Framework as a starting point for 

interdisciplinarity. The authors of 4DEE explained that the four dimensions should be integrated 

together at the unit, course, and curriculum levels (Berkowitz et al. 2018). Of course, integration 

across disciplines is not quite the same as interdisciplinarity. First, the 4DEE dimensions do not 

directly map onto different disciplines. Instead, the dimensions each contain elements that tend 

to be primarily taught in various disciplines; for example, the disciplines of statistics and 

environmental sciences appear in Ecology Practices; sociology, public health, and economics 

appear in Human-Environment Interactions; and evolution and mathematics in Cross-Cutting 

Themes. Second, it is challenging to establish what “integration” means in practice, though this 

is not for lack of use of the term among academics. As Graff hyperbolizes:  

The discourse of interdisciplinarity is founded on the repetition, and occasional abuse, of 

a relatively small number of words. Beyond boundaries and borders lie borrowing, 

breaking, bridging, crossing, disciplinarity, hybridity, integrative, integration, 

interdisciplinarity, interdisciplinary, ecology of knowledge, multidisciplinary, problem 

solving, specialization, supradisciplinary, synthetic, transdisciplinary, unity, and 

unification. This is an active but often abstract discourse. This series of words is not a 

particularly inviting vocabulary, or often a clarifying one. The key terms seem only to 
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cohere around moves away from the disciplinary. Repetition, among other elements of 

the discourse of interdisciplinarity, lends a quality akin to chanting an oath or a prayer of 

interdisciplinarity and a badge of membership. “Crossing, crossing, crossing… 

integrating, integrating, integrating… converging, converging, converging.” (Graff 2016) 

For the purposes of this study, we define integration as the combination of multiple disciplines to 

some degree, an umbrella term for cross-, multi-, inter-, and transdisciplinarity. Under this 

definition, the authors of the 4DEE Framework seem to encourage an approach to teaching 

ecology in which students borrow elements from a range of disciplines and combine those 

disciplinary ideas in some way that deepens their grasp of ecology. 

 Two 4DEE lesson examples described integration in one class as a process of iterative 

conceptual modeling with information from all four dimensions and, in another class, through 

consecutive activities that partnered two of the four dimensions in various combinations (Prevost 

et al. 2019). Beyond these published examples, little detail has been provided for how and why 

instructors should approach this integration. Detail would be valuable, because integration of 

various disciplinary elements is not generally automatic or intuitive—students can struggle to 

transfer even basic skills like reading, writing, and math to disciplinary coursework, especially if 

they are expected to learn disciplinary information in this transfer (Perin 2011). These challenges 

in integration are most readily apparent in assessment, since assessment is “an evidence-based 

argument that [multi]dimensional learning has occurred” (Laverty et al. 2016). 

 

Rationale for This Study 

 In this study, we examine the extent to which instructors who teach ecology currently 

assess their students’ ability to integrate elements from different dimensions of the 4DEE 
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framework. By establishing this baseline, future researchers can evaluate how instructors can 

improve integration across 4DEE dimensions. In other words, before researchers and instructors 

can improve integration and gain the benefits of interdisciplinarity, we must have a more specific 

understanding of what integration means in the context of assessment and how it is accomplished 

by instructors who are not necessarily familiar with the 4DEE framework at all. Our guiding 

questions are: To what extent is integration already happening? And how does existing 

integration align with interdisciplinary theory? 

 To address these questions, we surveyed instructors who teach ecology in their courses 

(hereafter called “ecology-content courses”). Our survey collected information about the 

characteristics of each course as well as syllabi and blank assessments. We used qualitative 

content analysis of these course materials to locate 4DEE elements, identify their level of 

integration, and describe how integration occurred. We summarize these findings here and, using 

interdisciplinary theory, describe strategies for furthering integration to accomplish various 

learning goals. 

 

Methods 

Survey Distribution 

 We used Qualtrics XM software (Qualtrics, Provo, UT) to distribute a survey to 

instructors of ecology-content courses (survey included in Appendix A). Participants were asked 

to fill out a short survey on a course they have taught and then upload the assessments and 

syllabus they have used for that course. This call for summative and formative assessments 

included any of the following: exams, essay prompts, project instructions, activity descriptions, 

answer keys, or rubrics. The survey did not ask for examples of student work. We solicited 
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survey respondents from January 19th to April 27th, 2021, through Twitter and ecology listservs 

such as Ecolog-L (Ecological Society of America), EcoEdList (Ecological Society of America), 

and those for SABER (Society for the Advancement of Biology Education Research), and ABLE 

(The Association for Biology Laboratory Education). We received 83 responses, of which 26 

included course documents (a syllabus or blank assessments) and fit our inclusion criterion. The 

inclusion criterion was that survey participants must be current or recent (since 2000) instructors 

of college and university ecology-content courses taught in the English language. Due to our 

recruitment methods, our sample of survey respondents is likely to be biased toward those who 

were more familiar with the 4DEE framework, as the framework was advertised and discussed 

on several of the same listservs on which we posted the survey. Similarly, our request for course 

documents may have biased our sample toward instructors who already had course documents 

organized together, which may have been more common in instructors who had taught the course 

multiple times in the past, rather than newer instructors. 

 The study was distributed after IRB approval by the Emory Institutional Review Board 

(study identification number 00001509). Written informed consent was obtained from study 

participants on Qualtrics before they began the survey. 

 

Content Analysis 

 We used directed content analysis in MaxQDA 2020 (VERBI, Berlin, Germany) to 

identify elements of the 4DEE framework and their level and form of integration. In directed 

content analysis, a coder starts with existing research to establish a priori codes that are likely to 

be of interest (such as the elements of the 4DEE framework), then, in analysis, either specifies 



 

 

49 

these a priori codes in the context of the text or establishes new codes that represent data in the 

text that does not fit into one of the a priori categories (Hsieh and Shannon 2005). 

 

Contextual Units 

 Within each assessment, codes were assigned to contextual units that each represented a 

single independent task. The length of these contextual units varied greatly. For exams, most 

questions were interpreted as independent contextual units, with the exception of groups of 

questions for which the answers were interrelated (e.g., a single, numbered question with 

multiple, lettered parts). Some large assignments, such as essays, presentations, and lab reports, 

were interpreted as a single contextual unit. This process for establishing contextual units was 

based on our perception of how many parts of an assignment a student would likely need to 

consider in tandem in order to accomplish an assessment task. For example, in most exams, a 

student does not need to consider the content of question one in order to answer question four. In 

contrast, in a lab report, a student will likely need to consider the introductory content of the lab 

in order to justify their experimental methods, for instance. We used this approach to establish 

contextual units because our study was primarily concerned with the integration of ideas, and we 

assume that a prerequisite for integration is at least keeping in mind separate ideas at the same 

time. A drawback of our approach is that it is difficult to use our contextual units to reliably 

quantify how frequently our codes occurred in our study documents. Specifically, we are limited 

in our ability to meaningfully compare how well-represented each element of the 4DEE 

framework is in the assessments we collected. For example, an element could be coded ten times 

in an exam and only once in a lab report, though it seems entirely possible that the student had to 

spend more time thinking about the element in the lab report than the exam. For simplicity of 
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language in this paper, we refer to contextual units as questions throughout, with the 

understanding that these “questions” may more specifically include sets of questions, essay 

prompts, lab reports, and other such contextual units. A small number of contextual units were 

not focused on ecology content and thus were not coded for elements in any of the 4DEE 

dimensions; these contextual units were excluded from our study. 

 

Identification of 4DEE Elements 

 Different codes were identified in the texts in each of three cycles of coding. In the first 

cycle, we coded the texts for the presence of any elements of the 4DEE framework. These were a 

priori codes (Mihas and Odum Institute 2019) taken from the initial report on the 4DEE 

framework (Berkowitz et al. 2018) and listed in Appendix D. Some codes were specified with 

definitions from an ecology textbook (Cain et al. 2008) or, for elements in the Cross-cutting 

Themes dimension, through consultation of previous publications that have discussed similar 

themes in other curricula (Brewer and Smith 2011; Brownell et al. 2014; Laverty et al. 2016). 

We added only one code during this cycle that did not originate in the 4DEE framework, and that 

was a general code for course-wide ecology content. This practice was useful because several 

assessments asked students to pose a question about or discuss any of the ecology topics they had 

covered in the course so far. In general, throughout the dimensions, parent codes (such as 

community in Ecology Concepts, fieldwork in Ecology Practices, and ethics in Human-

Environment Interactions) were used as codes when a contextual unit contained content that 

appeared to fall into the general classification of the parent code but was not described more 

specifically by a sub-element. The exception to this pattern is the Cross-cutting Themes element 

spatial and temporal, which is a parent code that we never used in our analysis. For the spatial 
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and temporal parent code, identifying appropriate use of this code was challenging because of 

the ubiquity of both space and time as concepts that govern perhaps every aspect of the physical 

world—while nearly every contextual unit could be said to relate to either space or time in some 

way, we decided to focus on the more specific aspects of space and time that were encompassed 

by the spatial and temporal sub-elements.  

 A single contextual unit could be coded for multiple 4DEE elements, and most were. 

Contextual units were coded with a 4DEE element if the element appeared or was strongly 

implied by either the question or its answer, even if we identified that the answer was wrong (in 

the case of selected response questions like multiple choice). As with establishing our contextual 

units, this inclusion of wrong answers was an intentional choice to approximate students’ 

multidimensional thinking: a student had to think about any element that is mentioned, even if 

only to dismiss it as incorrect. By this same logic, elements were included even if they were not 

relevant for answering the question (e.g., a question about growth curves that happened to 

mention an agricultural context would be coded with “agricultural ecosystems”). 

  This inclusive strategy for assigning framework codes differed from that of previous 

researchers who have sought to identify multidimensionality in science assessments. 

Specifically, the 3-Dimensional Learning Assessment Protocol (3D-LAP) used a more rigorous 

set of criteria to establish the presence of curriculum elements in assessments, for some 

dimensions establishing a list of criteria that must all be met within an assessment question 

(Laverty et al. 2016). This difference in coding criteria reflected our differing goals: the 3D-LAP 

was constructed to set a standard for faculty so that their assessments elicit elements of a 

particular curriculum framework to a sufficient degree. In contrast, our goal in identifying the 

4DEE elements in assessments was to describe the degree to which these elements are currently 
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used, not to construct a standard for inclusion. Our interpretation of how deeply these elements 

are used in learning came instead in our next cycle of coding, in which we identified the level of 

integration between co-occurring elements. 

 

Distinction of Low and High Integration Questions 

 Our second cycle of coding distinguished between contextual units (i.e., assessment 

questions) in three categories: no integration, low integration, or high integration. “No 

integration” questions were those in which all assigned codes were for elements that came from 

the same 4DEE dimension. The distinction between low and high integration was made with 

references to interdisciplinary theory. Several scholars of interdisciplinarity have distinguished 

between the deep integration of interdisciplinary work as compared to the superficial association 

of disciplines in multidisciplinary teaching and research approaches. For example, while 

interdisciplinarity is “always transformative in some way, producing new forms of knowledge in 

its engagement with discrete disciplines,” multidisciplinary is only “the simple juxtaposition of 

two or more disciplines, a relationship of proximity with no real integration between them” 

(Moran 2010). This distinction has also been described as the difference between 

interdisciplinarity, in which different ways of knowing are held in relationship, developing over 

time into the establishment of common ground, larger insight, or deeper understanding of 

differences, as opposed to multidisciplinary, which is simply knowing about something in two or 

more ways (Dreyfuss et al. 2011). With slightly more specificity, one scholar noted that 

interdisciplinary work creates products, solves problems, and offers explanations of the world, 

while multidisciplinary work, regardless of its goals, does not consider how contributing 

disciplines are related to one another (Boix Mansilla et al. 2000).  
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 This range of definitions for inter- and multidisciplinary work illustrates the challenge of 

pinning down specific and replicable criteria for identifying the amorphous phenomenon of 

interdisciplinarity, let alone integration. To establish criteria that were easier to assess, we used 

Pauley et. al.’s Continuum of Disciplinary Melding, which defines intra-, cross-, multi-, inter-, 

and transdisciplinarity and places them in that order on a continuum (Pauley et al. 2019). We 

further chose to use the 4DEE dimensions as imperfect proxies for disciplines, rather than tease 

apart the different disciplines represented among elements in each dimension. We established 

cross- and multi-dimensional questions as “low integration,” in which elements from different 

4DEE dimensions overlap but can be understood independently of one another. Examples of no 

integration and low integration questions are provided in Appendix B. Next, we established 

inter- and trans-dimensional questions as “high integration,” for which elements in one 

dimension needed to be understood in the context of an element from a different dimension, 

building toward some emergent understanding. For example, if an assessment question provided 

students with life history data and asked them to run a statistical test on them, that question 

would be coded for both the life history element in the Ecological Concepts dimension and the 

statistics element in the Ecology Practices dimension. Since students were asked to use the tools 

(statistics) from one dimension to answer a question about (life history) data, this question would 

qualify as a low integration question—it did not particularly matter that the data were about life 

history. However, if the question asked students to explain how the results of that statistical test 

led to conclusions about life history data, it would be coded as high integration, because students 

would have had to understand enough about life history and statistics to be able to explain why 

they integrate in a particular way. In short, the distinction is that high integration questions 

assessed whether students know how or why the concepts from the two (or more) different 
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dimensions matter to one another. In contrast, low integration questions presented information 

from two different dimensions and may have asked students to use it, but do not ask students to 

identify or explain why that information is relevant.  

 Distinguishing between low and high integration questions was fairly straightforward for 

elements in the Ecology Concepts, Ecology Practices, and Human-Environment Interactions 

dimensions. However, establishing a level of integration for questions that contained Cross-

cutting Themes was more complex. Specifically, the complexity came from determining the 

level of integration for the elements structure and function, pathways of transformation of matter 

and energy, systems, stability and change, and scales. These themes originated as “big ideas in 

ecology” (Prevost et al. 2019) and ecologically related ideas that may relate to other areas of 

science but are not easily sorted into the other three dimensions (Berkowitz et al. 2018). Since 

these themes came from ecology, establishing how well they integrate with an element of 

Ecology Concepts is a logically circular task—the themes are only included in the first place 

because they are strongly related to ecology concepts. Cross-cutting themes thus had their own 

criteria for high integration (with the exception of the evolution and biogeography elements, 

which were easier to distinguish from Ecology Concepts elements). These criteria were that 

either the question could be asking students something about the cross-cutting theme on a meta 

level (e.g., “Why would someone describe the flow of energy between trophic levels as a 

pathway?”), or the question could be identifying other natural science disciplines that the theme 

“cut across” in addition to ecology (e.g., “How is the structure-function relationship in a 

chemical reaction similar to that in an antelope herd?”). 
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Themes Within High Integration Questions 

 In the third cycle of coding, we described high integration questions with inductive 

codes, which are codes not taken from a source reference, but those that emerge in iterative 

readings of the study documents (Mihas and Odum Institute 2019). These inductive codes were 

grounded in Nikitina’s Three Strategies for Interdisciplinary Teaching (Nikitina 2006). 

Nikitina’s three strategies are “Contextualizing,” “Conceptualizing,” and “Problem-Centring.” In 

short, Contextualizing is teaching information from one discipline in the context of relevant 

content from another, for example studying natural selection by explaining the historical context 

of Darwin’s The Origin of Species. Conceptualizing means identifying similar mathematical or 

empirical patterns across disciplines, for example exploring exponential growth as both a 

mathematical function and a pattern of population growth in living organisms. Problem-Centring 

is using a range of disciplinary tools to propose a solution for an urgent and real problem, such as 

proposing a strategy for environmental justice with information from both soil chemistry and 

sociological explanations of racism. The codes that emerged in this cycle embedded Nikitina’s 

ideas into the specific context of our ecology assessments. These codes are hereafter called 

emergent themes and are presented in the Results. 

Results 

Survey Response Characteristics 

 Our survey was accessed 83 times. Thirty-seven respondents answered at least some 

questions in the survey and 26 uploaded documents for content analysis. Respondents were 

instructed to fill out separate surveys if they wished to upload content for separate courses (one 

respondent did this for three courses). Survey response data are summarized in Figure 1. Of the 

included courses, the majority were Ecology courses housed in Biology departments at R1 
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Universities or Liberal Arts Colleges. Respondents were also asked to identify if their university 

was a Historically Black College or University, a Hispanic-Serving Institution, a Tribal College 

or University, a Native American Non-Tribal Institution, a Minority Serving Institution, an 

Alaskan Native- or Native Hawaiian-Serving Institution, an Asian American- and Native 

American Pacific Islander-Serving Institution, or a Predominantly Black Institution. None of the 

instructors  
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 Figure 1: Characteristics of the courses that our study assessments came from. 
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who uploaded course documents identified their university as belonging to one of these 

classifications, possibly because we did not specifically target these universities. Several courses 

were centered around subdisciplines of ecology (e.g., Ecosystem Ecology or Tropical Ecology). 

The majority of respondents noted that they wrote assessment questions themselves, not sourcing 

them from a common pool (e.g., a test bank or other instructors). A large majority of courses had 

been taught for several years (>3 years) by instructors with several years of teaching experience 

(>3 years). The majority of courses were not aligned with the 4DEE framework. Instructor’s self-

identification of degree of integration in their courses varied: the most common course 

description was that the course covered content in a single discipline, but several respondents 

described their course as interdisciplinary. The exact wording of the survey questions is included 

in Appendix A. 

 

4DEE Elements 

 Nearly all elements of the 4DEE framework were identified in our study documents. The 

prevalence of each element in our study documents is listed in Appendix C. Elements from the 

Ecology Concepts dimension were coded most often. All elements of the Ecology Concepts 

dimension were coded at least once. Elements in the Ecology Practices dimension were the next 

most prevalent codes, though in this dimension, both the informatics and habitat assessment 

elements were never coded in our study documents. This gap in 4DEE coverage is not surprising, 

given that the 4DEE elements were never intended to be a required list of coverage for all 

courses, and indeed some elements may be more relevant to professional certification in ecology-

related fields rather than coursework (Berkowitz et al. 2018). Cross-cutting Themes elements 
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were the next most prevalent. Though the parent code spatial and temporal elements was never 

coded, its sub-elements (evolution, biogeography, stability and change, and scales) were 

identified fairly frequently.  

 

Integration of Elements Across Dimensions 

 The vast majority of contextual units were coded for elements in multiple dimensions: of 

513 total contextual units in our study, 185 (36%) were coded for elements only in one 

dimension, 163 (32%) for elements in two dimensions, 119 (23%) for codes in three dimensions, 

and 45 (9%) for codes in all four dimensions.  The most common co-occurrence of dimensions 

was Ecology Concepts and Ecology Practices, followed by Ecology Concepts and Cross-cutting 

themes. The Human-Environment Interactions dimension was least often represented in 

partnerships with the other dimensions. The elements that were most frequent among dimension 

pairings are presented in Table 1.  

 

High Integration Questions 

 High integration assessment questions not only elicited elements of multiple dimensions, 

but they called on these elements in such a way that answering the question required 

consideration of how elements in different dimensions interacted; a student would be unlikely to 

answer the question correctly if they divided subject matter from different dimensions and 

considered each dimension independently. These questions came from a variety of types of 

assessments, though most came from assessments where students constructed a response than 

those in which students selected a response. Specifically, 8% of high integration questions came 
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from exam multiple choice questions (selected response) in contrast to the categories of 

constructed response questions: 54% short answer exam questions, 4% exam essays, 14%  

Table 1: Co-occurrences between dimensions in assessment questions in study documents.  

A co-occurrence between two dimensions is not exclusive; the same assessment question may also be coded for 

elements from a third or fourth dimension. Each dimensional pairing is presented with the most common elements 

from each dimension that appeared in that pairing. Most common elements were those which occurred with 

frequency in the 90th percentile, relative to all other elements of that dimension. 

  Ecology Concepts Ecology Practices 

Co-occurences 1019   

Most common elements that co-occurred with the other dimension 

  biodiversity arguing from evidence 

  habitat and niche   

  resources and regulators   

  
 

  

  Ecology Concepts Cross-cutting Themes 

Co-occurences 1052   

Most common elements that co-occurred with the other dimension 

  competition, mutualism, 

predation 

pathways of matter and energy 

  habitat and niche   

  resources and regulators   

  Ecology Practices Cross-cutting Themes 

Co-occurences 493   
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Most common elements that co-occurred with the other dimension 

  arguing from evidence systems 

  Ecology Concepts Human-Environment Interactions 

Co-occurences 400   

Most common elements that co-occurred with the other dimension 

  global climate change climate change 

  nutrient cycles   

  biodiversity   

  resources and regulators   

  Ecology Practices Human-Environment Interactions 

Co-occurences 256   

Most common elements that co-occurred with the other dimension 

  

communicating and applying 

ecology 

climate change 

  Human-Environment Interactions Cross-cutting Themes 

Co-occurences 189   

Most common elements that co-occurred with the other dimension 

  climate change pathways of matter and energy 

 

research papers, 15% lab reports or post-lab presentations, 4% question sets, and 1% projects. 

The majority of courses that our study documents came from contained at least one assessment 

with high integration questions. The most common elements from each dimension that were 
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highly integrated within a question are summarized in Table 2. The elements in this table 

highlight how many of these high integration questions focused on elements with direct 

relevance for human well-being, including biodiversity, communicating and applying ecology, 

climate change, and biogeography (as it relates to invasive species). 

Table 2: Three 4DEE elements from each dimension that were coded most frequently among high integration 

questions. 

 “Ecology in this course” is not a 4DEE element, but a catch-all code for the ecology concepts dimension, used 

most often when an assessment question asked students to identify any ecology topic that had come up in that 

course. Note that a single high integration question could be coded for multiple elements of the same or different 

dimensions, so quantities displayed here are not mutually exclusive.  

Dimension Element 

Number of times 

coded in high 

integration 

questions 

Ecology Concepts ecology in this course 15 

  community\biodiversity 11 

  ecosystem\nutrient cycles 10 

Ecology Practices communicating and applying ecology 11 

  investigations\experimental design 9 

  quantitative reasoning\statistics 4 

Human-Environment 

Interactions human-accelerated change\climate change 18 

  resource management\conservation biology 14 

  resource management\agricultural ecosystems 7 

Cross-cutting Themes spatial and temporal\evolution 16 

  spatial and temporal\biogeography 9 
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  pathways of matter and energy 6 

 

Themes Within High Integration Questions 

 Analyzing the high integration assessment questions led to the identification of seven 

emergent themes that described categories of how integration was accomplished in these 

assessments. They were: Addressing Problems in the Environment, Addressing Problems of 

Racism, Emergent Patterns in the Natural Sciences, Tailoring Practices to Research Questions, 

Contextualizing in the Humanities, Justifying Ecology in Society, and Connecting Ecology and 

Evolution. Relationships between the themes and Nikitina’s Contextualizing, Conceptualizing, 

and Problem-Centring are summarized in Figure 2. 

 There are some differences between Nikitina’s categories of interdisciplinary teaching 

and our categories of high integration assessment questions that emerged as the themes listed 

above. One reason for these discrepancies was a difference in scale between Nikitina’s study and 

ours. Nikitina studied entire, dedicated interdisciplinary programs. In contrast, our study 

assessments came from single courses without collaborators from external disciplines. We thus 

established high integration themes that are less aspirational than some of Nikitina’s 

interdisciplinary categories. For example, while Nikitina’s Problem-Centring category requires 

that students attempt to solve a real-world problem, our two Addressing Problems categories 

contain questions in which students only need to understand a problem, not try to solve it. 

Another difference between our classifications and Nikitina’s was the modification we made to 

suit our specific focus on ecology courses. For example, in our Contextualizing in the 

Humanities theme, we specified that questions must obviously reference a specific discipline in 

the humanities. This specification was largely a practical modification, as ecology instructors 
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were likely to be trained in the natural sciences and may not be well-versed enough in the 

humanities to recognize (or replicate) assessment questions that reflect the epistemological goals 

or research methods of humanities disciplines unless the discipline itself is either explicitly 

named (e.g., “the history of modern synthesis” or “literature about the tropics”) or reasonably 

evident. Finally, our focus on ecology meant that some of our themes present interdisciplinary 

relationships that touch on more than one of Nikitina’s categories. For example, Connecting 

Ecology and Evolution could be done by connecting those two fields through quantitative 

relationships (similar to Nikitina’s Conceptualizing) and through shared history and philosophy 

(Nikitina’s Contextualizing). Although our emergent codes did not entirely fit into Nikitina’s 

three categories, they were established in reference to Nikitina’s theory because her theory is 

useful for making predictions about the strengths and weaknesses of different approaches, as we 

do in the Discussion. 
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 Emergent themes of high integration assessment questions are described in the following 

subsections with a summary of the elements they contain and examples of questions that elicited 

these themes. Example questions from our study documents are presented below for each theme 

with a brief note about the context of their assessments and the 4DEE elements they were coded 

for. Example questions are included with permission from the instructors, who requested that we 

share their course content either with attribution or anonymously. We chose example questions 

that were relatively concise and easy to understand without the full context of the assessment, 

that exemplified various characteristics of the theme, and, if possible, came with answers written 

Figure 2: Relationships between high integration themes from this study.  

Themes (in circles) are organized by similarity to Nikitina’s categories of interdisciplinary teaching (in rectangles).  
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by the instructors. Some examples are slightly modified to provide additional context (in 

brackets) and for consistent formatting. We did not fix unconventional grammar or spelling in 

the questions as provided, in order to present them as students would have seen them. 

1. Addressing Problems in the Environment 

 Questions within this theme asked students to consider how ecology concepts and 

practices contribute to understanding either an environmental problem or its solution. The 

question had to ask about a problem that really exists in the world and has had significant impact. 

Questions about Addressing Problems in the Environment involved integration of the 4DEE 

dimension Human-Environment Interactions. Specifically, the most common problems addressed 

in our study related to climate change, conservation biology, and agriculture.  

Examples of Addressing Problems in the Environment 

Your friend tells you that now that there are [non-native burrowing] rats in the park - they 

are also thinking about releasing their pet rats in Jubilee Park so that they can be free. As 

an ecologist-in-training, do you agree or disagree with their idea of releasing their pet 

rats? Explain two reasons to defend your choice.  

 Anne McIntosh, University of Alberta 

 

The above question came from a set of related questions in a final exam in an Ecology course. 

This question was coded for ecology in this course, because the student was prompted to answer 

from the perspective of an ecologist, but specific elements of the Ecology Concepts dimension 

were not mentioned in the prompt. This question was also coded for the 4DEE Cross-cutting 

Theme element biogeography (because it asked a question about non-native species) and the 

Human-Environment Interactions elements conservation biology and ethics. This question fit the 
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criteria for high integration because students were asked to explain how biogeographical 

distribution has specific ecological and ethical implications in this context.  

Imagine that a conservation group sells a bumper sticker with the words “save the bees:” 

Apply the ideas of biodiversity and ecosystem service in your answer. Be as specific as 

you are able to be. 

What are they most likely referring to? Which bees? (1 point) 

 Answer[provided by instructor]: They can say a specific species (e.g., mason 

bees), “wild bees,” or domesticated honey bees. It does not matter, as long as they are 

ALIGNED with part B. If they talk about mason bees here and honey bees below, they do 

not get this credit. 

Why should we save these bees? You only need one, specific answer. It is acceptable to 

write about a case study (specific example).  

 Answer[provided by instructor]: We should save bumblebee species, because 

bumblebees are really great pollinators of plants in the nightshade family that produce 

food that we eat, such as tomatoes, eggplants, and peppers. Bumblebees live in the 

natural environment (usually nesting in rodent burrows and nests) and provide us all 

with the necessary pollination to make the fruits that are the staples of many dishes, 

including Italian and Mexican ethnic cooking. Though there are other wild pollinators, 

losing bumblebee species from a community will lower the pollination rate and fruit set 

of these nightshade-family plants.  

 Laura Eidietis, University of Michigan 
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The above question was a standalone question set in a unit exam for a first-year course in a 

Biology department. The question set was coded for high integration of the Ecology Concepts 

element biodiversity, the Ecology Practices element communicating and applying ecology, and 

the Human-Environment Interactions element ecosystem services. This question was also coded 

for low integration of the elements systems, agricultural ecosystems, and human-accelerated 

change. This question was identified as high integration because it asked students to use 

ecological content knowledge to interpret a piece of science communication and explain why this 

communication matters. 

As climates rapidly warm and optimal habitats shift to higher latitudes, plant species must 

shift their geographic ranges to keep up. Which types of plants are more likely to keep 

up, early-successional species or late-successional species? Explain your answer. (Note: 

This is not asking about primary succession because the areas already have vegetation.)  

 Survey respondent requested that their course materials be shared anonymously 

The above question was included in a unit exam in an Ecology course. The question was coded 

for high integration for the Ecology Concepts element succession, the Human-Environment 

Interactions element climate change, and the Cross-Cutting Theme element biogeography. This 

question was coded for low integration of the elements global climate change, habitat and niche, 

latitude and elevation, gradients, and stability and change. This question was also coded for the 

high integration theme Emergent Patterns in the Natural Sciences because of its integration of 

biogeography. This was a high integration question because it not only tested students’ 

knowledge of succession but asked them to explain why climate change had different effects on 

succession depending on patterns of biogeography. 
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Based on your understanding of successional processes, support your perspective on 

whether and how this land use change (42% reduction in cropland as beans replace beef) 

would influence CO2 emissions. 

 Answer[provided by instructor]: During succession, biomass, species richness, 

and nutrient use efficiency tend to increase and then plateau, while productivity may 

increase and later decline. The build-up of biomass through succession sequesters 

carbon, and any net positive productivity in late succession continues a net uptake of 

CO2. Agricultural land is kept in any early-successional state. If agricultural land is no 

longer needed to produce beef, then it follows secondary succession. Plant biomass 

builds up on late-successional wild land vs crop land, with a net uptake and 

sequestration of CO2. (3 pts – note that some people also mentioned that beans are plants 

and take up CO2, whereas cows are heterotrophs and release CO2. While accurate, it 

does not account for the main land use change, which is not from growing cows to 

growing beans, but from growing cows to not needing agricultural production from those 

lands.)  

 Survey respondent requested that their course materials be shared anonymously 

The above question was taken from a question set in an exam for an Ecology course. This 

question was coded for the high integration of the Ecology Concepts element succession and the 

Human-Environment Interactions element agricultural ecosystems. It was high integration of 

these elements because students were asked to use their knowledge of succession to explain how 

different agricultural practices influence ecological processes. 



 

 

70 

2. Addressing Problems of Racism 

 As in Addressing Problems in the Environment, questions in this category prompted 

students to consider how ecology concepts and practices contributed to understanding real-world 

problems and solutions, though this theme was specific to content about racism. In our study, 

questions in this category addressed 4DEE elements environmental justice and biodiversity. 

Instructors could also use questions in this category to integrate elements such as ethics, 

environmental philosophies, stewardship, agriculture, and toxicology. 

 Though questions in Addressing Problems of Racism also touched on information about 

the environment, this theme was separated from the one above because we believe that lessons 

about racism and ecology create unique pedagogical opportunities (described further in the 

discussion section) and because previous ecology instruction has not typically focused on the 

effects of historical and contemporary white supremacy on ecological theory, practice, and 

significance. 

Examples of Addressing Problems of Racism 

Whether in our study or from patterns in the literature, variation in the ecology of urban 

environments has important effects on people. Here we are not thinking of the drivers 

(=causes) of the patterns in data, but rather the consequences of these patterns. Why do 

these correlations matter? Consider the effects of having fewer trees, or more impervious 

surfaces, or less access to green space. The word “heat island” should appear somewhere, 

among topics.  

 Survey respondent requested that their course materials be shared anonymously 
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The above question was taken from prompts for the discussion section of a report students were 

instructed to write after a crosstown walk exercise about the correlation between socio-economic 

and ecological factors. It was coded for a high integration of ecology in this course and the 

Human-Environment Interactions element environmental justice. This question was high 

integration because it asked students to explain how ecology patterns affect people in different 

ways based upon social factors like environmental justice (or a lack of it.) 

 

3.  Justifying Ecology in Society 

 Questions that were categorized as Justifying Ecology in Society asked students why 

ecological concepts were relevant to human concerns. To answer these questions, students had to 

synthesize their knowledge of ecology with their understanding of society, as influenced by their 

own experiences or their knowledge of ethics, politics, economics, and culture.  

 Questions in this category often shared the identification of real-world problems that was 

common to questions in both of the Addressing Problems themes. Indeed, Justifying Ecology in 

Society questions were another opportunity for instructors to link the 4DEE Human-Environment 

Interactions dimension to the other three dimensions. However, in contrast to Addressing 

Problems, questions in this category did not provide a problem to apply ecology to; instead, 

students were given an ecology concept (or asked to identify one) and explain why it mattered. 

This distinction between Addressing Problems and Justifying Ecology in Society perhaps mirrors 

the approaches of applied versus basic research, respectively. In support of this distinction, 

several questions in this category presented students with a hypothetical funding source and 

asked students to justify which research projects they would allocate it to. 
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Examples of Justifying Ecology in Society 

Research Topic Description 

• Pick any ecological topic that is both important to the society and interesting to you.  

• Explain (a) the concept and (b) its major components in the first paragraph 

• Identify (a) its significant implications under current anthropogenic changes and (b)  

major controversies involved in the scientific literature 

• Cite 2-3 references (primary research or review papers) that you plan to read further for 

the topic (this is optional, but will be very helpful for me to understand your topic)  

 Survey respondent requested that their course materials be shared anonymously 

 

The above prompt comes from the proposal component of a research paper and presentation in 

an Ecology course. It was coded for the high integration of ecology in this course and the 

Human-Environment Interactions elements human-accelerated change, resource management, 

ecosystem services, and ethics (while a student may have been unlikely to cover all of these 

elements, the prompt seemed to direct students toward at least one of them.) This was a high 

integration question because students are asked not only to describe ecology concepts but also 

how this concept is affected by (or affects) human actions. 

 

If you were in charge of the provincial budget and you had 1 million dollars that you 

could provide to University of Alberta researchers in order to help improve our 

understanding of ecological interactions, what would be your top three ecological 

research priorities for allocating this money? Provide thoughtful reasons for selecting 

these areas for research.  
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 Anne McIntosh, University of Alberta 

 

The above question was taken from a final exam in an Ecology course. It was coded for the high 

integration of ecology in this course and the Ecology Practices element communicating and 

applying ecology as well as the Human-Environment Interactions elements human-accelerated 

change, resource management, ecosystem services, and ethics. Again, students would be unlikely 

to integrate all of these latter elements, though it seems likely that at least one of them would 

appear in a student’s thoughtful reasoning. This was a high integration question because students 

are asked to use one of the Human-Environment Interactions elements to explain why a 

particular ecology concept is valuable to a specific audience (the provincial government) that is 

likely to have specific application goals (even for basic research). 

 

4. Contextualizing in the Humanities 

 Questions in this category asked students to humanize their knowledge of ecology by 

explaining some aspect of ecology in the context of philosophy, religion, history, languages, 

linguistics, literature, or the arts. Contextualizing in the Humanities was another source of 

connection to the 4DEE Human-Environment Interactions dimension, though this theme wes 

also well equipped for close examination of elements in Ecology Concepts, Ecology Practices, or 

Cross-cutting Themes. 

 Contextualizing in the Humanities shared conceptual overlap with Justifying Ecology in 

Society. However, they were distinct in that the goal of questions in Contextualizing in the 

Humanities was for students to analyze what ecology is, whereas in Justifying Ecology in 

Society, students were asked to make a value judgement about what ecology can do.  
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Examples of Contextualizing in the Humanities 

Explain the mechanisms (=causes) for the patterns described above.  

A. What do our data tell us about the relative shade tolerance of the common species in  

our forest plots? Notice how we learn something about tree physiology just by counting  

trees!  

B. Clarify how shade tolerance explains why some species are increasing and others are  

decreasing.  

C. What historical factors may also contribute to the reasons some species are either  

increasing or decreasing in our forests? Relate your knowledge of New England history  

at a very simple level. Hint: why are there stone walls throughout our forests?   

Answer[provided by instructor]: Species are decreasing because they have low shade 

tolerance. Few oaks and pines survive as small trees in the shade of larger trees, 

including shade from adults of their own species. Aspen and (White birch, FYI) do not 

even have ANY saplings at all, showing they have the lowest shade tolerance of all. In 

contrast, the species that are increasing all have high shade tolerance. These patterns 

are due to the history of this land. The abundance of Oak and Pine, and the presence of 

Aspen, suggest the area had been open and sunny at some point. In this case, the stone 

walls suggest this was agricultural land, probably grazed for sheep or cattle. Then the 

forest started to move in 100-150 years ago. The first species to take over are those who 

make up the large trees today, but they are starting to be replaced by more shade-

tolerant species.   

 Survey respondent requested that their course materials be shared anonymously 
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The above question set came from a list of questions that followed a session of data collection in 

the field in an Ecology course. This question was coded for high integration of the Ecology 

Concepts element biodiversity and the Human-Environment Interactions element agricultural 

ecosystems. This was a high integration question because students were asked to explain how 

historical patterns of human activity influence current ecology. 

 

I have tried to get you to think of “schools of Ecology” as being organized along the lines 

of “determinism” vs “probabilism” “Open systems” vs “closed systems”. Identify the key 

exponents of each school. Explain in your own words why you place particular 

researchers in a particular “school”. How do these schools differ from each other in 

assumptions? In methodologies?  

 John Anderson, College of the Atlantic 

 

The above question was included in a list of potential prompts for which students were assigned 

to write a five-page research essay. This question was coded for the high integration of ecology 

in this course, the Ecology Practices element experimental design, and the Human-Environment 

Interactions element environmental philosophies. This was a high integration question because 

students were asked to directly explain how differing philosophies drove groups of ecologists to 

different research methodologies.  

 

Discuss how concepts of “balance” “stability” and “order” presented in the first half of 

the term creep into popular literature such as Leopold’s sand county almanac, John 

Steinbeck’s Log from the sea of Cortez, and other non & quasi-fictional works. Trace 
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these ideas from pre-ecological origins, including reference to theology & philosophy. 

This is intended as a “thought question” & is perhaps more for those of you less “into” 

the Hard Science part of the course, but I expect you to be rigorous & find clear evidence 

for your positions!  

 John Anderson, College of the Atlantic 

 

The above question also came from a list of potential prompts for which students were assigned 

to write a five-page research essay in an Ecology course. This question was coded for the 

Ecology Concepts element stability and disturbance, the Ecology Practices element 

communicating and applying ecology, the Human-Environment Interactions element 

environmental philosophies, and the Cross-cutting Theme stability and change. This was a high 

integration question because students were prompted to describe how a specific genre of science 

communication (fiction) interprets ecological concepts (which fit into a broader theme in 

multiple natural sciences) through the lens of a particular philosophical perspective. 

 

5. Connecting Ecology and Evolution 

 This theme included a specific group of assessment questions that contextualized ecology 

in either evolutionary theory (e.g., that there are ongoing interactions between evolutionary and 

ecological processes) or evolutionary history (e.g., that ecological interactions exist today as a 

result of evolution in the past). The narrow scope of this category made for obvious connections 

to the 4DEE element evolution in the Cross-cutting Themes dimension. 
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Examples of Connecting Ecology and Evolution 

Common plantain (Plantago major) growing along paths or in trampled area have small 

leaves and short flowering stalks; common plantain growing in undisturbed, unmowed 

fields have long leaves and long flowering stalks.  How much of this variation is due to 

genetic or environmental modification?  Outline an experiment to answer this question.  

 Andrea Worthington, Siena College 

 

The above question was taken from a final exam in a plant ecology course. It was coded for high 

integration of the Ecology Concepts element habitat and niche and the Cross-cutting Theme 

Evolution. It was also coded for the low integration of experimental design and structure and 

function. This was a high integration question because it asked students to explain how genetic 

modification (evolution) affects (or does not affect) a plant differently in two different ecological 

scenarios. 

 

Edith’s checkerspot is a butterfly that lives in western North America. Populations are 

very isolated, as this butterfly seldom flies very far. Each population is a specialist, using 

a particular type of plant for laying eggs. Whether we personally care very much about 

this tiny animal, it can teach us a lot about biology. Picture a population of Edith’s 

checkerspot butterflies that is isolated enough such that migrants from only populations 

only get there sometimes once per year when strong winds blow from the deserts to the 

east. Some years there are no migrants. 
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What is one way in which humans can affect the evolution of animals? Answer using 

Edith’s checkerspot butterflies as an illustrative example. Be very specific. 

Answer[provided by instructor]: Evolution: descent from an ancestor with genetic 

modification from that ancestral state; this can mean modifications within a species or 

population AND the origin of new species from ancestral species 

A population of Edith’s checkerspot butterflies lived in a meadow in Nevada. They used 

blue eyed Mary as a host plant for laying eggs. Almost all the butterflies did this – they 

were specialists on blue eyed Mary. Humans changed the environment when they brought 

cattle into the meadow. Blue eyed Mary died off, and there was a lot of plantain. Plantain 

was different, in that it was around for more of the year, potentially expanding the 

breeding season of the Edith’s checkerspot. The problem was that almost all the Edith’s 

checkerspots would not use plantain, so they died without progeny. A few Edith’s 

checkerspots were able to use the plantain. They lived and had a lot of offspring, passing 

their ability to use the plantain on to their offspring. Maybe some of the offspring did not 

inherit this ability and died without offspring, but a lot lived and reproduced. This, in and 

of itself was evolution, but we didn’t know it, because we didn’t know if the host-plant 

choice was genetic or something that was plastic. We found out. When the humans moved 

the cattle out, the blue eyed Mary came back. But, the butterflies left in the meadow could 

not use the blue eyed Mary anymore - the alleles for using that plant must have been 

purged from the population during the plantain dominance years. This indicates that the 

change was a genetic change.  

 Laura Eidietis, University of Michigan 
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The above question is from a unit exam in a first-year biology course that was coded for the 

Ecology Concepts element life history, the Human-Environment Interactions element human-

accelerated change, and the Cross-cutting Themes element evolution. This question was also 

coded with the high integration theme Addressing Problems in the Environment. This question 

was high integration because students were asked to explain how humans can influence 

evolution, and why this matters to the life history of a particular insect. 

 

How has Ecology been influenced by Evolutionary Biology/Darwinism? Has it? Where 

do you see possible synergies/conflicts between Darwinian thought and ecological ideas?  

 John Anderson, College of the Atlantic 

 

The above question came from a list of prompts students were directed to choose from to write a 

research paper in an Ecology class. This was coded for high integration of ecology in this course 

and the Cross-cutting Theme evolution because students are directly asked how one influences 

the other. 

 

What is co-evolution? How do you demonstrate it? When is it likely to occur? How 

might ideas of co-evolution feature in notions of ecosystem ecology? What sort of 

evidence would you look for in invoking co-evolutionary explanations for ecological 

outcomes?  

 John Anderson, College of the Atlantic 
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The above question also came from a list of prompts students were directed to choose from to 

write a research paper in an Ecology class. This question was coded for high integration of the 

Ecology Concepts element ecosystems and the Cross-cutting Theme evolution, again because 

students are asked how these elements influence one another. 

6. Tailoring Practices to Research Questions 

 In this theme, assessment questions asked students to explain how or why an ecology 

practice applies to the study system or ecological concept of inquiry. Thus, questions in this 

category were likely to integrate 4DEE elements in Ecology Concepts and Ecology Practices. To 

answer these questions, students would consider both their knowledge of the ecology concept 

and the practice to justify why they are well suited to one another. Some content and practices 

were related by equations, the structure of data, or other quantitative relationships. However, 

other concepts and practices were related by social conventions (such as the communicating and 

applying ecology element of Ecology Practices) and interpersonal relationships (such as the 

collaboration element of Ecology Practices). 

Examples of Tailoring Practices to Research Questions 

Which ecological relationships are easiest to observe in the field?  

 Anne McIntosh, University of Alberta 

 

The above question came from one of the “guiding questions” that were to be assessed in a 

presentation following a lab activity in an Ecology course. While this question did not directly 

ask students to explain their answer, this was a high integration question because it prompted 

students’ consideration of how different ecological interactions apply to their field techniques. 
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This question was coded for the high integration of Ecology Concepts element competition, 

predation, mutualism and Ecology Practices element fieldwork. 

 

What do the patterns in our graphs tell us about diversity in this stream and pond? In 

which habitat is diversity higher, and how do you know from the graphs? Warning: you 

made two graphs in this lab, so discuss both graphs thoroughly. Including a little data 

helps, too.   

Answer: Rank-abundance graph: There were 25 species in the pond but only 21 in the 

stream. Evenness (slope) was about the same in both habitats (or maybe slightly higher 

evenness in pond, but only slightly).   

 Survey respondent requested that their course materials be shared anonymously 

 

The above question came from a set of questions following a lab exercise in an Ecology course. 

This question was coded with high integration of the Ecology Practices element data skills and 

the Cross-cutting Theme biogeography because students were asked to describe why features of 

a data visualization led to certain ecological conclusions. 

 

Justification – linked back to Research brief where appropriate. 

Does the exhibit include opportunities for environmental or educational enrichment?  

Is the space functional, safe, and does it mimic the animal’s natural habitat?  

Does the space include engaging interpretation and a creative use of space for viewing 

opportunities?  
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Conservation Connection: How does the solution/process connect to conservation 

efforts? What is the conservation story that can be shared with guests? What does exhibit 

design have to do with conservation?  

 Zach Grimes, Middle Tennessee State University 

 

The above question came from a project in which students proposed a design for an animal 

enclosure in a zoo for a teacher education course. This question was coded for high integration of 

the Ecology Concepts element habitat and niche, the Ecology Practices element communicating 

and applying ecology and the Human-Environment Interactions element conservation biology. 

These elements were considered highly integrated because students were asked to consider how 

ecological factors in the exhibit influence communication to a specific audience and why this 

matters to conservation efforts. 

 

The logistic equation has served as the basis for a wide array of ecological models. 

Deconstruct the equation for me, showing what assumptions are built in to the idea, 

where Biology might play a role, what sort of measurements might be needed to apply a 

logistic model to population growth, where potential errors and abuses might creep in. 

Why is the logistic such a popular tool in resource management?  

 John Anderson, College of the Atlantic 

 

The above question came from a list of prompts students were directed to use to write a research 

paper in an Ecology course. This was coded for high integration of the Ecology Concepts 

element growth curves, the Ecology Practices element quantitative reasoning, and the Human-
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Environment Interactions element resource management because students were prompted to 

explain how a mathematical model represents an ecological phenomenon and why this matters to 

resource management. 

Define population regulation. Distinguish (with examples) between intrinsic and extrinsic 

population regulation. Are all populations “regulated”? Why or why not? How might the 

organism that you study affect your views of “regulation”?  

 John Anderson, College of the Atlantic 

 

The above question also came from a list of prompts students were directed to choose from to 

write a research paper in an Ecology course. This was coded for high integration of the Ecology 

Concepts element growth curves and the Ecology Practices element investigations because it 

asks students why experimental design (specifically, choice of study system) influences 

conclusions about an ecological concept.  

 

7. Emergent Patterns in the Natural Sciences 

 Questions about Emergent Patterns in the Natural Sciences asked students to connect 

ecology to other natural science disciplines, either by specifying the relevant discipline (as seen 

in our third example below) or by connecting an element in Ecology Concepts to one of the 

elements in the Cross-cutting Themes 4DEE dimension. The elements in Cross-cutting Themes 

were added to 4DEE in part because of their similarities to other fields of science (Berkowitz et 

al. 2018), elements that we interpreted to be systems, pathways and transformations of matter 

and energy, and structure and function. By this logic, assessment questions that explicitly related 

ecology concepts to one of those cross-cutting themes were connecting this content to 
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overarching scientific concepts. The ubiquity of a concept across several natural sciences is 

likely to have a quantitative core, such as the mathematical relationship between surface area and 

volume that defines many structure-function relationships in biology and chemistry. 

Examples of Emergent Patterns in the Natural Sciences 

Which type of photosynthetic pathway would you most likely expect the new pin-cushion 

plant species to have? Provide one reason for your choice.  

Compare/contrast this pathway and the other two photosynthetic pathways - explaining 

two ways in which they are similar and/or different.  

Provide an example of a type of habitat or biome where you would expect to find the 

other two types of photosynthetic pathways.  

 Anne McIntosh, University of Alberta 

 

The above question comes from a question set in a midterm exam in an Ecology course. This 

question was coded for the high integration of the Ecology Concepts elements biome type and 

habitat type and the Cross-cutting Theme pathways and transformations of matter and energy 

because the question elicited this concept of pathways at a meta level by asking students to 

identify and compare two similar photosynthetic pathways, likely analyzing differences in the 

transformation of both matter and energy in each. 

 

Explain (or draw) how the abundant organic carbon stored in soils of northern biomes 

could be involved in a positive feedback with global warming. Either one of two 

feedbacks is acceptable. A drawing with arrows is fine, but you must label/explain what 

each arrow means.  
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 Survey respondent requested that their course materials be shared anonymously 

 

The above question is the first part of a question set in an exam in an Ecology course. This 

question was coded for high integration of the Ecology Concepts element biome type, the 

Human-Environment Interactions element climate change, and the Cross-cutting Theme systems, 

because feedback loops were considered to be a core component of systems in the Vision and 

Change curriculum framework (Brownell et al. 2014). This was a high integration question 

because students are asked to explain how a particular biome influences a feedback loop and 

why this yields climate change.  

 

How have and do ideas about geology and continental drift influenced concepts in 

ecology? 

 John Anderson, College of the Atlantic 

 

The above question, which comes for a list of prompts for a research essay in an Ecology course, 

is an example of a question in Emergent Patterns in the Natural Sciences that connects to these 

patterns by explicitly naming connected disciplines. This was coded for the high integration of 

ecology in this course and the Cross-cutting Theme biogeography because it asked how various 

disciplines (including ecology) influence biogeography. 

Discussion 

 We found that the majority of assessment questions in ecology-content courses touched 

on elements in multiple dimensions of the 4DEE framework. Elements from Ecology Concepts 

were, unsurprisingly, represented most well often in assessments, followed by those in Ecology 



 

 

86 

Practices and then Cross-Cutting Themes. Elements from the Human-Environment Interactions 

dimension were least frequently found in the contributed assessments overall. However, Human-

Environment Interactions elements were fairly well represented among high integration 

questions, occurring nearly as often as elements in Cross-Cutting Themes and more often than 

those in Ecology Practices. High integration questions not only mentioned multiple elements but 

asked students how these elements interacted with one another. The majority of high integration 

questions and activities came from courses that instructors did not consider to be 

interdisciplinary, a finding that is consistent with both the challenging nature of defining 

interdisciplinarity (Graff 2016) and the distinction between interdisciplinarity and integration 

across dimensions discussed in the introduction. We found that high integration questions fell 

into one of seven theme categories that describe their relationship to the 4DEE framework, their 

interdisciplinary approach, and their potential benefits and limitations in ecology courses. 

 

Evaluating the Opportunities and Limitations of Each High Integration Theme 

 Nikitina (2006) identifies both benefits and drawbacks of each of her categories of 

interdisciplinary teaching. By understanding the benefits and drawbacks of Nikitina’s 

interdisciplinary categories, we can infer some of the potential benefits and drawbacks of the 

emergent high integration themes that we have identified and their power to help students 

integrate across dimensions of the 4DEE framework. 

 

Themes Based on Problem-Centring 

 Problem-Centring lessons offer students relevance and motivation (Nikitina 2006). 

Students can work to solve problems in lessons to understand their development of academic 
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skills and content knowledge not merely in terms of their individual gain, but as a source of 

change in their communities. Further, lessons about real-world problems can help illustrate the 

key ecological principle that some resources are finite, and that over-use of these resources 

affects ecological processes (Knapp and D’Avanzo 2010). However, Problem-Centring alone 

does not help students consider why they should seek to change their communities nor how they 

should ethically and responsibly engage in different change efforts. In our study, questions in 

either of the Addressing Problems categories (Addressing Problems in the Environment and 

Addressing Problems of Racism) can provide opportunities for students to practice real-world 

application of their ecological knowledge, though this practice may be infused with students’ 

uninterrogated assumptions about which problems deserve to be addressed and who the solutions 

should benefit. 

 

1. Addressing Problems in the Environment 

 Questions within this theme could facilitate student work on interdisciplinary teams, 

particularly if those questions prompt students to identify not only the strengths of an ecological 

approach but also its limitations. Identifying the limitations of an ecological approach could help 

students cultivate “critical disciplinary awareness,” an interdisciplinary skill with which students 

can evaluate the constraints of their own discipline and the complementary advantages of 

perspectives and practices from other disciplines (Woods 2007). Instructors interested in 

preparing students for this skill may deepen questions in Addressing Problems in the 

Environment by prompting students to re-complicate a “solved” problem, perhaps asking: Where 

could your solution go wrong? What would your team need to do to fix it? 
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 However, even after answering these questions, a limitation of this theme is that students 

would not necessarily be able to explain what they believe their role should be in solving these 

problems nor why the problem is important. 

 

2. Addressing Problems of Racism 

By integrating course studies of racism and ecology, instructors and students have a rich 

opportunity for better understanding the insidious philosophical and cultural foundations of 

ecology as a natural science. For example, one ubiquitous ideology in ecology is universalism, 

which posits that the process of science is unaffected by subjective factors like the identities of 

scientists; scholars like Dubois Baber use Critical Race Theory to critique this ideology by 

centering the perspectives on communities of color (Baber 2020). In this example, identifying 

universalism in science is not simply an esoteric exercise, as universalist constructs like 

meritocracy and objectivity underlie hierarchies of privilege in predominantly white institutions, 

empowering white instructors to dismiss the accomplishments of African American, Latino 

American, and Native American students (Baber 2015). This example illustrates one asset of the 

theme; by recognizing and critiquing universalist ideology, students may find a deeper 

understanding of how ecological issues such as environmental degradation are largely shaped by 

social structures of privilege and power. Previous scholars have outlined how ecology lessons 

can be enriched by an approach that centers communities of color. For example:  

…climate change is an environmental issue that is widely addressed in scientific research 

and education for its global impacts. To make a meaningful connection between climate 

change and community, we can focus on how climate change disproportionately affects 

marginalized communities (e.g., pollution, food security, extreme weather events) and 
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discuss why this makes their input and leadership in research even more valuable. 

Community-relevant topics can be integrated into the classroom by incorporating the 

diverse viewpoints and perspectives from historically underrepresented groups into 

traditional lecture topics (e.g., environmental justice in climate change, subsistence 

fisheries and food security in fisheries and conservation, Indigenous rights in resource 

management). (Arif et al. 2021) 

Within 4DEE, insights such as Arif et al.’s are essential for discussing elements in the Human-

Environment Interactions dimension. 

 While Addressing Problems of Racism can provide opportunities in an ecology course, 

instructors should be thoughtful in their approach. Lessons and assessments about racism are 

likely to have personal relevance for students, and instructors should be careful to not reaffirm 

racist paradigms that harm students of color. Existing research and guidance (Chaudhary and 

Berhe 2020; Arif et al. 2021; Cronin et al. 2021) can help instructors consider the existing 

barriers in their courses that create disproportional challenges (and their alternatives) for students 

who are Latinx (Camacho et al. 2021), Black (Weston et al. 2019; Mills 2020), Asian American 

(Nguyen et al. 2022), Native American (Bang and Medin 2010; Smith et al. 2014), and, in 

intersection, LGBTQ (Cooper et al. 2020). This guidance is relevant to our study, as some 

courses included assessments in which self-identified white instructors asked their students to 

consider factors of racism and genocide within ecology exams. (Those questions are not included 

as examples here, as they did not directly touch on multiple elements of the 4DEE framework). 

While moves toward addressing racism and other forms of structural oppression in ecology 

courses are laudable, it seems possible that an unexpected question about structural oppression in 

a timed, high-stakes assessment may create barriers such as stereotype threat (Kellow and Jones 
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2008), contributing to broader patterns of harm (Fischer 2010; Johnson-Ahorlu 2013), even when 

the intention is to disrupt those patterns. For example, a student of color may be forced to use 

exam time to consider if their white instructor will fairly grade an honest response, or if the 

instructor will consider the student’s analysis of their relevant experiences to be “wrong.” Of 

course, in our study, it is impossible to make judgements about the context surrounding these 

exam questions, including how instructors have prepared students for them during lessons. 

However, since questions about racism appeared in our study documents, it seems prudent that 

we consider how these questions may affect students. 

 In constructing assessments about ecology and racism, instructors, particularly white 

instructors, should seek to better understand themselves and their classrooms (Dewsbury 2020). 

For assessments, students may benefit when instructors consider, amongst other things:  

• During this assessment, will students have the opportunity to take breaks, using this time 

to potentially set boundaries or evaluate how the assessment is affecting them (Johns et 

al. 2008)?  

• Do students have a choice on the topics or format of their assessment (Arif et al. 2021)?  

• Are students graded in such a way that they are held to a dominant social standard such 

as white supremacy (Inoue 2019)? 

• Does the assessment focus only on the suffering of people of color, or does it highlight 

their professional accomplishments (El‐Sabaawi et al. 2020) or otherwise draw on the 

cultural wealth (Stanton et al. 2022) of students of color? 

Many of these suggestions apply to all assessments, not only to assessments that include 

questions about racism. Thus, instructor’s careful consideration of how to teach lessons about 
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racism is not extra work for teaching an ecology course, but rather an essential component of 

developing any course that does not disproportionately perpetuate racist harm. 

 Careful consideration is also important because of an inherent limitation of the 

Addressing Problems of Racism theme, which is that questions in this theme do not necessarily 

address the historical and contemporary social context that creates racism and makes these 

problems so important. 

 

Themes Based on Contextualizing  

 Nikitina (2006) explains that Contextualizing approaches to interdisciplinary teaching 

can help students question the presuppositions that underlie science, perhaps recognizing how 

their and others’ perspectives shape their observation and interpretation of scientific phenomena. 

Contextualizing can also offer students new learning tools, as seen in chemistry classes in which 

students improved their grasp of mathematical relationships using artistic exercises (Bopegedera 

2005). However, Contextualizing does not necessarily include learning about specific 

disciplinary practices and content knowledge and would be a flawed approach for learning 

something like laboratory techniques. Among our categories of integration, Contextualizing in 

the Humanities and Justifying Ecology in Society describe assessment questions that may help 

students better understand ecology as a discipline. However, this understanding alone is not 

likely to make them better field researchers. 

 

3. Justifying Ecology in Society 

 Assessments that ask students to explain why ecology is important allow students to build 

metacognitive skills, which can increase long term retention of course materials (Spellman et al. 
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2016). Justifying ecology can also provide intrinsic motivation for learning when students are 

drawing from their own opinions and experiences. For example, learning and research 

experiences that align with students’ goals and values can help Native American students feel a 

greater sense of belonging in science and persist in science careers (Chow-Garcia et al. 2022). 

Further, questions that connect ecology to a moral, philosophical, economic, or political context 

may present the opportunity for students to interrupt the conventional priorities of Western 

science and instead root ecology in cultural relevance, such as in Sánchez Tapia et al.’s study of 

a lesson plan for Nahua middle schoolers in which students were introduced to the concept of 

natural selection through discussions of selective breeding in local agriculture (Sánchez Tapia et 

al. 2018).  

 Instructors can use Justifying Ecology in Society questions in assessments to challenge 

students to demonstrate their understanding of course materials by tying it to personal, cultural, 

political, or economic relevance. However, if taught alone, a limitation of this theme is that these 

questions do not necessarily help students develop the ecological skills and knowledge that will 

be relevant to their lives and careers. For example, through assessments in this theme, a Nahua 

college student may learn that species identification is a valuable skill she will use in her future 

career as a doctor. However, she would need to pursue a separate lesson to actually learn to 

identify the snakes that are likely to bite her patients. 

 

4. Contextualizing in the Humanities 

 Lessons that place ecology ideas in a humanities context may present students with rich 

opportunities to learn more about concepts like climate change that they experience both as 

science content and as a phenomenon with strong impacts on their (and others’) lives (Hulme 
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2011). Questions under this theme may help students identify bias in ecological thought and 

limitations of ecology as a field of inquiry, particularly if instructors prompt students to identify 

what topics their course materials have not included, and what other disciplinary perspectives 

could offer. Indeed, ecologists across cultures may need to draw upon historical context to work 

toward more accurate and justice-oriented ecological work:  

Examining the history and present challenges in the field of conservation provide insight 

and a way forward in a world which seems to be increasingly more hostile to equity-

seeking groups. Conservationists as a group need to contend with their role in actively 

maintaining a system which rewards privilege and contains multiple barriers for access 

and full participation by marginalized communities. Developing mechanisms to root out 

white supremacy and colonial mindsets will question the very foundations of the field 

and will be among the most challenging and pressing tasks we will face in coming 

years….In order to understand the contemporary context of ecology and conservation, it 

is imperative that we look to history. (Chaudhury and Colla 2021) 

Another reason this emphasis on history is important for understanding ecology topics is because 

all ecosystems are influenced by the history of human activities on that land. Knapp and 

D’Avanzo (2010) identify historical context as one of the key principles of ecological thought, 

noting that ecological systems are contingent on legacy effects created by previous human 

actions.  

 One limitation of this theme is that understanding these contexts does not necessarily 

guide students in how to use their knowledge in practice. For example, an aspiring researcher 

may understand the historical connections between imperialism and ecology but not know how 
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this relationship shapes contemporary research questions, practices, and interpretations in their 

chosen study system. 

 

Themes Based on Conceptualizing 

 Conceptualizing is an interdisciplinary technique in which students use specific 

disciplinary practices to simplify data to their mathematical or empirical core (Nikitina 2006). 

For example, this technique may be approached by lessons in which students simplify a real 

situation into a mathematical model that they can validate with their knowledge of the real 

situation (Maass, Geiger, et al. 2019). However, these conceptual connections often require a 

good deal of instructor guidance (Nikitina 2006) and, even when understood, may have limited 

significance or personal connection for students. Similarly, our categories of 4DEE integration 

Emergent Patterns in the Natural Sciences, Tailoring Practices to Research Questions, and 

Connecting Ecology and Evolution are likely to elicit deep thought about the relationships 

between the sciences. As a limitation, students may not be likely to initiate these deep thoughts 

or persevere in understanding the complexities of scientific interrelationships unless they are 

incentivized to do so and shown why these ideas matter. 

 

5. Connecting Ecology and Evolution 

 Ecological patterns and processes are constrained by evolutionary history. This concept is 

a key principle in ecology education, as evolutionary processes can help to explain ecological 

patterns (Knapp and D’Avanzo 2010). Students who strive to explain the connections between 

these fields are likely to develop a better understanding of both. Making connections between 

ecology and evolution can be done by exploring the entwined historical roots of the disciplines 
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(such as foundational contributions by Charles Darwin (Spalding 1903)) and specific quantitative 

connections (such as those in population genetics). 

 A limitation of this theme is that students may be able to connect ecology and evolution 

but not know how to use that information to address problems. For example, a student may be 

able to identify that natural selection is an important part of disease ecology, but not know how 

this applies to a real-life agricultural pathogen. 

 

6. Tailoring Practices to Research Questions 

 Questions in Tailoring Practices to Research Questions are well equipped to help 

students build interdisciplinary skills like conceptual competence, in which they learn to how to 

appropriately use tools from one discipline to meet goals in another (Woods 2007). Instructors 

wishing to prompt deeper consideration of questions in this theme could consider a meta 

approach for upper-level students, perhaps having them categorize different forms of Ecology 

Practices elements (e.g., different types of statistics tests) according to their suitability for 

different types of ecological data, or having students investigate to what extent certain ecology 

practices are used by convention versus evidence-based justifications.  

 One limitation of this theme is that students are not necessarily asked to investigate the 

impacts of Ecology Practices in a broader context, such as the environmental damage that has 

been caused by destructive sampling or the exploitation of colonial relationships in some 

international field work. 
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7. Emergent Patterns in the Natural Sciences 

 Instructors may be able to use Emergent Patterns in the Natural Sciences most 

effectively when they teach students directly about the connections between course materials and 

relevant cross-cutting themes. For example, lessons or assessments may prompt students to use 

cross-cutting themes as organizing principles that they sort course content into along with 

content they know from chemistry, physics, and math classes. This meta-disciplinary approach in 

which students talk explicitly about disciplines is a useful tool in interdisciplinary teaching (Boix 

Mansilla et al. 2000). Questions about Emergent Patterns in the Natural Sciences can also help 

students build the interdisciplinary skill of competence in negotiating meaning, which is 

understanding how key terms in one discipline are defined differently in another, an essential 

tool for communication in collaborative teams (Woods 2007). However, one limitation of this 

theme is that questions do not necessarily ask student to explain why those collaborative teams 

matter or what problems could be solved with collaboration. 

 

 Each of the categories we have identified of existing high-integration assessment 

questions have potentially troubling limitations. Fortuitously, instructors can combine these 

different approaches to 4DEE integration in order to ameliorate the limitations of any particular 

high integration theme. 

 

Using High Integration Themes as Building Blocks 

 One of the inherent boundaries of interdisciplinary teaching is that undergraduate courses 

tend to have a single instructor, and each instructor has limits on the range of their expertise. For 

ecology instructors considering the possibilities of integrating across dimensions of 4DEE (and 
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perhaps accomplishing interdisciplinarity along the way), logistical boundaries likely prevent 

them from covering elements as disparate as informatics or environmental philosophy. A single 

ecology instructor is unlikely to have the pedagogical training to range too far into other 

disciplines. Of course, these limitations are acknowledged by the creators of the framework, who 

clarify that no course needs to cover all elements (Berkowitz et al. 2018; Prevost et al. 2019). 

However, courses do not exist in isolation: students in ecology-related majors are likely to take 

many courses in biology and other natural sciences, taught by biologists and other natural 

scientists, and it is possible that the limits of their instructors’ expertise follow common patterns, 

leaving behind common gaps. Consider, in particular, Human-Environment Interactions. This 

dimension was the least represented among our study documents. For many of the elements in 

this dimension, instructor expertise, while certainly possible, is unlikely to come from their 

training as scientists (relative to their knowledge of the other dimensions). It seems unlikely that 

an instructor with little training in an element would be able to integrate it into a lesson, applying 

the appropriate epistemological framework to the appropriate questions and topics. In addition, 

this problem persists outside of the classroom; these epistemological differences between 

disciplines—particularly those that researchers are not aware of—can plague multidisciplinary 

teams (Brister 2016). 

 Integration across dimensions, then, may have more utility as preparation for 

interdisciplinarity. Each of the high integration themes we have identified in this study may be 

most effective when they are combined in sequence with the explicit goal of teaching students 

what ecology is and also what it is not, so that students understand how ecology fits with other 

disciplines in advancing scholarship and solving problems. The potential opportunities presented 

by combining themes in sequence are summarized in Figure 3. 
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 Conceptualization-heavy themes like Emergent Patterns in the Natural Sciences, 

Tailoring Practices to Research Questions, and Connecting Ecology and Evolution offer deep 

thinking about science but could improve with pairing with the Contextualizing in the 

Humanities theme. For example, students might be better prepared to evaluate the data that 

supports ecological concepts if they also understand the ideologies of foundational contributors 

to statistics (Clayton 2020) or some of the environmental philosophies in the Human-

Environment Interactions dimension. In addition, students may find intrinsic motivation to 

understand the math-heavy concepts that cross sciences if they apply their quantitative skills to 

socio-scientific problems, in activities such as the conversion of real-life scenarios to 

mathematical models (Maass, Doorman, et al. 2019).  
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Figure 3: Opportunities presented by stacking high integration themes in lessons and assessments.  

Each puzzle piece represents one theme or two themes with similar pedagogical benefits and limitations. Intrusions 

into a puzzle piece contain questions that illustrate a limitation of that piece’s theme(s) which can be addressed by 

another theme from the extruding piece.  

 Themes rooted in Contextualization like Contextualizing in the Humanities and Justifying 

Ecology in Society can be used to generate assessments and lessons in which students are 

motivated to learn ecology and understand where it comes from. However, these themes do not 

necessarily prepare students to actually do scientific work. This limitation can be ameliorated by 

pairing course materials that provide context with lessons on ecological research methods, such 

as those facilitated by the Tailoring Practices to Research Questions theme. An obvious choice 
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of venue for this pairing is laboratory courses, though instructors may alternatively incorporate 

methodological content through the use of personal stories told by scientists (Carmel 2011; Story 

Collider Inc) or data-rich case studies about the environmental aspects of everyday life (Wyner 

and DeSalle 2020). 

 Our two problem-centered themes, Addressing Problems in the Environment and 

Addressing Problems of Racism could benefit from preceding course content in Contextualizing 

in the Humanities or perhaps Justifying Ecology in Society to explore why ecologists would or 

should be called upon to solve problems in the first place. Students can use cultural and historical 

perspective to shape how they define their own responsibilities and limits as problem solvers. 

Further, students who are addressing problems can benefit from lessons in Tailoring Practices to 

Research Questions, so that they can use evidence to explain why they address problems in 

particular ways. 

 The proposal that instructors use different interdisciplinary strategies to build on one 

another in an integrated 4DEE lesson is supported by Prevost et al.’s (2019) early examples of 

4DEE lessons. In this publication, the authors describe two lessons that each spanned multiple 

classes, in which students covered content from each of the four dimensions by moving fluidly 

from conceptualizing activities (such as identifying patterns in data) and contextualizing 

activities (such as identifying social drivers and impacts of species decline) before investigating 

potential problem-solving efforts.  

 

Limitations and Future Research 

 In this study, we collected blank assessments only. Our interpretation of these 

assessments does not include the context of lectures or other course materials, so we do not claim 
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that our interpretation represents these courses in their entirety. We also do not know how 

students responded to assessment questions. As with previous surveyors of course assessments 

(Laverty et al. 2016), our interpretation is only of the potential these assessments created for 

student learning, not of what they actually learned. Our study documents also represent only a 

small fraction of ecology assessments, a sample which is biased by our selection of only English-

language courses and our solicitation of surveys in listservs frequented by instructors in the 

United States.  

 Future researchers can continue to develop our understanding of ecology assessments by 

examining students’ responses to questions in each of the seven themes we have identified. In 

particular, researchers could study whether student performance on questions in these themes 

indicates accomplishment of specific learning goals, such as understanding common pedagogical 

principles of ecology (Knapp and D’Avanzo 2010). Further, future researchers may wish to 

study the benefits and barriers instructors face when using these themes while writing and 

grading assessments. 

 

Conclusions 

 The elements of the 4DEE framework are well-represented in existing ecology-content 

courses. Co-occurrence of elements in different dimensions is common in ecology assessments. 

High integration assessment questions tend to fall into a few specific categories: Addressing 

Problems in the Environment, Addressing Problems of Racism, Emergent Patterns in the Natural 

Sciences, Tailoring Practices to Research Questions, Contextualizing in the Humanities, 

Justifying Ecology in Society, and Connecting Ecology and Evolution. These themes may 

provide a useful guide for instructors looking to use the 4DEE framework to deepen their 
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students’ understanding of ecology. In particular, lessons that combine approaches in different 

high-integration categories may help students understand the human context of ecology, the 

scientific patterns within it, and the limited but important potential that ecology has to address 

problems.  

 

Appendix A- Survey 

Integration Across Dimensions in Ecology Assessments  

 

Are you a current or previous instructor of a college or university course that teaches ecology 

content in the English language?  

• Yes  

• No  

• Not sure  

 

Do I have your permission to quote or include pictures of your course materials in publications 

that are produced from this research? If I do not have your permission, I will still include your 

course materials in data analysis, but I won’t directly quote your course materials in publication. 

• No, please keep my course materials private (this is the default if you do not answer this 

question) 

• Yes. Please credit me.  

• Yes, but please keep me anonymous  
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What course are you submitting materials for? (if you are able to submit materials for multiple 

courses, please do so on separate surveys) 

• Introduction to Biology  

• Ecology  

• Evolutionary Biology  

• Animal Behavior  

• Genetics  

• Environmental Science  

• Other (please specify)  

 

What is the name of the college or university for which you teach this course?  

 

What department is the course offered through?  

• Biology  

• Environmental Science  

• Other (please specify)  

 

How many students are typically in one section of the course?  

 

This course (select all that apply):  

• Fulfills a course requirement for non-majors  

• Is an elective for non-majors  
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• Is an introductory course for majors  

• Is an upper-level required course for majors  

• Is an elective for majors  

• Other: please describe  

 

The students in your class are primarily (select all that apply):  

• First years/ Freshmen  

• Sophomores  

• Juniors  

• Seniors  

• Graduate Students  

• Other: please describe  

 

Who grades your course assessments? (select all that apply)  

• The instructor of record  

• Graduate Teaching Assistant(s): If so, how many?  

• Undergraduate Teaching Assistant(s): if so, how many 

• Other: please describe  

 

Where do you get your assessment questions or prompts? Please select all that apply:  

• I, the instructor of record, write them  

• Other instructors in the department write them  
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• Teaching Assistants write them  

• I use questions from a question bank  

• Other: please describe  

 

Would you describe this course using any of the following terms? Please select all that apply: 

• Focused on a single discipline  

• Cross-disciplinary  

• Multidisciplinary  

• Interdisciplinary  

• Other: please  

 

In which years have you taught this course? Please select all that apply:  

• 2020  

• 2019  

• 2018  

• 2017  

• 2016  

• 2015  

• 2014  

• 2013  

• 2012  

• 2011  
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• 2010  

• 2009  

• 2008  

• 2007  

• 2006  

• 2005  

• 2004  

• 2003  

• 2002  

• 2001  

• 2000  

• Before 2000  

 

Rate your familiarity with the 4DEE (Four Dimensional Ecology Education) framework.  

• I have never heard the term "4DEE"  

• I have heard the term "4DEE" but don't know what it means.  

• I know the term but haven't aligned my teaching to it  

• I have aligned some of my teaching to the 4DEE framework  

• I have aligned all of my teaching (when possible) to the 4DEE framework  

 

How many years have you taught (any) courses at the college or university level?  
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What is your title?  

• Lecturer  

• Senior Lecturer  

• Professor of Pedagogy  

• Instructor  

• Adjunct Faculty  

• Visiting Professor  

• Professor  

• Associate Professor  

• Assistant Professor  

• Other, please specify 

 

Is your institution classified as one of any of the following? 

• Historically Black Colleges and Universities 

• Hispanic-Serving Institutions 

• Tribal Colleges or Universities 

• Native American Non-Tribal Institutions 

• Minority Serving Institutions 

• Alaskan Native- or Native Hawaiian-Serving Institutions 

• Asian American- and Native American Pacific Islander-Serving Institutions 

• Predominantly Black Institutions 

• I don’t know 

• Other, please specify: 
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Is your institution classified as a(n): 

• R1 University 

• R2 University 

• Liberal Arts College 

• Community College 

• Other, please specify: 

 

What is your name?  

 

 

May I contact you for future, related research projects?  

Yes  

No  

 

(If Yes) 

What is your email address?  

 

Please upload course documents in the following items. If you do not have the document 

specified, that's fine. Anything you can contribute will be valued. If you’re not sure where to 

upload a document, use any of the following items. Please do not upload examples of student 

work.  

 

Upload course syllabus here  
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Upload final or midterm exam here. Please include answer key if possible.  

(Only one file can be uploaded in this space. Please upload multiple files in zip folder or in 

additional upload spaces, below.) 

 

Upload other summative assessments (essay prompts, project assignments, lab report 

assignments, etc.) here. Please include any rubrics or other scoring criteria you have available. 

(Only one file can be uploaded in this space. Please upload multiple files in zip folder or in 

additional upload spaces, below.) 

 

Upload any other assessments you're willing to share (including formative assessments such as 

quizzes or writing assignments) here. (Only one file can be uploaded in this space. Please upload 

multiple files in zip folder or in additional upload spaces, below.) 

 

Additional Upload Space 

 

Additional Upload Space 

 

Additional Upload Space 

 

Additional Upload Space 

 

Additional Upload Space 
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Appendix B- Examples of No Integration and Low Integration 

Questions 

No Integration 

Ecology Concepts 

Explain why production efficiency is much higher in insects and amphibians than in 

mammals and birds. (An idea considered during the caterpillar lab.)  

 Survey respondent requested that their course materials be shared anonymously 

 

This question comes from an exam in an Ecology course. This question was coded for the 

Ecology Concepts element productivity. Though this question asks students to explain why an 

ecological phenomenon is happening, it is not a high integration question because it does not 

include elements from another dimension.   

 

Ecology Practices 

If an ecologist is studying the correlation between two variables and measures   

their correlation coefficient (r) to be 0.97, this indicates  

a. extremely strong negative correlation between the two variables.  

b. extremely strong positive correlation between the two variables.  

c. relatively weak positive correlation between the two variables.  

d. essentially no correlation between the two variables.  

 Survey respondent requested that their course materials be shared anonymously 
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This question comes from an exam in an Ecology course. This question was coded for the 

Ecology Practices element statistics. 

 

Human-Environment Interactions 

Why is there reason to be concerned that human activities will cause a mass extinction event? 

a. Because human activities are causing more extreme environmental changes than have been 

observed in the rock record. 

b. Because human activities are causing environmental changes at a rate that is faster than has 

been observed in the rock record 

c. Because more species are now going extinct than have ever gone extinct in the past. 

d. Because in the past, organisms have not shown the ability to adapt to changes in their 

environment.  

  Ashley Bales, Pratt Institute 

 

This question comes from an exam in an Ecology course. It was coded for the Human-

Environment Interactions element human accelerated change. 

human accelerated change 

 

Cross-cutting Themes 

What are the four evolutionary processes?  

Which of the above processes can: 

a. Lead to adaptation  
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b. Increase genetic variation within a population  

c. Reduce the probability that speciation will occur  

 Survey respondent requested that their course materials be shared anonymously 

 

This question came from an exam in an Ecology course and it was coded for the Cross-cutting 

Theme element evolution. 

 

Low Integration 

 

Ecology Concepts and Ecology Practices 

Draw a climate diagram representative of the conditions in the Grassland ecosystem you 

are studying (I don’t expect you to know absolute numbers for your y-axes but do your 

best to speculate on potentially reasonable values based on info provided). Your location 

has mean annual precip = 100 mm, mean annual temperature = 5.5C, elevation = 700 m), 

Hints: Be sure to label your axes and match up appropriate values and identify the 

growing season by circling and do your best to follow proper diagram guidelines. You 

can use symbols in place of colors for your lines. No figure caption required!  

 Anne McIntosh, University of Alberta 

This question came from an exam in an Ecology course. It was coded for the Ecology 

Concepts element biome type and the Ecology Practices element data skills. 
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Ecology Concepts and Human-Environment Interactions 

The overexploitation of cod in the North Atlantic releases crab and shrimp from 

predation pressure and results in a boom in the number of crab and shrimp. The increased 

number of crab and shrimp cause a decline in zooplankton abundance, which 

subsequently causes an increase in phytoplankton abundance. This change in the food 

web is an example of which of these? 

(A) Top-down control 

(B) Bottom-up control 

(C) Behavioral cascade 

(D) High resilience  

  Survey respondent requested that their course materials be shared anonymously 

 

This question comes from an exam in an Ecology course. It was coded for the Ecology concepts 

elements regulators, trophic cascades; stability, disturbance; competition, mutualism, predation; 

food chain, food web; and behavior. It was coded for the Human-Environment Interactions 

element agricultural ecosystems (a category which includes fishing). This question is a good 

example of our methodology in that questions were coded for all elements that came up in a 

question, even if the element occurred in a wrong answer (e.g., “Behavioral cascade”). 
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Ecology Concepts and Cross-cutting Themes 

If an ecologist is measuring the primary production of an ecosystem, what is   

being measured?  

a. the number of autotrophs  

b. species richness  

c. biomass  

d. chemical energy  

 Survey respondent requested that their course materials be shared anonymously 

 

This question came from an exam in an Ecology course. It was coded for the Ecology Concepts 

elements biodiversity and productivity and the Cross-cutting Themes element pathways of matter 

and energy. 

 

Ecology Practices and Human-Environment Interactions 

Find a “Linnaeus” species with the specific epithet “officinale/is”, first described in the 

1735 publication of Systema Naturae. Linnaeus used this specific epithet for plants of 

known medical benefit, because the “officina” near a medicinal garden was where 

extracts and tinctures were produced. What is the scientific and common name?  

Garden section: A / B / C / D / E /F 

Look online to briefly describe its medicinal properties:  

  Survey respondent requested that their course materials be shared anonymously 

This question came from a worksheet completed during an Ecology lab. It was coded for the 

Ecology Practices elements species identification and collaboration (because students were 
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instructed to work in pairs) and the Human-Environment Interactions element ecosystem 

services. 

 

Ecology Practices and Cross-cutting Themes 

 

The above plot indicates: 

a. no correlation between CO2 emissions and zip code 

b. a strong negative correlation between CO2 emissions in the largest cities 

c. no predictive relationship between population density by county and CO2 emissions 

d. all of the above 

e. a strong positive correlation between CO2 emissions and populations density  

 Ashley Bales, Pratt Institute 
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This question came from an exam in an Ecology course. It was coded for the Ecology Practices 

elements statistics and arguing from evidence. It was coded for the Cross-cutting themes element 

stability and change. It was also coded for the Human-Environment Interactions element climate 

change. 

 

Human-Environment Interactions and Cross-cutting Themes 

 

All else being equal, which of the following species would you expect to be most able to 

evolve and keep pace with climate change? 

(A) A species that reproduces twice a year, and is part of a large, genetically diverse 

population 

(B) A species that reproduces once every two years, and is part of a large, genetically 

diverse population 

(C) A species that reproduces twice a year, and is part of a small population with 

moderate genetic diversity 

(D) A species that reproduces once every two years, and is part of a small population 

with moderate genetic diversity 

  Survey respondent requested that their course materials be shared anonymously 

 

This question came from an exam in an Ecology course. It was coded for the Human-

Environment Interactions element climate change and the Cross-cutting Themes element 
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evolution. It was also coded for the Ecology concepts elements life history and global climate 

change. 

 

Appendix C- Frequency of Element Codings 

 The appendix presents the number of times elements of each 4DEE dimension coded in this 

study. The sum of the contextual units that were assigned codes in each dimension is displayed to the 

right of the dimension name. Note that the length, content, and assessment type of a contextual unit varies 

greatly between study documents, so quantitative comparisons between elements are thus unlikely to 

yield meaningful data. 

 

 

 
Element (code) 

Number of times found in 

questions 
 

Ecology Concepts   879 
 

  ecology in this course 22 
 

  biosphere 2 
 

  global climate change 31 
 

  global biogeography 21 
 

  biome 4 
 

  latitude and elevation 13 
 

  biome type 55 
 

  landscape 7 
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  watersheds 1 
 

  patches, corridors, barriers 20 
 

  gradients 7 
 

  ecosystem 10 
 

  trophic levels 24 
 

  regulators, trophic cascades 15 
 

  productivity 42 
 

  predation, carnivores, herbivores 18 
 

  nutrient cycles 61 
 

  food chain, food web 27 
 

  community 7 
 

  succession 17 
 

  stability, disturbance 18 
 

  habitat type 14 
 

  competition, mutualism, predation 61 
 

  biodiversity 51 
 

  behavior 18 
 

  population 12 
 

  life history 56 
 

  growth curves 54 
 

  organisms 7 
 

  resources and regulators 70 
 

  habitat and niche 65 
 

  (a)biotic features 49 
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Ecology Practices   547 
 

  communicating and applying ecology 56 
 

  natural history 36 
 

  collaboration 60 
 

  investigations 3 
 

  experimental design 77 
 

  evaluating claims with evidence 72 
 

  arguing from evidence 106 
 

  fieldwork 12 
 

  species ID 12 
 

  habitat assessment 0 
 

  GIS 4 
 

  quantitative reasoning 3 
 

  statistics 42 
 

  spreadsheets and R 10 
 

  modeling and simulation 18 
 

  informatics 0 
 

  data skills 36 
 

Human-Environment Interactions 207 
 

  ecosystem services 20 
 

  ethics 13 
 

  environmental philosophies 8 
 

  environmental justice 3 
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  ecological economics 6 
 

  "sustainability"  3 
 

  human-accelerated change 29 
 

  toxicology 4 
 

  climate change 49 
 

  resource management 24 
 

  stewardship 5 
 

  engineering 0 
 

  conservation biology 15 
 

  agricultural ecosystems 28 
 

Cross-cutting Themes 481 
 

  spatial and temporal 0 
 

  stability and change 23 
 

  scales 12 
 

  evolution 103 
 

  biogeography 48 
 

  systems 91 
 

  structure function 68 
 

  pathways of matter and energy 136 
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 Appendix D- 4DEE Elements Codebook 
This codebook contains the names and working definitions for the codes used in my first coding 

cycle, in which I coded for the presence of 4DEE framework elements. This table is organized by 

dimension and groups sub-codes under their parent codes. 
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Dimension 
   

Ecology 

Concepts    

Codes Sub-codes Description Origin 

a priori 

categories 

determined 

by the 

4DEE 

framework 
 

When is code applied? 

When is it specifically not applied? 

codes are determined 

a priori by 4DEE, but 

sometimes other 

sources influence 

code definition and 

application.  

Biosphere 

questions that explicitly ask students about living 

organisms at the "biosphere" or "global" level, 

excluding questions about global climate change 

or global biogeography. 
 

  global climate 

change 

Questions that ask about climate change, global 

warming, or carbon emissions, only when 

discussed at the global level. Questions that ask 

about, say, carbon emissions on Earth in general 

(without specifying a region) can be assumed to 

be global. 
 

  global 

biogeography 

Questions about where one or multiple species is 

distributed at a global level, not specified to a 

region of the earth. May include questions about 

the general locations of different biomes across 

the plant (e.g., tropical forests at equator), 

Cain ML, Bowman 

WD, Hacker SD. 

2008. Ecology. 

Sinauer Associates, 

Inc. (Textbook) 
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continental drift and previous continent 

configurations (e.g., Pangea) 

Biome Questions in this general bin should be about 

biomes (likely using the word "biome" either in 

question or in the answer), not about latitude, 

elevation, or a specific biome type. 
 

  latitude and 

elevation 

Questions about the role that latitude and 

elevation play on species distributions in a given 

biomes. Might include  latitudinal gradients of 

species richness (i.e., about how there are more 

species near the equator), or the general idea that 

climate change drives species to different 

elevations/latitudes 

Cain ML, Bowman 

WD, Hacker SD. 

2008. Ecology. 

Sinauer Associates, 

Inc. (Textbook) 

  biome type Questions about a specific type of biome or 

comparing multiple specific biomes. The biome 

should be named in the question or (potential) 

answer). 
 

Landscape Questions that are about the landscape ecology. 

Landscape ecology is about the arrangement of 

different types of habitat in a space (e.g., the 

layout of where forests, plains, and lakes are in a 

national park). May include questions about 

landscape heterogeneity or mosaics. Doesn’t 

include questions that are specifically about 

watersheds, gradients, or patches. 
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  watersheds A watershed is the area of land (something like 

the size of a city, though it varies a lot) that drains 

into a single stream. Questions coded for this will 

probably specifically mention "watershed" or 

prompt for it in the answer. 

Cain ML, Bowman 

WD, Hacker SD. 

2008. Ecology. 

Sinauer Associates, 

Inc. (Textbook) 

  gradients Questions about one or multiple species that 

change along a gradient of some abiotic factor 

(elevation, latitude, soil moisture, sun exposure, 

etc.) 
 

  patches Includes questions that specifically mention a 

patch of habitat, also includes questions about 

habitat corridors, edge effects, habitat buffers, 

and habitat fragmentation into patches. Doesn't 

include questions about island biogeography. 

Cain ML, Bowman 

WD, Hacker SD. 

2008. Ecology. 

Sinauer Associates, 

Inc. (Textbook) 

Ecosystem Questions about ecosystem ecology that don't fit 

into the categories below. Questions will 

probably mention the term "ecosystem." 
 

  trophic cascades Questions about trophic cascades. Trophic 

cascades happen when a change in the abundance 

of carnivores causes an indirect change in the 

abundance of plants (or other primary producers), 

because the carnivores eat the herbivores that eat 

the plants. 

Cain ML, Bowman 

WD, Hacker SD. 

2008. Ecology. 

Sinauer Associates, 

Inc. (Textbook) 

  nutrient cycles Questions that include any mention of a nutrient 

that changes from one form to another (i.e.  

organism to soil) or a specific mention of a 

nutrient being at one point in its cycle (e.g., soil is 

one location in the nitrogen cycle). 
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Doesn't include questions about a nutrient that’s 

just in one species (without mention of the cycle) 

(e.g., a question about how a flower need 

potassium). 

  productivity  Questions that cover the topic of net and gross 

primary productivity, including assimilation 

efficiency, production efficiency, etc.  
 

  food chain Questions that ask students anything about a food 

chain or web, or questions that don’t mention 

these by name but are discussing at least three 

species in a chain or web where some consume 

the others (e.g. foxes eat rabbits eat clover) 
 

  predation 

broadly 

At this ecosystem level, predation refers to the 

general idea of predators / carnivores in a food 

web, generally referring to multiple species 

and/or across multiple tropic levels. 
 

  trophic levels Questions about the flow of energy through an 

ecosystem through the consumption of producers 

by consumers. Question may include a trophic 

pyramid. Question may be about one or multiple 

trophic levels (but if only one, should probably 

mention "trophic" or something about the amount 

of energy species at that level gain from their 

food). 
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Community Questions about assemblages of multiple species 

that cannot be placed in one of the more specific 

categories below. Probably mentions 

"community" specifically. This category does not 

include broader ecological levels (i.e. though an 

ecosystem contains multiple species, a question 

about a whole ecosystem doesn't count in this 

category). 
 

  behavior Questions about behavior between species, not 

including behavior among individuals of a single 

species (e.g. sexual selection, intraspecific 

competition).  

More focused on HOW an animal does predation, 

competition, mutualism, hiding, or 

learning/communicating across species (as 

opposed to, say, measuring the amount of 

predation. that goes in the predation code). 
 

  succession Questions about the change in the distribution 

and abundance of different species over relatively 

short time scales (weeks to maybe 100 years, 

often). I.e. the species are changing due to 

succession, not evolution or change in abiotic 

factors of the environment (seasons, 

environmental destruction, etc.) Often about 

plants, though not exclusively. 
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  stability Questions about change or lack of change in a 

community over time, in terms of which species 

are present in the community and how abundant 

they are (not due to regular patterns like seasons 

or day/night). Can include questions about 

climate change if the change involves multiple 

species. Can include questions about the 

community's response to disturbance 

(development, natural disasters). 

Cain ML, Bowman 

WD, Hacker SD. 

2008. Ecology. 

Sinauer Associates, 

Inc. (Textbook) 

  competition, 

mutualism, 

predation 

Only questions that include these concepts as an 

interaction between two or more species (i.e. not 

intraspecific competition). May include the lotka-

volterra models phase planes, etc. 
 

  biodiversity Questions that ask about biodiversity or species 

richness, i.e. nearly any question that asks about 

the number of species present in a given space 

and the number of individuals among species. 

Includes alpha, beta, gamma diversity, though the 

question doesn't need to be this specific. 
 

  habitat type Questions about life for multiple species in a 

given habitat (e.g. terrestrial, aquatic, marine, 

wetland, soil, etc.) Can be on a smaller scale than 

questions about biomes. 
 

Population Questions about populations that don't fall into 

either the life history or growth curve category. 

Should generally be questions about one (or 

multiple) populations of a species, not the whole 

species itself. 
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  life history Questions about life history of a given species 

including: life cycles, r/k selection, phenotypic 

plasticity, morphs, metamorphosis, Grime's 

triangle, energy budget questions about 

metabolism and clutch size and lifespan vs 

reproduction tradeoffs, age at maturity and 

senescence 

Cain ML, Bowman 

WD, Hacker SD. 

2008. Ecology. 

Sinauer Associates, 

Inc. (Textbook) 

  growth curves Questions about exponential and logistic growth 

curves (sometimes called J and S curves), 

including those about carrying capacity, the 

general concept of density dependence 
 

Organisms Questions about one species of organism that 

don't fall into one of the more specific categories 

below. 
 

  habitat and niche Questions that specifically mention the habitat or 

niche an animal lives within. Can be fundamental 

or realized niche. 
 

  resources and 

regulators 

Questions about the abiotic and biotic factors 

what either increase or decrease the abundance of 

a species. Doesn't include questions that more 

specifically address another topic in a different 

code. Does include questions about climate 

change if only one species is involved (including 

interactions between one species and an abiotic 

factor). 
 

  a/biotic Questions that describes aspects of the 

environment a species can live in, typically needs 
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to include either the word "biotic" or "abiotic" in 

the question or potential answer. 

Dimension    

Ecology 

Practices 

  

 

Science Communication Assessment components that ask students to do or 

reflect on science writing, presentation, or other 

forms of communication. Must include either a 

defined genre (e.g. lab report, infographic, etc.) or 

a defined audience (e.g. a young child, 

conference attendees). Includes application and 

extension programs. Also includes policy work. 
 

Collaboration An assessment component that asks students to 

either do or reflect on collaboration. Includes any 

group assignment or specific instructions for 

working with another person or pooling data 

collected by multiple people. Includes questions 

that ask students to reflect on their experiences 

working with another person or to reflect on a 

collaboration they were not a part of (e.g. a 

question about how two scientists shared 

responsibilities in a study).  
 

Experiments Includes assessment components where students 

are doing an experiment, even if they're not asked 

specifically to comment on (or develop) the 

experimental design. Does not include questions 

that just references any experiment that exists. 
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  Arguing from 

Evidence 

Questions in which a claim is generated by the 

student and students must provide some sort of 

evidence for it. Evidence must have a source e.g. 

a data table or figure or explicitly referenced 

study, not just a statement (e.g. a multiple choice 

question where a student selects something like 

"yes because ants live underground" would not 

count). Also includes questions in which students 

predict what additional evidence they would need 

to support a related argument (that they have 

come up with). 
 

  Evaluating 

Claims w/ 

Evidence 

Questions in which a claim is provided to the 

student and they assess what it means and 

whether evidence supports it. Evidence means 

some sort of source e.g. a data table or figure, not 

just a statement. Also includes questions that ask 

students what evidence one would need to make a 

particular argument. 
 

  Experimental 

Design 

Questions that ask students to create or evaluate 

any component of creating an experimental 

design (e.g. generate a hypothesis) or question 

about how experiments work (e.g. a question that 

asks why there are replicates in a study). Includes 

questions that ask students to explain a particular 

method or technique for getting a type of 

information (e.g. a question that asks how 

researchers measure rate of consumption). 
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Quantitative Reasoning Questions that ask students to do math, use 

equations to answer questions, or make other 

judgements about percentages, units, or models. 

Does not include questions from subcategories 

below. 
 

  Informatics Questions that ask students to do or reflect on the 

analysis, collection, and management of large 

data sets. 
 

  Modeling and 

Simulation 

Questions in which students are creating some 

sort of model or simulation (or a component of 

one). The model can be mathematical, graphical, 

computational, symbolic, or pictoral (e.g. this 

includes concept maps and drawings of 

interaction webs) Does not include questions that 

simply mention an existing model and ask 

students to analyze it or manipulate it (e.g. does 

not include students putting different values in an 

online interface simulator). 
 

  Spreadsheets and 

R 

Questions that ask students to make (or reflect on 

the nature of) a spreadsheet on a computer. 

Includes data analysis in R or Excel (including 

calculation of summary statistics, though that 

would also be coded with statistics, below). Does 

not include questions in which students are asked 

to write down data in an analog table. 
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  Data Wrangling 

and Viz 

Data wrangling questions ask students to 

organize existing data (almost definitely on a 

computer), perhaps doing actions like changing 

between long and wide data, filtering and sorting 

data, or something similar. Data visualizations 

ask students to create a graph or other 

representation (including diagrams or even an 

artistic representation) of a pool of data. This 

code category does not include questions that ask 

students to draw a graph without referencing 

specific data (e.g. a question that asks students to 

draw an exponential growth curve). This code 

also doesn't include questions in which students 

are simply asked to collect data.  
 

  Statistics Questions that ask students to do or reflect on 

statistical tests, including the calculation of 

summary statistics and questions about the 

application of a statistical test (e.g. a question that 

asks if a t-test would be a good fit for a certain 

study) 
 

Fieldwork Activities in which students go into the field (will 

likely be outdoors, though could be indoors if 

they are discussing an indoor space as an 

ecological site). Does not include activities and 

questions that would better fit under the 

following sub categories. 
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  GIS Activities and questions in which students use or 

discuss GPS coordinates, plotting on a GIS 

program in the field, or 

creating/manipulating/analyzing GIS maps on a 

computer. Also includes remote sensing. 
 

  Species ID Identifying specimens to some taxonomical level 

(or morphospecies) in the field or lab or even 

classroom. Includes questions that describe a 

species' traits and ask students to ID from that 

description (or vice versa).Also includes 

specimen preservation.  
 

  Habitat 

Assessment 

Questions or activities about the formal process 

of habitat assessment, which may include stream 

and bank structure analysis, species ID, soil 

moisture assessment, or other ecological factors 

relevant to the area. 
 

Natural History Questions or activities in which students give a 

species account or describe an environment, 

including details about what the species eats, 

aspects of its structure,  and where it lives. 

Students' responses may come from observation 

in the field. 
 

Dimension   

Human-Environment 

Interactions 
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ethics Questions in which students respond to an ethical 

situation that is not encompassed in the following 

subcategories 
 

  ecological 

economics 

Questions that ask students about philosophies 

and practices of economics related to ecological 

principles. May include questions about the 

Jevons Paradox or the monetary value of 

ecosystem services. 
 

  environmental 

justice 

Questions that ask students about activism, 

advocacy, policy, or issues at the intersection 

between environmental hazards and social 

systems of oppression. Will likely include 

questions about environmental racism and/or 

stratification of environmental impacts by 

socioeconomic class. May includes issues at the 

local or global level. Does not include questions 

about environmental hazards alone, without 

considering social factors such as (typically) 

racism or classism. 

 Environmental 

Justice Explainer 

StateImpact PA 

https://stateimpact.npr

.org/pennsylvania/tag/

environmental-justice/ 

  social 

construction of 

sustainability 

Questions about the philosophy and interpretation 

of "sustainability," such as questions about 

Shifting Baseline Syndrome, cultural themes 

inherent to sustainability practices, or social 

construction of what it means to be sustainable. 

Questions may engage with any/all of the three 

pillars of sustainability: ecological, economic, 

and social). Generally concerned with 

perspectives on what humans do with natural 

Purvis, B., Mao, Y. & 

Robinson, D. Three 

pillars of 

sustainability: in 

search of conceptual 

origins. Sustain Sci 

14, 681–695 (2019). 

https://doi.org/10.100

7/s11625-018-0627-5 
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resources. Does not include questions that 

superficially discuss sustainability practices 

without engaging with the nature of the practice 

and/or term "sustainable." 

  environmental 

philosophies 

Questions that ask students to reflect on or 

identify specific environmental philosophies, 

including: Indigenous Sciences, Traditional 

Ecological Knowledge, anthropocentrism, 

biocentrism, etc. 

Simpson, Leanne. 

"Indigenous 

environmental 

education for cultural 

survival." Canadian 

Journal of 

Environmental 

Education (CJEE) 7.1 

(2002): 13-25. 

Bang, Megan, Ananda 

Marin, and Douglas 

Medin. "If indigenous 

peoples stand with the 

sciences, will 

scientists stand with 

us?." Daedalus 147.2 

(2018): 148-159. 

Wanting, Xu. 

Encyclopedia of 

Education for 

sustainable 
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development 

"Environmental 

Philosophy" Oct 

2018. 

http://www.encyclope

diaesd.com/blog-

1/2018/10/19/environ

mental-philosophy 

resource management Questions about resources that aren't represented 

in the following subcategories 
 

  stewardship Questions that ask students about environmental 

protection and improvement by way of cultural, 

systemic, or lifestyle changes at the individual, 

community, or institutional level. 
 

  conservation 

biology 

Questions that ask students about   research and 

policy done by government organizations and 

other large institutions to understand threatened 

species and install technology, policy, or other 

mechanisms to reduce environmental harm. 
 

  engineering Questions that ask about biomimicry, the ecology 

of gene drive systems, or other engineering 

practices influenced by ecological principles. 
 

  agriculture, 

fisheries, forestry 

Questions that ask about or include discussion of 

agriculture, fisheries, and forest management, 

includes questions about herding, ranching, or 

gardening(unless specified as non-commercial 

e.g. backyard flower gardening) 
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human-accelerated change Questions that ask about the effects humans have 

on the environment that do not include the 

subcategories listed below. Include questions that 

confront erroneous ideas about "pristine" 

ecosystems or systems in complete equilibrium. 

Generally concerned with what humans do with 

nature itself (not necessarily the resources nature 

provides). 

Does not include questions about natural disasters 

or diseases unless questions is specifically 

referencing the human causes behind that event.  
 

  toxicology Questions about pollution, including those about 

biomagnification and bioconcentration 
 

  climate change Questions about climate change, global warming, 

or greenhouse gases at any scale. 
 

Ecosystem Services Questions about ecosystem services. May include 

pollination, pest control, pollutant filtration; 

production of food, energy, and other resources; 

and cultural resources used in spiritual, 

recreational, educational, and other cultural 

practices. 
 

Dimension   

Cross-cutting Themes   

SpaceTime   
 

  Evolution Questions about evolution, including those about 

population genetics, inheritance, fitness, 

epigenetics, speciation, and phylogenetic trees. 

Brownell, Sara E., et 

al. "BioCore Guide: a 

tool for interpreting 

the core concepts of 
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Doesn't include questions that simply mention a 

mutation. 

Vision and Change 

for biology 

majors." CBE—Life 

Sciences 

Education 13.2 

(2014): 200-211. 

  Biogeography Questions about a species' range and native, 

exotic, and invasive species. 
 

  Stability and 

Change 

Questions that ask students to reflect specifically 

on stability or change in a given system, or that 

ask students to compare/contrast two time points 

or locations. Like to use the terms "stability" or 

"change" explicitly. Does not include questions 

that only superficially address stability and/or 

change (e.g. nearly any graph axis). 
 

  Scales Questions that are about the significance of a 

specific scale or that ask students to compare 

something across multiple scales. 
 

Systems Questions about a range of topics that consider 

how collections of cellular, anatomical, or 

ecological components work together to produce 

some sort of function, typically related to 

responding to change in the environment. 

Includes topics such as population abundance and 

distribution, networks, and the role of 

biodiversity on ecosystem function. Could also 

include questions at the level of the individual 

organism that cover topics about acclimation, 

Brownell, Sara E., et 

al. "BioCore Guide: a 

tool for interpreting 

the core concepts of 

Vision and Change 

for biology majors." 

CBE—Life Sciences 

Education 13.2 

(2014): 200-211. 
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feedback loops, homeostasis, chemical signaling, 

and development.  

Pathways Questions about the transformation of matter 

and/or energy, including topics such as 

productivity, trophic levels, nutrient cycles, and 

biochemical pathways such as photosynthesis.  

Brownell, Sara E., et 

al. "BioCore Guide: a 

tool for interpreting 

the core concepts of 

Vision and Change 

for biology majors." 

CBE—Life Sciences 

Education 13.2 

(2014): 200-211. 

Structure Function Questions that ask students how physical and 

chemical characteristics relate to physiological or 

ecological function. May include questions about 

the role species' characteristics play in species 

interactions, the function of anatomical structures 

and their constraints, surface area to volume 

ratios, and even structures of molecules or cells. 

Does not include questions about structure or 

function alone, without in some way referencing 

the other. 

Brownell, Sara E., et 

al. "BioCore Guide: a 

tool for interpreting 

the core concepts of 

Vision and Change 

for biology majors." 

CBE—Life Sciences 

Education 13.2 

(2014): 200-211. 
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Conclusion 

 In completing the research presented in this dissertation, my overarching goals were first 

to understand how anthropogenic change in the environment influences bee social learning, and 

to next understand how ecology courses prepare students to make sense of these social and 

scientific issues. 

 In Chapter 1, I found that social cues influence bee foraging behavior on subsequent trips 

when the cue is no longer present, and that this influence is strongest for misleading social cues. 

This finding suggests that bumble bees may be more likely to learn the characteristics of the 

flowers they are visiting and retain that information for future trips when they are foraging with 

conflicting information, as a bee might in nature when observing social cues from other bee 

species with different foraging preferences.  

 In Chapter 2, I found that bees do not align their foraging with social cues after they have 

been exposed to a neonicotinoid pesticide. This finding may explain previous research that 

shows that groups of bees are less efficient at pollinating after pesticide exposure, even though 

pesticide exposure does not affect the pollination efficiency of individual bees foraging alone 

(Stanley et al. 2015). Pesticides may impair some emergent benefit of group foraging, such as the 

social cue communication between individuals that facilitates identification of rewarding 

flowers. 

 In Chapter 3, I found that nearly two-thirds of assessment questions used in Ecology 

courses asked students to integrate across dimensions of the 4DEE framework. Most often, the 

questions paired ecology concepts with concepts from other fields of the natural sciences or with 
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quantitative concepts used in research practices. Questions that paired ecology concepts with 

human-environment interactions were less frequent and occurred less than half as often as either 

of the first two pairings. However, when instructors did ask students about humans and the 

environment, the questions tended to ask for thoughtful consideration of how concepts in 

different disciplines were connected. These human and environment connections were hallmarks 

of three of the seven themes I identified to categorize and describe high integration questions in 

ecology assessments. These themes had complimentary potential strengths and limitations for 

student learning. Future instructors can reference these themes to guide their integration across 

dimensions of the 4DEE framework. 

 The studies in this dissertation suggest several interesting areas for future research. 

Building on Chapters 1 and 2, further animal behavior research could discern how ephemeral 

social cues influence bee foraging over longer time spans than our overnight test and the 

ecological consequences for the lingering effects of social cues in the field. Specifically, Chapter 

2 raises the possibility that decreased social cue use after neonicotinoid exposure is the 

mechanism by which groups of foragers pollinate less efficiently than unexposed groups do. To 

explore this, future work would need to scale up from individual-level to group-level foraging. In 

particular, future researchers could explore this by evaluating how bees in the lab respond to 

dynamic social cues, such as the response of a naïve group of foragers to an experienced guide 

while multiple bees visit flowers simultaneously, and how these dynamics change with 

neonicotinoid exposure. Building on Chapter 3, future research could approach my study data 

with mixed methods, integrating the qualitative approach I took with additional quantitative 

analyses about the extent of 4DEE integration in various classes and contexts. Further, 

researchers could use this mixed-methods approach to evaluate the impact of integration across 
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4DEE dimensions on student learning, both in students’ content mastery and in their motivation 

to understand ecological phenomena. 

 Viewed together, these studies ask similar questions from opposite perspectives. The first 

two chapters together ask how human choices influence ecosystems, the third how ecosystems 

are made meaningful to humans. In addressing this first question, Chapter 1 contributes insight 

into animal cognition with a bumble bee model. Bumble bees are valuable subjects for social 

information research because they perform complex cognitive tasks, like learning to efficiently 

identify and access foraging resources in a diverse and continuously changing field of flowers, 

with a tiny, seemingly simple neurological system (Leadbeater and Chittka 2007b). In Chapter 1, 

I add novel insight into how bees perform these complex cognitive tasks by showing evidence 

that bees learn more about floral resources when they are presented with information from a 

social cue that conflicts with their own experience. In Chapter 2, I elaborate this insight by 

investigating how bees’ balance of social information and personal trial-and-error is complicated 

by pesticide exposure. While I expected to find that bees increase their use of social cues to 

compensate for cognitive losses caused by neonicotinoids, I instead found that exposed bees do 

not align their foraging with social cues, i.e. they instead use social cues less than unexposed 

bees do. This finding provides a potentially critical detail about bee foraging, that bees cannot or 

do not compensate for pesticide exposure using social cue shortcuts. In Chapter 3, I asked how 

bee declines—and many other ecological topics—are made meaningful to students in 

classrooms. I identified seven themes of highly integrated assessment questions that can be used 

by instructors who want to describe how they currently integrate ecology with other disciplinary 

concepts or who want to explore new ways of approaching integration. Further, this research sets 

a vital foundation for future evaluations of how integrated ecology teaching can improve. In 



 

 

143 

particular, if ecological information is valuable in addressing real-world problems (such as bee 

decline), then improved ecology education should better prepare students to bring their ecology 

knowledge to problem-solving teams composed of people with diverse expertise, communicating 

across disciplines and perspectives to effect change. 

 

References 

Arif S, Massey MDB, Klinard N, Charbonneau J, Jabre L, Martins AB, Gaitor D, Kirton R, 

Albury C, Nanglu K. 2021. Ten simple rules for supporting historically underrepresented 

students in science. PLOS Computational Biology. 17(9):e1009313. 

doi:10.1371/journal.pcbi.1009313. 

Avila L, Dunne E, Hofmann D, Brosi BJ. 2022. Upper-limit agricultural dietary exposure to 

streptomycin in the laboratory reduces learning and foraging in bumblebees. Proceedings of the 

Royal Society B: Biological Sciences. 289(1968):20212514. doi:10.1098/rspb.2021.2514. 

Baber LD. 2015. Considering the Interest-Convergence Dilemma in STEM Education. The 

Review of Higher Education. 38(2):251–270. doi:10.1353/rhe.2015.0004. 

Baber LD. 2020. Color-Blind Liberalism in Postsecondary STEM Education. In: McGee EO, 

Robinson WH, editors. Diversifying STEM: Multidisciplinary Perspectives on Race and Gender. 

New Brunswick, New Jersey: Rutgers University Press. [accessed 2022 Mar 16]. 

https://www.rutgersuniversitypress.org/diversifying-stem/9781978805675/. 



 

 

144 

Ballen CJ, Wieman C, Salehi S, Searle JB, Zamudio KR. 2017. Enhancing Diversity in 

Undergraduate Science: Self-Efficacy Drives Performance Gains with Active Learning. LSE. 

16(4):ar56. doi:10.1187/cbe.16-12-0344. 

Bang M, Marin A, Medin D. 2018. If Indigenous Peoples Stand with the Sciences, Will 

Scientists Stand with Us? Daedalus. 147(2):148–159. doi:10.1162/DAED_a_00498. 

Bang M, Medin D. 2010. Cultural processes in science education: Supporting the navigation of 

multiple epistemologies. Science Education. 94(6):1008–1026. doi:10.1002/sce.20392. 

Barron AB, Hebets EA, Cleland TA, Fitzpatrick CL, Hauber ME, Stevens JR. 2015. Embracing 

multiple definitions of learning. Trends in Neurosciences. 38(7):405–407. 

doi:10.1016/j.tins.2015.04.008. 

Bates D, Maechler M, Bolker B, Walker S, Christensen RHB, Singmann H, Dai B, Scheipl F, 

Grothendieck G, Green P, et al. 2020. lme4: Linear Mixed-Effects Models using ‘Eigen’ and S4. 

[accessed 2020 Nov 11]. https://CRAN.R-project.org/package=lme4. 

Berkowitz AR, Cid C, Doherty J, Ebert-May D, Klemow K, Middendorf G, Mourad T, Pohlad 

B. 2018. The 4‐dimensional ecology education (4DEE) framework. http:/esa.org/4dee. 

Boix Mansilla V, Miller WC, Gardner H. 2000. On disciplinary lenses and interdisciplinary 

work. Interdisciplinary Curriculum: Challenges to Implementation.:17–38. 

Bopegedera AMRP. 2005. The Art and Science of Light. An Interdisciplinary Teaching and 

Learning Experience. J Chem Educ. 82(1):55. doi:10.1021/ed082p55. 



 

 

145 

Brewer CA, Smith D. 2011. Vision and change in undergraduate biology education: a call to 

action. Washington, DC: American Association for the Advancement of Science Report No.: 81. 

Brister E. 2016. Disciplinary capture and epistemological obstacles to interdisciplinary research: 

Lessons from central African conservation disputes. Studies in History and Philosophy of 

Science. 56:82–91. doi:https://doi.org/10.1016/j.shpsc.2015.11.001. 

Brownell SE, Freeman S, Wenderoth MP, Crowe AJ. 2014. BioCore Guide: A Tool for 

Interpreting the Core Concepts of Vision and Change for Biology Majors. LSE. 13(2):200–211. 

doi:10.1187/cbe.13-12-0233. 

Cain ML, Bowman WD, Hacker SD. 2008. Ecology. 1st ed. Sinauer Associates, Inc. 

Camacho TC, Vasquez-Salgado Y, Chavira G, Boyns D, Appelrouth S, Saetermoe C, 

Khachikian C. 2021. Science Identity among Latinx Students in the Biomedical Sciences: The 

Role of a Critical Race Theory–Informed Undergraduate Research Experience. LSE. 20(2):ar23. 

doi:10.1187/cbe.19-06-0124. 

Carmel D. 2011. Communication: Show and tell. Nature. 472(7341):37–37. 

doi:10.1038/472037a. 

Castellanos MC, Wilson P, Thomson JD. 2002. Dynamic nectar replenishment in flowers of 

Penstemon (Scrophulariaceae). American Journal of Botany. 89(1):111–118. 

doi:10.3732/ajb.89.1.111. 

Chaudhary VB, Berhe AA. 2020. Ten simple rules for building an antiracist lab. PLOS 

Computational Biology. 16(10):e1008210. doi:10.1371/journal.pcbi.1008210. 



 

 

146 

Chaudhury A, Colla S. 2021. Next steps in dismantling discrimination: Lessons from ecology 

and conservation science. Conservation Letters. 14(2):e12774. doi:10.1111/conl.12774. 

Chittka L, Dyer AG, Bock F, Dornhaus A. 2003. Bees trade off foraging speed for accuracy. 

Nature. 424(6947):388–388. doi:10.1038/424388a. 

Chittka L, Gumbert A, Kunze J. 1997. Foraging dynamics of bumble bees: correlates of 

movements within and between plant species. Behavioral Ecology. 8(3):239–249. 

doi:10.1093/beheco/8.3.239. 

Chow-Garcia N, Lee N, Svihla V, Sohn C, Willie S, Holsti M, Wandinger-Ness A. 2022. 

Cultural identity central to Native American persistence in science. Cult Stud of Sci Educ. 

doi:10.1007/s11422-021-10071-7. [accessed 2022 Mar 15]. https://doi.org/10.1007/s11422-021-

10071-7. 

Clayton A. 2020. How Eugenics Shaped Statistics. Nautilus. [accessed 2022 Mar 16]. 

https://nautil.us/how-eugenics-shaped-statistics-9365/. 

Cooper KM, Auerbach AJJ, Bader JD, Beadles-Bohling AS, Brashears JA, Cline E, Eddy SL, 

Elliott DB, Farley E, Fuselier L, et al. 2020. Fourteen Recommendations to Create a More 

Inclusive Environment for LGBTQ+ Individuals in Academic Biology. LSE. 19(3):es6. 

doi:10.1187/cbe.20-04-0062. 

Cronin MR, Alonzo SH, Adamczak SK, Baker DN, Beltran RS, Borker AL, Favilla AB, Gatins 

R, Goetz LC, Hack N, et al. 2021. Anti-racist interventions to transform ecology, evolution and 

conservation biology departments. Nat Ecol Evol. 5(9):1213–1223. doi:10.1038/s41559-021-

01522-z. 



 

 

147 

Dall SRX, Giraldeau L-A, Olsson O, McNamara JM, Stephens DW. 2005. Information and its 

use by animals in evolutionary ecology. Trends in Ecology & Evolution. 20(4):187–193. 

doi:10.1016/J.TREE.2005.01.010. 

Dawson EH, Chittka L. 2012. Conspecific and Heterospecific Information Use in Bumblebees. 

PLOS ONE. 7(2):e31444. doi:10.1371/journal.pone.0031444. 

Dewsbury BM. 2020. Deep teaching in a college STEM classroom. Cultural Studies of Science 

Education. 15(1):169–191. doi:10.1007/s11422-018-9891-z. 

Dreyfuss S, Szostak R, Repko A. 2011. Something Essential about Interdisciplinary Thinking. 

[accessed 2022 Mar 13]. https://our.oakland.edu/handle/10323/4464. 

Dunlap AS, Nielsen ME, Dornhaus A, Papaj DR. 2016. Foraging bumble bees weigh the 

reliability of personal and social information. Current Biology. 26(9):1195–1199. 

doi:10.1016/J.CUB.2016.03.009. 

Dunlap AS, Papaj DR, Dornhaus A. 2017. Sampling and tracking a changing environment: 

persistence and reward in the foraging decisions of bumblebees. Interface Focus. 7(3):20160149. 

doi:10.1098/rsfs.2016.0149. 

Ecological Society of America. EcoLog. https://www.esa.org/membership/ecolog/. 

Ecological Society of America. EcoEd List. https://groups.google.com/g/ecoedlist. 

El‐Sabaawi R, Kantar M, Moore T, Pantel J, Tseng M, Ware J. 2020. The EEB POC Project. 

Limnology and Oceanography Bulletin. 29. doi:10.1002/lob.10390. 



 

 

148 

Evans LJ, Raine NE. 2014. Foraging errors play a role in resource exploration by bumble bees 

(Bombus terrrestris). Journal of Comparative Physiology A. 200:475–484. doi:10.1007/s00359-

014-0905-3. 

Evans LJ, Smith KE, Raine NE. 2017. Fast learning in free-foraging bumble bees is negatively 

correlated with lifetime resource collection. Scientific Reports. 7:496. 

Fischer MJ. 2010. A longitudinal examination of the role of stereotype threat and racial climate 

on college outcomes for minorities at elite institutions. Soc Psychol Educ. 13(1):19–40. 

doi:10.1007/s11218-009-9105-3. 

Fox J, Weisberg S, Price B, Adler D, Bates D, Baud-Bovy G, Bolker B, Ellison S, Firth D, 

Friendly M, et al. 2021. car: Companion to Applied Regression. [accessed 2022 Apr 12]. 

https://CRAN.R-project.org/package=car. 

Frederickson ME. 2017. Mutualisms are not on the verge of breakdown. Trends in Ecology & 

Evolution. 32(10):727–734. doi:10.1016/J.TREE.2017.07.001. 

Garibaldi LA, Steffan-Dewenter I, Winfree R, Aizen MA, Bommarco R, Cunningham SA, 

Kremen C, Carvalheiro LG, Harder LD, Afik O, et al. 2013. Wild Pollinators Enhance Fruit Set 

of Crops Regardless of Honey Bee Abundance. Science. 339(6127):1608–1611. 

doi:10.1126/science.1230200. 

Gasman M, Nguyen T-H, Conrad CF, Lundberg T, Commodore F. 2017. Black male success in 

STEM: A case study of Morehouse College. Journal of Diversity in Higher Education. 

10(2):181–200. doi:10.1037/dhe0000013. 



 

 

149 

Giraldeau L, Valone TJ, Templeton JJ. 2002. Potential disadvantages of using socially acquired 

information. Johnstone RA, Dall SRX, editors. Phil Trans R Soc Lond B. 357(1427):1559–1566. 

doi:10.1098/rstb.2002.1065. 

Giraldeau L-A, Lefebvre L. 1987. Scrounging prevents cultural transmission of food-finding 

behaviour in pigeons. Animal Behaviour. 35(2):387–394. doi:10.1016/S0003-3472(87)80262-2. 

Godfray HCJ, Blacquière T, Field LM, Hails RS, Petrokofsky G, Potts SG, Raine NE, 

Vanbergen AJ, McLean AR. 2014. A restatement of the natural science evidence base 

concerning neonicotinoid insecticides and insect pollinators. Proceedings of the Royal Society B: 

Biological Sciences. 281(1786):20140558. doi:10.1098/rspb.2014.0558. 

Godfray HCJ, Blacquière T, Field LM, Hails RS, Potts SG, Raine NE, Vanbergen AJ, McLean 

AR. 2015. A restatement of recent advances in the natural science evidence base concerning 

neonicotinoid insecticides and insect pollinators. Proceedings of the Royal Society B: Biological 

Sciences. 282(1818):20151821. doi:10.1098/rspb.2015.1821. 

Goulson D. 2013. An overview of the environmental risks posed by neonicotinoid insecticides. 

Journal of Applied Ecology. 50(4):977–987. doi:10.1111/1365-2664.12111. 

Goulson D, Nicholls E, Botías C, Rotheray EL. 2015. Bee declines driven by combined stress 

from parasites, pesticides, and lack of flowers. Science. 347(6229):1255957. 

doi:10.1126/science.1255957. 

Graff HJ. 2016. The “Problem” of Interdisciplinarity in Theory, Practice, and History. Social 

Science History. 40(4):775–803. 



 

 

150 

Gumbert A. 2000. Color choices by bumble bees ( Bombus terrestris ): innate preferences and 

generalization after learning. Behavioral Ecology and Sociobiology. 48(1):36–43. 

doi:10.1007/s002650000213. 

Heinrich B, Mudge PR, Deringis PG. 1977. Laboratory Analysis of Flower Constancy in 

Foraging Bumblebees: Bombus ternarius and B. terricola. Behavioral Ecology and Sociobiology. 

2(3):247–265. 

Hervé M. 2020. RVAideMemoire: Testing and Plotting Procedures for Biostatistics. [accessed 

2020 Nov 11]. https://CRAN.R-project.org/package=RVAideMemoire. 

Hiong LC, Osman K. 2013. A Conceptual Framework for the Integration of 21 st Century Skills 

in Biology Education. Research Journal of Applied Sciences, Engineering and Technology. 

6(16):2976–2983. 

Hsieh H-F, Shannon SE. 2005. Three Approaches to Qualitative Content Analysis. Qualitative 

Health Research. 15:1277. doi:10.1177/1049732305276687. 

Hulme M. 2011. Meet the humanities. Nature Clim Change. 1(4):177–179. 

doi:10.1038/nclimate1150. 

Inoue AB. 2019. Labor-Based Grading Contracts: Building Equity and Inclusion in the 

Compassionate Writing Classroom. The WAC Clearinghouse; University Press of Colorado. 

[accessed 2022 Mar 15]. https://wac.colostate.edu/books/perspectives/labor/. 



 

 

151 

Jackson MC, Galvez G, Landa I, Buonora P, Thoman DB. 2016. Science That Matters: The 

Importance of a Cultural Connection in Underrepresented Students’ Science Pursuit. LSE. 

15(3):ar42. doi:10.1187/cbe.16-01-0067. 

Johns M, Inzlicht M, Schmader T. 2008. Stereotype threat and executive resource depletion: 

Examining the influence of emotion regulation. Journal of Experimental Psychology: General. 

137(4):691–705. doi:10.1037/a0013834. 

Johnson-Ahorlu RN. 2013. “Our biggest challenge is stereotypes”: Understanding Stereotype 

Threat and the Academic Experiences of African American Undergraduates. The Journal of 

Negro Education. 82(4):382–392. doi:10.7709/jnegroeducation.82.4.0382. 

Kaczorowski RL, Leonard AS, Dornhaus A, Papaj DR. 2012. Floral signal complexity as a 

possible adaptation to environmental variability: a test using nectar-foraging bumblebees, 

Bombus impatiens. Animal Behaviour. 83(4):905–913. doi:10.1016/J.ANBEHAV.2012.01.007. 

Kawaguchi LG, Ohashi K, Toquenaga Y. 2006. Do bumble bees save time when choosing novel 

flowers by following conspecifics? Functional Ecology. 20(2):239–244. 

doi:https://doi.org/10.1111/j.1365-2435.2006.01086.x. 

Keasar T, Bilu Y, Motro U, Shmida A. 1997. Foraging choices of bumblebees on equally 

rewarding artificial flowers of different colors. Israel Journal of Plant Sciences. 45(2–3):223–

233. doi:10.1080/07929978.1997.10676686. 

Keasar T, Motro U, Shmida A. 2013. Temporal reward variability promotes sampling of a new 

flower type by bumblebees. Animal Behaviour. 86(4):747–753. 

doi:10.1016/j.anbehav.2013.07.010. 



 

 

152 

Kellow JT, Jones BD. 2008. The Effects of Stereotypes on the Achievement Gap: Reexamining 

the Academic Performance of African American High School Students. Journal of Black 

Psychology. 34(1):94–120. doi:10.1177/0095798407310537. 

Knapp AK, D’Avanzo C. 2010. Teaching with principles: toward more effective pedagogy in 

ecology. Ecosphere. 1(6):1–10. doi:10.1890/ES10-00013.1. 

Koh I, Lonsdorf EV, Williams NM, Brittain C, Isaacs R, Gibbs J, Ricketts TH. 2016. Modeling 

the status, trends, and impacts of wild bee abundance in the United States. Proceedings of the 

National Academy of Sciences. 113(1):140–145. doi:10.1073/pnas.1517685113. 

Kunze J, Gumbert A. 2001. The combined effect of color and odor on flower choice behavior of 

bumble bees in flower mimicry systems. Behavioral Ecology. 12(4):447–456. 

doi:10.1093/beheco/12.4.447. 

Laland KN. 2004. Social learning strategies. Animal Learning & Behavior. 32(1):4–14. 

doi:10.3758/BF03196002. 

Laland KN, Williams K. 1998. Social transmission of maladaptive information in the guppy. 

Behavioral Ecology. 9(5):493–499. doi:10.1093/beheco/9.5.493. 

Laverty JT, Underwood SM, Matz RL, Posey LA, Carmel JH, Caballero MD, Fata-Hartley CL, 

Ebert-May D, Jardeleza SE, Cooper MM. 2016. Characterizing College Science Assessments: 

The Three-Dimensional Learning Assessment Protocol. PLOS ONE. 11(9):e0162333. 

doi:10.1371/journal.pone.0162333. 



 

 

153 

Leadbeater E. 2015. What evolves in the evolution of social learning? Journal of Zoology. 

295(1):4–11. doi:10.1111/jzo.12197. 

Leadbeater E, Chittka L. 2007a. The dynamics of social learning in an insect model, the 

bumblebee (Bombus terrestris). Behavioral Ecology and Sociobiology. 61(11):1789–1796. 

doi:10.1007/s00265-007-0412-4. 

Leadbeater E, Chittka L. 2007b. Social learning in insects — from miniature brains to consensus 

building. Current Biology. 17(16):R703–R713. doi:10.1016/J.CUB.2007.06.012. 

Leadbeater E, Chittka L. 2009. Bumble-bees learn the value of social cues through experience. 

Biology Letters. 5(3):310–2. doi:10.1098/rsbl.2008.0692. 

Leadbeater E, Dawson EH. 2017. A social insect perspective on the evolution of social learning 

mechanisms. Proceedings of the National Academy of Sciences of the United States of America. 

114(30):7838–7845. doi:10.1073/pnas.1620744114. 

Maass K, Doorman M, Jonker V, Wijers M. 2019. Promoting active citizenship in mathematics 

teaching. ZDM Mathematics Education. 51(6):991–1003. doi:10.1007/s11858-019-01048-6. 

Maass K, Geiger V, Ariza MR, Goos M. 2019. The Role of Mathematics in interdisciplinary 

STEM education. ZDM Mathematics Education. 51(6):869–884. doi:10.1007/s11858-019-

01100-5. 

Mallinger RE, Gratton C. 2015. Species richness of wild bees, but not the use of managed 

honeybees, increases fruit set of a pollinator-dependent crop. Journal of Applied Ecology. 

52(2):323–330. doi:10.1111/1365-2664.12377. 



 

 

154 

Manson JS, Otterstatter MC, Thomson JD. 2010. Consumption of a nectar alkaloid reduces 

pathogen load in bumble bees. Oecologia. 162(1):81–89. doi:10.1007/s00442-009-1431-9. 

McAroe CL, Craig CM, Holland RA. 2017. Shoaling promotes place over response learning but 

does not facilitate individual learning of that strategy in zebrafish (Danio rerio). BMC Zoology. 

2(1):10. doi:10.1186/s40850-017-0019-9. 

Mihas P, Odum Institute. 2019. Learn to Build a Codebook for a Generic Qualitative Study. 1 

Oliver’s Yard, 55 City Road, London EC1Y 1SP United Kingdom: SAGE Publications, Ltd. 

[accessed 2022 Mar 13]. http://methods.sagepub.com/dataset/build-codebook-general-

qualitative-study. 

Mills KJ. 2020. "It’s systemic”: Environmental racial microaggressions experienced by Black 

undergraduates at a predominantly White institution. Journal of Diversity in Higher Education. 

13(1):44–55. 

Moran J. 2010. Interdisciplinarity. 2nd ed. Routledge. [accessed 2022 Mar 13]. 

https://www.routledge.com/Interdisciplinarity/Moran/p/book/9780415560078. 

Morandin LA, Laverty TM, Kevan PG. 2001. Bumble Bee (Hymenoptera: Apidae) Activity and 

Pollination Levels in Commercial Tomato Greenhouses. Journal of Economic Entomology. 

94(2):462–467. doi:10.1603/0022-0493-94.2.462. 

Muth F, Leonard AS. 2019. A neonicotinoid pesticide impairs foraging, but not learning, in free-

flying bumblebees. Sci Rep. 9(1):4764. doi:10.1038/s41598-019-39701-5. 



 

 

155 

Nguyen KH, Akiona AK, Chang CC, Chaudhary VB, Cheng SJ, Johnson SM, Kahanamoku SS, 

Lee A, de Leon Sanchez EE, Segui LM, et al. 2022. Who are we? Highlighting Nuances in Asian 

American Experiences in Ecology and Evolutionary Biology. The Bulletin of the Ecological 

Society of America. 103(1):e01939. doi:10.1002/bes2.1939. 

Nikitina S. 2006. Three strategies for interdisciplinary teaching: contextualizing, 

conceptualizing, and problem‐centring. Journal of Curriculum Studies. 38(3):251–271. 

doi:10.1080/00220270500422632. 

Ollerton J, Winfree R, Tarrant S. 2011. How many flowering plants are pollinated by animals? 

Oikos. 120(3):321–326. doi:10.1111/j.1600-0706.2010.18644.x. 

Osborne J, Dillon J. 2008. Science Education in Europe: Critical Reflections. :32. 

Pauley CM, McKim AJ, Curry KW, McKendree RB, Sorensen TJ. 2019. Evaluating 

Interdisciplinary Teaching: Curriculum for Agricultural Science Education. Journal of 

Agricultural Education. 60(1):158–171. 

Perin D. 2011. Facilitating Student Learning Through Contextualization: A Review of Evidence. 

Community College Review. 39(3):268–295. doi:https://doi.org/10.1177/0091552111416227. 

Potts SG, Imperatriz-Fonseca V, Ngo HT, Aizen MA, Biesmeijer JC, Breeze TD, Dicks LV, 

Garibaldi LA, Hill R, Settele J, et al. 2016. Safeguarding pollinators and their values to human 

well-being. Nature. 540(7632):220–229. doi:10.1038/nature20588. 



 

 

156 

Prevost L, Sorensen AE, Doherty JH, Ebert-May D, Pohlad B. 2019. 4DEE—What’s Next? 

Designing Instruction and Assessing Student Learning. Bulletin of the Ecological Society of 

America. 100(3):1–6. 

Rademaker MCJ, Jong TJD, Klinkhamer PGL. 1997. Pollen dynamics of bumble-bee visitation 

on Echium vulgare. Functional Ecology. 11(5):554–563. doi:https://doi.org/10.1046/j.1365-

2435.1997.00124.x. 

Raine NE, Ings TC, Ramos-Rodriguez O, Chittka L. 2006. Intercolony variation in learning 

performance of a wild British bumblebee population Hymenoptera: apidae: Bombus terrestris 

audax. Entomologia Generalis. 28(4):241. 

Rendell L, Boyd R, Cownden D, Enquist M, Eriksson K, Feldman MW, Fogarty L, Ghirlanda S, 

Lillicrap T, Laland KN. 2010. Why copy others? Insights from the social learning strategies 

tournament. Science. 328(5975):208–13. doi:10.1126/science.1184719. 

Richter DM, Paretti MC. 2009. Identifying barriers to and outcomes of interdisciplinarity in the 

engineering classroom. European Journal of Engineering Education. 34(1):29–45. 

doi:10.1080/03043790802710185. 

Romero-González JE, Royka AL, MaBouDi H, Solvi C, Seppänen J-T, Loukola OJ. 2020. 

Foraging Bumblebees Selectively Attend to Other Types of Bees Based on Their Reward-

Predictive Value. Insects. 11(11):E800. doi:10.3390/insects11110800. 

Romero-González JE, Solvi C, Chittka L. 2020 Jun 1. Honeybees adjust colour preferences in 

response to concurrent social information from conspecifics and heterospecifics. 

:2019.12.12.874917. doi:10.1101/2019.12.12.874917. 



 

 

157 

Rowe C, Healy SD. 2014. Measuring variation in cognition. Behavioral Ecology. 25(6):1287–

1292. doi:10.1093/beheco/aru090. 

Sánchez Tapia I, Krajcik J, Reiser B. 2018. “We do not know what is the real story anymore”: 

Curricular contextualization principles that support indigenous students in understanding natural 

selection. Journal of Research in Science Teaching. 55(3):348–376. doi:10.1002/tea.21422. 

Schneider CW, Tautz J, Grünewald B, Fuchs S. 2012. RFID tracking of sublethal effects of two 

neonicotinoid insecticides on the foraging behavior of Apis mellifera. Chaline N, editor. PLoS 

ONE. 7(1):e30023. doi:10.1371/journal.pone.0030023. 

Schönfelder ML, Bogner FX. 2018. How to sustainably increase students’ willingness to protect 

pollinators. Environmental Education Research. 24(3):461–473. 

doi:10.1080/13504622.2017.1283486. 

Siviter H, Johnson AK, Muth F, Pitts-Singer T. 2021. Bumblebees exposed to a neonicotinoid 

pesticide make suboptimal foraging decisions. Environmental Entomology. 50(6): 1299-1303. 

 

Skorupski P, Chittka L. 2010. Photoreceptor Spectral Sensitivity in the Bumblebee, Bombus 

impatiens (Hymenoptera: Apidae). PLOS ONE. 5(8):e12049. doi:10.1371/journal.pone.0012049. 

Slaa EJ, Wassenberg J, Biesmeijer JC. 2003. The use of field–based social information in 

eusocial foragers: local enhancement among nestmates and heterospecifics in stingless bees. 

Ecological Entomology. 28(3):369–379. doi:10.1046/j.1365-2311.2003.00512.x. 

Smith JL, Cech E, Metz A, Huntoon M, Moyer C. 2014. Giving back or giving up: Native 

American student experiences in science and engineering. Cultural Diversity and Ethnic 

Minority Psychology. 20(3):413–429. doi:10.1037/a0036945. 



 

 

158 

Smith TJ, Saunders ME. 2016. Honey bees: the queens of mass media, despite minority rule 

among insect pollinators. Insect Conservation and Diversity. 9(5):384–390. 

doi:10.1111/icad.12178. 

Snyder JJ, Sloane JD, Dunk RDP, Wiles JR. 2016. Peer-Led Team Learning Helps Minority 

Students Succeed. PLOS Biology. 14(3):e1002398. doi:10.1371/journal.pbio.1002398. 

Society for the Advancement of Biology Education Research. SABER Listserv. [accessed 2022 

Mar 13]. https://saberbio.wildapricot.org/Discussion-board. 

Spalding VM. 1903. The Rise and Progress of Ecology. Science. 17(423):201–210. 

Spellman KV, Deutsch A, Mulder CPH, Carsten-Conner LD. 2016. Metacognitive learning in 

the ecology classroom: A tool for preparing problem solvers in a time of rapid change? 

Ecosphere. 7(8):e01411. doi:10.1002/ecs2.1411. 

Stanisavljević JD, Pejčić MG, Stanisavljević LŽ. 2016. The Application of Context-Based 

Teaching in the Realization of the Program Content “The Decline of Pollinators”. Journal of 

Subject Didactics. 1(1):51–63. doi:10.5281/zenodo.55476. 

Stanley DA, Garratt MPD, Wickens JB, Wickens VJ, Potts SG, Raine NE. 2015. Neonicotinoid 

pesticide exposure impairs crop pollination services provided by bumblebees. Nature. 

528(7583):548–550. doi:10.1038/nature16167. 

Stanley DA, Raine NE. 2016. Chronic exposure to a neonicotinoid pesticide alters the 

interactions between bumblebees and wild plants. Functional Ecology. 30(7):1132–1139. 

doi:https://doi.org/10.1111/1365-2435.12644. 



 

 

159 

Stanton JD, Means DR, Babatola O, Osondu C, Oni O, Mekonnen B. 2022. Drawing on Internal 

Strengths and Creating Spaces for Growth: How Black Science Majors Navigate the Racial 

Climate at a Predominantly White Institution to Succeed. Brame C, editor. LSE. 21(1):ar3. 

doi:10.1187/cbe.21-02-0049. 

Story Collider Inc. The Story Collider: True, Personal Stories About Science. The Story Collider. 

[accessed 2022 Mar 16]. https://www.storycollider.org. 

The Association for Biology Laboratory Education. The Association for Biology Laboratory 

Education. https://www.ableweb.org/. 

Thomson JD, McKenna MA, Cruzan MB. 1989. Temporal Patterns of Nectar and Pollen 

Production in Aralia Hispida: Implications for Reproductive Success. Ecology. 70(4):1061–

1068. doi:10.2307/1941375. 

Trisos CH, Auerbach J, Katti M. 2021. Decoloniality and anti-oppressive practices for a more 

ethical ecology. Nat Ecol Evol. 5(9):1205–1212. doi:10.1038/s41559-021-01460-w. 

Wells C, Hatley M, Walsh J. 2021. Planting a Native Pollinator Garden Impacts the Ecological 

Literacy of Undergraduate Students. The American Biology Teacher. 83:210. 

doi:10.1525/abt.2021.83.4.210. 

Weston TJ, Seymour E, Koch AK, Drake BM. 2019. Weed-Out Classes and Their 

Consequences. In: Seymour E, Hunter A-B, editors. Talking about Leaving Revisited: 

Persistence, Relocation, and Loss in Undergraduate STEM Education. Cham: Springer 

International Publishing. p. 197–243. [accessed 2022 Mar 15]. https://doi.org/10.1007/978-3-

030-25304-2_7. 



 

 

160 

Wickham H, François R, Henry L, Müller K, RStudio. 2020. dplyr: A Grammar of Data 

Manipulation. [accessed 2020 Nov 11]. https://CRAN.R-project.org/package=dplyr. 

Williams P, Thorp R, Richardson L, Colla S. 2014. Bumble Bees of North America. Princeton 

Nature (Princeton Field Guides). [accessed 2022 Apr 13]. 

https://press.princeton.edu/books/paperback/9780691152226/bumble-bees-of-north-america. 

Woods C. 2007. Researching and developing interdisciplinary teaching: towards a conceptual 

framework for classroom communication. High Educ. 54(6):853–866. doi:10.1007/s10734-006-

9027-3. 

Worden BD, Papaj DR. 2005. Flower choice copying in bumblebees. Biology Letters. 1(4):504–

7. doi:10.1098/rsbl.2005.0368. 

Wyner Y, DeSalle R. 2020. An Investigation of How Environmental Science Textbooks Link 

Human Environmental Impact to Ecology and Daily Life. Long T, editor. LSE. 19(4):ar54. 

doi:10.1187/cbe.20-01-0004. 

Yang EC, Chuang YC, Chen YL, Chang LH. 2008. Abnormal foraging behavior induced by 

sublethal dosage of imidacloprid in the honey bee (Hymenoptera: Apidae). Journal of Economic 

Entomology. 101(6):1743–1748. doi:10.1603/0022-0493-101.6.1743. 

 


	In presenting this thesis or dissertation as a partial fulfillment of the requirements for an advanced degree from Emory University, I hereby grant to Emory University and its agents the non-exclusive license to archive, make accessible, and display m...
	By
	Committee Member
	Committee Member
	Committee Member
	Committee Member
	By
	An abstract of
	Abstract
	By
	A dissertation submitted to the Faculty of the
	James T. Laney School of Graduate Studies of Emory University
	Introduction
	Chapter 1 Misleading social cues have a lingering influence on foraging choices in bumble bees
	Abstract
	Introduction
	Methods
	Study System
	Foraging Arena
	Social Cue Conditions
	Training- Day 1
	Test- Day 2
	Data Analysis

	Results
	Day 1- Foraging in the Presence of Social Cues (Training)
	Day 2- Foraging Without Social Cues (Testing)
	Changes Between Day 1 and Day 2- Lingering Influence of Social Cues

	Discussion
	Social cues are an influential shortcut for foraging
	Even with an honest social cue, bees still sample less-rewarding flowers
	Misleading social cues and learning
	Limitations and future studies
	Conclusion


	Chapter 2 Bumble bees do not use social cues after exposure to a neonicotinoid pesticide
	Abstract
	Introduction
	Methods
	Study System
	Pesticide Exposure
	Foraging Arena
	Social Cues
	Foraging Test
	Data Analysis

	Results
	Effect of Social Cues and Neonicotinoids on Preference for Rewarding Flowers

	Discussion
	Pesticide-exposed bees did not use social cues
	Decreased use of social cues may explain group-level reduction in pollination efficiency
	Conclusion


	Chapter 3 Integration across dimensions of the 4DEE framework: Seven strategies from existing ecology assessments
	Abstract
	Introduction
	Integration as an Umbrella for Interdisciplinarity and its Look-Alikes
	The 4-Dimensional Ecology Education Framework
	Rationale for This Study

	Methods
	Survey Distribution
	Content Analysis
	Contextual Units
	Identification of 4DEE Elements
	Distinction of Low and High Integration Questions
	Themes Within High Integration Questions

	Results
	Survey Response Characteristics
	4DEE Elements
	Integration of Elements Across Dimensions
	High Integration Questions
	Themes Within High Integration Questions
	1. Addressing Problems in the Environment
	Examples of Addressing Problems in the Environment

	2. Addressing Problems of Racism
	Examples of Addressing Problems of Racism

	3.  Justifying Ecology in Society
	Examples of Justifying Ecology in Society

	4. Contextualizing in the Humanities
	Examples of Contextualizing in the Humanities

	5. Connecting Ecology and Evolution
	Examples of Connecting Ecology and Evolution

	6. Tailoring Practices to Research Questions
	Examples of Tailoring Practices to Research Questions

	7. Emergent Patterns in the Natural Sciences
	Examples of Emergent Patterns in the Natural Sciences



	Discussion
	Evaluating the Opportunities and Limitations of Each High Integration Theme
	Themes Based on Problem-Centring
	1. Addressing Problems in the Environment
	2. Addressing Problems of Racism

	Themes Based on Contextualizing
	3. Justifying Ecology in Society
	4. Contextualizing in the Humanities

	Themes Based on Conceptualizing
	5. Connecting Ecology and Evolution
	6. Tailoring Practices to Research Questions
	7. Emergent Patterns in the Natural Sciences


	Using High Integration Themes as Building Blocks
	Limitations and Future Research
	Conclusions

	Appendix A- Survey
	Appendix B- Examples of No Integration and Low Integration Questions
	No Integration
	Ecology Concepts
	Ecology Practices
	Human-Environment Interactions
	Cross-cutting Themes

	Low Integration
	Ecology Concepts and Ecology Practices
	Ecology Concepts and Human-Environment Interactions
	Ecology Concepts and Cross-cutting Themes
	Ecology Practices and Human-Environment Interactions
	Ecology Practices and Cross-cutting Themes
	Human-Environment Interactions and Cross-cutting Themes


	Appendix C- Frequency of Element Codings
	Appendix D- 4DEE Elements Codebook

	Conclusion
	References

