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CHAPTER ONE 

WHAT MAKES ANGLERS HAPPY: A SENTIMENT ANALYSIS OF WALLEYE 

ANGLER FORA IN THE UNITED STATES 

 

ABSTRACT 

Human behavior is an important factor in natural resource management. Obtaining the 

public’s opinion – for example, through creel, mail, and phone surveys – can be time consuming 

and expensive. Analyzing the text that hunters and anglers contribute to online fora may be a 

faster and more cost-effective alternative. In this study, we used walleye (Sander vitreus) 

oriented online fora to compare and explain the “happiness” of walleye anglers among nine U.S. 

states. We used sentiment analysis to score text data from each state as positive, negative, or 

neutral, and then normalized these scores by expressing them relative to the baseline level of 

happiness in each state. We determined the extent to which fisheries management explained 

variation in “happiness” scores among anglers within states via statistical analyses that included 

such factors as regulation complexity, angler density, and transparency of the state's natural 

resource agency. We found significant differences in the levels of sentiment among states, and 

that angler density, bag limit, and season length were the most important factors driving these 

differences. We found that angler density, bag limit, and season length had a positive 

relationship with predicted angler sentiment. These results are consistent with the literature, and 

indicate that online text can provide insight into angler satisfaction.  

 

INTRODUCTION 

Human behavior is a significant factor in natural resource management. Stakeholder 

behavior is driven by underlying attitudes that determine how stakeholders interact with natural 
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resources (Charles and Wilson 2009). Anglers and other satisfied stakeholders are more likely to 

exhibit positive behaviors towards natural resources, and anglers who believe that regulations are 

fair and based on legitimate science are more likely to follow regulations and encourage their 

peers to do the same (Caroffino 2013, Kennedy 2010). Satisfied anglers ultimately contribute 

billions of dollars to the international economy (Hyder et al. 2018), support employment in 

natural resources, and donate millions annually to conservation efforts (Southwick Associates 

2012).  

 Angler satisfaction is typically measured through mail, creel and phone surveys (Zale et 

al. 2012), which are time consuming and expensive (Hunt et al. 2013, Decker and Chase 2006), 

and often include low rates of reply (Fenichel et al. 2013). There are also inherent limits to the 

spatial and temporal extent of such surveys. For example, the province of Ontario, Canada, 

currently surveys only 2% of >250,000 fishable lakes each year (Lester et al. 2003). Similarly, 

nationwide mail and/or phone surveys only occur every five years in Canada (DFO 2015) and 

the United States (USFWS 2016). 

 It may be possible to infer angler satisfaction from a sentiment analysis of online text 

data. Sentiment analysis assigns positive, negative, or neutral scores to text (Zale et al. 2012). 

Online angler fora contain large amounts of fisheries-specific text that is inexpensive and easy to 

collect (Shiffman et al. 2017, Philander and Zhong 2016). Sentiment analysis of unsolicited text 

from these and other sources may reveal revealed rather than stated preferences, and thereby 

provide new insight into angler attitudes, preferences, and satisfaction.. Fora have been used to 

track invasive species (Banha et al. 2015) and estimate catch per unit effort (Belhabib et al. 

2016), and sentiment analyses have been used to study shifting attitudes towards wolves in the 
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US and Canada (Houston et al. 2010), angler satisfaction in German cities (Arlinghaus et al. 

2008), and angler attitudes towards shark regulations (Shiffman et al. 2017).  

 We tested the hypothesis that online text can provide insight into angler satisfaction with 

statewide fisheries management. We focused on walleye anglers because walleye is a popular 

game fish that is regulated in over 40 U.S. states, and walleye anglers are often consumption-

oriented. We view our study as an important step in evaluating the potential of a new and 

relatively inexpensive approach to gain insight into angler satisfaction.  

 

METHODS 

Data Collection 

We conducted informal internet searches to identify angling-oriented fora for Arkansas, 

Illinois, Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, and Wisconsin. 

Arkansas and Missouri shared the same forum (Table 1.1), so we used state-specific lake sub-

fora for both of those states. We entered 17-19 keyword pairs into the search feature of each 

forum to identify eligible posts and comments. All keyword pairs included “walleye” and an 

additional keyword that was general to fisheries management or specific to the target state 

management agency (Table 1.2). The general keywords were regulations, regs, possession, 

license, conservation officer, CO, opener, stocking, slot, limit, bag, hatchery, season, and keeper. 

We excluded duplicate posts from our search results, as well as posts that were (i) outside of the 

date range 1/1/2016 to 9/30/2018; (ii) unrelated to the target state; or (iii) copied and pasted news 

articles. We then used selector gadget (SelectorGadget), and the rvest (Wickham 2016) and 

magrittr (Bache and Wickham 2014) packages in R version 3.4.2 (R Core Team), to extract (i.e., 
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scrape) the text from each eligible post or comment and all subsequent replies. We scraped a 

minimum of 1,000 posts and comments from each state (Table 1.3). 

We obtained data for seven variables that might explain variation in angler sentiment 

among states (see Table 1.4 for details). We considered five of these variables (fishing license 

cost, walleye fishing season length, bag limit, agency transparency, and number of special 

walleye regulations) to be under the control of state management agencies. The remaining 

variables (angler density and the number of jobs that freshwater angling produces) were largely 

or entirely outside of agency control.  

We followed the ethics of using social media in fisheries research as outlined by 

Monkman et al. (2018). We retained post text and date, but replaced usernames with unique 

identifiers to ensure anonymity, and are not publishing specific posts.  

 

Data Processing and Analysis 

We used the R tidytext (Silge and Robinson 2016) package to transform the text into a 

suitable format for a sentiment analysis, and the R sentimentr (Rinker 2018) package to assign a 

negative, positive, or neutral sentiment score to each sentence. Analysis of sentences allowed us 

to include qualifiers (e.g., not happy, very sad) that contribute to accurate analysis. We averaged 

the sentence scores for each user in a state, and then averaged across user scores in each state to 

obtain an overall state angler sentiment score. This approach treated each user as a study subject, 

which is similar to traditional survey techniques, and prevented the most active individuals on a 

forum from dominating the sentiment score. 

We adjusted for variation in the happiness of the general population of each state via a 

non-peer-reviewed study that scored state happiness as a combination of 31 metrics related to 
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emotional and physical wellbeing, work, community, and the environment (McCann 2018). We 

used a multiplier to relativize the mean sentiment score for each state to the mean of all state 

happiness scores (Table 1.3). Relativization to the national average corrected for background 

rates of happiness so that any differences in angler satisfaction were more likely to be due to 

differences among walleye fisheries. 

We used one-way ANOVA and a Tukey HSD post-hoc test to initially test for differences 

in the adjusted mean sentiment score among states. We then used a random forest model to 

estimate the relative importance of each explanatory variable to angler sentiment. We used this 

model because it can combine different data types, and handle outliers and non-linear variables. 

Given that we had too many explanatory variables (seven) relative to our sample size (nine) 

(Liaw and Wiener 2002), we first used the R package VSURF (Genuer et al. 2019) to identify 

the subset of explanatory variables (Table 1.4) that contributed the most to differences in angler 

sentiment. We then used these explanatory variables to develop a random forest model of angler 

sentiment via the R package randomForest (Liaw and Wiener 2002) with default settings. 

 

RESULTS 

We scraped an average of 2117 posts that were made by an average of 435 users per 

state. The average state had a raw sentiment score of 0.066, and an adjusted sentiment score of 

0.071. It had almost 140 anglers / km2 of water, and over 14,000 jobs as a result of freshwater 

angling. Anglers in this state paid nearly $20 for a license to fish for walleye for up to 344-days. 

Anglers navigated 56 special walleye regulations, and were limited to a bag limit of five. The 

agency that managed walleye in the state made almost 42 Facebook posts per month. 
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The ANOVA and Tukey HSD resulted in the highest sentiment expressed by walleye 

anglers in Arkansas, and the lowest sentiments in Minnesota, Wisconsin, and North Dakota 

(Figure 1.1). The VSURF model found that among-state differences in angler satisfaction were 

influenced most strongly by bag limit, angler density, and season length. 

The random forest model explained 23% of the among-state variance in adjusted angler 

sentiment. Angler density was the most important factor in adjusted angler sentiment (Figure 

1.2). Season length was relatively unimportant, and bag limit was intermediate. Angler sentiment 

tended to increase with higher bag limits, higher angler densities, and longer season lengths 

(Figure 1.3). 

 

DISCUSSION 

Our analysis of text from walleye angler fora revealed four-fold variation in angler 

satisfaction among states. Based on our random forest model, this variation was best explained 

by a positive relationship with angler density. This result is interesting because most studies 

report a negative relationship between crowded fishing locations and angler satisfaction (Aas et 

al. 2000, Carson et al. 2009, Beardmore et al. 2013, 2015). However, the positive relationship 

that we found may reflect the culture, social, and/or economic value of angling in a given state 

rather than crowding at specific sites. For example, social opportunities  can contribute 

significantly to angler satisfaction (Hunt 2005, Beardmore et al. 2015), and are likely to be 

greater in states that have higher angler densities This relationship will be particularly strong if 

online fora attract anglers who are more interested in the social aspect of fishing. 

Bag limits are a driver of angler satisfaction. Anglers stated that bag limits are an 

important factor in good walleye fishing (Quinn 1992). Anglers post positive comments when 
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discussing larger bag limits on a forum, and may be more likely to post positive comments if 

they catch their limit – or at least a large number of walleye.  

To our knowledge, ours is the first study to identify season length as a driver of angler 

satisfaction. Short seasons are likely to have a stronger influence on sentiment, especially if they 

are short but unpredictable (e.g., red snapper in the Gulf of Mexico; Waters 2001), or contentious 

(e.g., walleye in Lake Mille Lacs, Minnesota; MN DNR 2019). Anglers are likely to be satisfied 

with longer seasons because it provides them increased fishing opportunities. This supports our 

results that longer season lengths drive increases in sentiment. 

Our random forest model resulted in four explanatory variables that were not as 

important, but could be factors contributing to angler satisfaction. The lack of an effect in this 

study may be due to the lack of a representative sample, or the spatial and temporal extent of the 

data. We used state-wide data for a three year time frame, but additional variables likely 

contribute at other spatial and temporal scales. This study only represents a snapshot in time. We 

would not always expect anglers to return the same level of satisfaction within a state. Results 

may only be applicable to the demographic that comments on fora. Our results will be more 

useful if we identify the subset of anglers to which our results apply, and whether they are 

representative.  

We found support for the hypothesis that we can use online text to gain insight into 

angler satisfaction. This is encouraging and is a starting point for further research to expand and 

refine this technique. We obtained results that were consistent with other literature by analyzing 

unstructured and unsolicited text from only nine states. Future research will benefit from a 

sample that includes more of the 44 states that list walleye regulations or for other fish species. 

Analyzing angler sentiment for a full year or season may provide insight into the impact of 
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management decisions. Sentiment analyses allow near real-time data collection, and researchers 

can use this to their benefit by analyzing data as anglers post online. Observing or identifying 

changes in sentiment after a new management decision is announced or during different times of 

the year (e.g., fishing opener, ice fishing season) could aid managers to be familiar with angler 

attitudes, and identifying methods to mitigate anticipated reductions in angler satisfaction. While 

we did not expect a single variable to predict angler satisfaction, we suggest continued study to 

identify the strongest drivers of satisfaction. 
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Table 1.1: Fora used to estimate walleye angler sentiment by state between 1/1/2016 and 

9/30/2018. 

State Forum name Fora URL(s) 

Arkansas Ozark Anglers http://forums.ozarkanglers.com 

Illinois Lake-Link 

Chicagoland Fishing 

IceShanty 

Chitown-Angler 

https://www.lake-link.com/forums/illinois-fishing-discussion/ 

https://www.chicagolandfishing.com/forums 

https://www.iceshanty.com 

http://www.chitown-angler.com 

Michigan Michigan Sportsman https://www.michigan-sportsman.com/forum/ 

Minnesota Fishing Minnesota https://fishingminnesota.com/forums/ 

Missouri Ozark Anglers http://forums.ozarkanglers.com 

Nebraska IceShanty 

Nebraska Fishing Forum 

https://www.iceshanty.com 

https://www.nefga.org/forum/fishing-and-hunting/nebraska-fishing-forum 

North 

Dakota 

In-Depth Outdoors 

Nodak Angler 

https://www.in-depthoutdoors.com/community/forums 

https://nodakangler.com/forums 

Ohio Ohio Game Fishing https://www.ohiogamefishing.com/forums/ 

Wisconsin WalleyeFIRST 

In-Depth Outdoors 

Wisconsin Outdoorsman 

Lake-Link 

Walleye Central 

https://walleye.outdoorsfirst.com/board/category-view.asp 

https://www.in-depthoutdoors.com/community/forums/forum/fishing/ 

https://www.wisconsinoutdoorsman.com/forums/ 

https://www.lake-link.com/forums/ 

https://www.walleyecentral.com/forums/ 

 

 

 

  

https://www.wisconsinoutdoorsman.com/forums/
https://www.lake-link.com/forums/
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Table 1.2: State-specific keywords used in fora searches to find posts related to walleye angling, 

walleye management, and the natural resource management agency in each state.  

 

State State-specific Keywords 

Arkansas Game and fish, G&F, AGAF, Game and Fish Commission 

Illinois IDNR, DNR 

Michigan MDNR, DNR 

Minnesota MNDNR, DNR 

Missouri MDC, Missouri Department of Conservation 

Nebraska NGPC, G&P, Game and Parks, Game and Parks Commission 

North Dakota NDGF, G&F, Game and Fish 

Ohio ODNR, DNR 

Wisconsin WDNR, DNR 
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Table 1.3: State-specific number of posts and comments scraped from walleye angler fora, the number of users contributing, the 

sentiment (raw and adjusted), and the values for explanatory variables. See Table 1.1 for a description of each of the explanatory 

variables. 

 

*Michigan has three possession seasons, this is their average 

State # 

Posts 

# 

Users 

Raw 

Sentiment 

Happiness 

in America 

Multiplier Adjusted 

Sentiment 

Angler 

density 

Number 

of jobs 

License 

cost  

Season 

length  

Bag 

limit 

Agency 

Transparency  

Special 

Regulations 

Arkansas 1724 270 0.073 36.61 1.498 0.13 

 

187.44 

 

7549 10.5 365 6 50.6 8 

Illinois 1104 372 0.085 52.47 0.988 0.084 

 

151.08 

 

12359 15 365 6 48.25 33 

Michigan 3293 728 0.050 49.52 1.087 0.058 

 

13.08 

 

17156 26 321* 5 24.416 22 

Minnesota 2775 578 0.069 67.26 0.778 0.046 

 

74.64 

 

33209 22 289 6 29 75 

Missouri 1925 331 0.070 42.76 1.187 0.090 

 

428.23 

 

10344 12 365 4 53.75 11 

Nebraska 2834 410 0.073 59.11 0.864 0.058 

 

152.65 

 

3076 38 365 4 49.333 18 

North 

Dakota 

1774 265 0.044 65.62 0.887 0.032 

 

48.87 

 

1172 16 365 5 37.416 2 

Ohio 2600 637 0.083 49.67 1.129 0.099 130.68 26354 

 

19 365 6 31.083 4 

Wisconsin 1024 325 0.046 58.87 0.99 0.045 

 

37.70 

 

18696 20 300 5 48.417 330 
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Table 1.4: Details of the explanatory variables that we used to explain differences in walleye 

angler sentiment among nine states  

Variable Description Source Hypothesized relationship with 

sentiment 

Angler density The number of freshwater 

anglers per square kilometers 

of water *** 

2011 National Survey of Fishing, Hunting, 

and Wildlife-Associated Recreation 

(U.S. Department of the Interior, U.S. Fish 

and Wildlife Service, and U.S. Department of 

Commerce, U.S. Census Bureau. 2011) 

How Wet is Your State? 

(U.S Census Bureau 2010) 

Negative. Higher angler densities 

(i.e., crowding) mean more 

crowding and competition 

Number of jobs The number of jobs that are 

directly attributable to 

freshwater angling 

Southwick Associates 2012  Positive. Anglers will be more 

passionate in those states in which 

angling has a higher socio-

economic value 

License cost The cost of a resident fishing 

license in USD in 2017 

State fishing handbooks (2017-2018) * Negative. Higher cost will set 

higher expectations for the quality 

of the fishery 

Season length The length of the walleye 

fishing season in days 

State fishing handbooks (2017-2018) * Positive. Shorter seasons will limit 

angling opportunities 

Agency 

transparency 

The average number of 

Facebook posts per month by a 

state’s natural resource 

management agency between 

10/1/2017 and 9/30/2018** 

Natural resource management agency 

Facebook pages  

Positive. Higher agency 

involvement assures anglers that 

the natural resource is well 

managed 

Bag limit The number of walleye that an 

angler can kill and keep in a 

day 

State fishing handbooks (2017-2018) * Positive. Anglers enjoy catching as 

many fish as they can, and more 

restrictive bag limits can indicate 

fewer available walleye 

Special regulations The number of walleye 

regulations that were in 

addition to the statewide 

walleye regulation 

State fishing handbooks (2017-2018) * Negative. More special regulations 

confuse or frustrate anglers 

 

*State fishing handbook for Michigan and North Dakota were 2016 – 2018, Missouri was 2018 – 2019 

** Between 2/1/2018 and 9/30/2018 for Missouri 

***Numbers for North Dakota anglers were not included in the 2011 National Survey of Fishing, 

Hunting, and Wildlife-Associated Recreation. The number used in our calculation for number of 

freshwater anglers is the number of fishing licenses (resident and non-resident) sold in 2018 in North 

Dakota, and was taken from Ndembe et al. 2019. 
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Figure 1.1: ANOVA results showing mean adjusted walleye angler sentiment scores per state 

based on walleye angler fora for nine U.S. states. Letters above the mean values identify 

significantly different groups from a Tukey HSD test. 
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Figure 1.2: Random forest results showing the increase in node purity that was associated with 

the three most important variables for explaining corrected walleye angler sentiment. A high 

increase in node purity indicates a higher relative importance of that variable. 
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Figure 1.3: Partial dependence plots showing predicted sentiment of walleye anglers based on 

(A) angler density, (B) bag limit, and (C) season length. Scales on the y-axis vary among plots. 
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CHAPTER TWO 

INVASION SUPERHIGHWAYS: HOW FISHING PAVES THE WAY FOR THE 

SPREAD OF EXOTIC SPECIES 

ABSTRACT 

Invasive species negatively impact ecosystems worldwide, and cause damages that cost 

more than a trillion US dollars globally each year. Recreational anglers are a major vector of 

aquatic invasive species, but their movement patterns between waterbodies are difficult to study. 

Here, we use data from a smartphone application (app) that is popular among recreation anglers 

to determine where and when they fish. We used Fishbrain data in conjunction with data from 

the USGS National Hydrography Dataset to study two networks of lake connectivity in 

Minnesota. We found that the angler network was more connected than the hydrology network, 

and that there was high coincidence between angler movement patterns and the presence of 

aquatic invasive species. Our study demonstrates the value of using big data sources such as 

smartphone apps in fisheries research. 

 

INTRODUCTION 

 Invasive species negatively impact ecosystems around the world. Invasive species 

threaten ecosystem services (Strayer 2010), decrease diversity and abundance of native species 

(Gallardo et al. 2015), threaten endangered species (Armstrong 1995), and generate ecological 

impacts that can trigger trophic cascades (Moyle & Light 1996, Strayer 2010). These ecological 

impacts have socio-economic effects on agriculture, industry, and human health (Bebber et al. 

2013, Pimental et al. 2005) of more than a trillion US dollars globally each year (Pimental et al. 

2001). 
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 Humans are a major vector of invasive species dispersal. The growth of the global supply 

chain over the last century has increased the number and rate of species introductions (Westphal 

et al. 2008, Desprez-Loustau 2009, Roques et al. 2009, Levine & D’Antonio 2003), and the 

potential for invaders to expand their ranges (Panov et al. 2009). Invasive species are also 

increasingly dispersed through expanding networks for human movement such as aviation and 

roads (Baier & Bergstrand 2001, Hulme 2009, USDOT 2007). Human movement through these 

networks (e.g., for recreation) is often a leading cause of invasive species introduction and 

spread (Prasad et al. 2010, U.S. Fish and Wildlife Service 2001).  

 Human movement data are difficult to collect by conventional means. Traditional 

approaches include travel diaries (Hanson 1980, Axhausen et al. 2002, Chen et al. 2011), GPS 

data (Shoval and Isaacson 2007), and user reporting surveys or survey points (Mercado-Silva et 

al. 2006). However, these approaches have high costs and low rates of reply that limit data 

collection in time and space (Cessford & Muhrar 2003, Freeman 2014). 

 Smartphones and other digital devices are an efficient source of large-scale data to 

describe human movement. Eighty-one percent of Americans own a smartphone, and at least 60 

% of all adult age demographics use a smartphone (PEW 2019, Silver 2019). Data from digital 

devices have been used to predict the spread of disease (Smolinski et al. 2015, Zou et al. 2016) 

and track human movement patterns. The latter relied heavily on data generated by smartphones 

and their applications (Gonzalet et al. 2008, Xu et al. 2016, Keeler et al. 2015, Donahue et al. 

2018, Jurdak et al. 2015).  

Fishbrain is a smartphone app that millions of anglers around the world use to record 

when and where they catch fish. Recreational anglers are a major vector for the dispersal of 

aquatic invasive species (Padilla et al. 1996, Johnson et al. 2001, Keller et al. 2007, Cole et al. 
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2019), but their movement patterns have only been studied at local or regional scales – often for 

the largest or most popular lakes (Padilla et al. 1996, Havel and Stelzleni-Schwent 2000, Cole et 

al. 2019, Escobar et al. 2019). Data from apps such as Fishbrain are an opportunity to describe 

and understand statewide angler movement patterns in the context of invasive species for 

thousands of lakes, regardless of their size and popularity. In this study, we used Fishbrain data 

and data from the USGS National Hydrology Dataset to describe connectivity in the context of 

aquatic invasive species, and identify lakes to target with management actions. This is an 

important step in evaluating the potential of app data in invasive species management. 

 

METHODS 

Network Development 

We used the user-provided geographic coordinates from each Fishbrain catch to assign it 

to a lake in the National Hydrography Dataset (NHD) within Minnesota (U.S. Geological Survey 

2018). We defined a lake as any waterbody that was classified as a lake, pond, or reservoir. This 

process ignored water body types like swamp, marsh, estuary, and ocean. We used ArcGIS Pro 

software (ESRI 2018) to plot the user-provided coordinates, and then assigned each catch to a 

lake based on its location. We assigned a catch to a particular lake if a point occurred within the 

lake polygon, or within 50-m of the polygon boundary. We next removed catches that were 

assigned to lakes with a surface area of < 0.06 ha, which is a reasonable minimum for a fishable 

lake based on our preliminary assessment of user-reported locations, and personal experience.  

For reference, 0.06 ha is approximately half of the surface area of an Olympic swimming pool. 

We combined instances of users moving between two lakes in Minnesota to develop an 

angler network of lake connectivity. Users recorded which lake(s) they visited and which day(s) 
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they visited each lake. Each first-order connection was composed of a direction (Lake A to Lake 

B or vice versa), and a weight (w) that decreased from 1 to 0 with the number of days between 

lake visits (d) according to the logistic power function 

 

 𝑑 = {

1

(1 + (
𝑤

5.341
)1.031

, 𝑥 < 100

0, 𝑥 ≥ 100

 

 

We derived this function from the results of a literature review of the number of days that the life 

stages of multiple invasive plants, invertebrates, and fishes can survive transport by an angler 

(e.g., in a livewell, bait bucket, or attached to a boat or trailer) regardless of temperature (Figure 

2.1, Appendix A). The resultant decline in the proportion of invasive life stages that we can 

expect to survive is a reasonable proxy for the risk of transferring an invasive species. We then 

summed weights across all movement events separately by direction for each pair of lakes. Each 

connection therefore estimated propagule pressure (the cumulative sum of time-weighted 

movements) in either direction. Data were unavailable to further weight according to high-risk 

behaviors such as trailering a boat or fishing with live bait. 

 We used stream connections in the NHD to develop a hydrologic network of connectivity 

for the same set of lakes that comprised the angler network. We only connected flows that were 

classified as a stream, river, or culverts under a roadway. This process ignored flow in ditches, 

small canals, karst systems, pipelines, and underground conduits. We identified all first order 

connections between lakes based on the direction of flow, and weighted these connections 

according to a classification-based estimate of the proportion of the year that a stream is flowing: 

1.00 for perennial and unclassified streams, 0.75 for intermittent streams that flow for most 
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weeks or months, and 0.10 for ephemeral streams that flow for hours or days in response to local 

rainfall. We merged any two connected lakes that were separated by < 40 m of permanent stream 

(i.e., slightly larger than the average width of a two-lane road in the United States). Although we 

developed this rule to rejoin lakes that were bisected by roadways (e.g., Lake Minnetonka; 

44.9443, -93.5797), we also applied it to natural streams (48.0780, -91.7863) and lakes that were 

separated by narrows (e.g., 48.0414, -91.6990) because they are ineffective barriers to the 

passive or autonomous movement of aquatic invasive species. 

 

Comparative Network Analysis 

We used the igraph (Csardi and Nepusz 2006) package in R version 3.4.2 (R Core Team) 

to analyze both networks. Nodes and edges within each network are independent lakes and links 

created by angler movement or a first order hydrologic connection, respectively. We compared 

the two networks based on six metrics (Table 2.1). For node degree and node betweenness 

centrality, we recorded the ten nodes with the highest values for each network. 

 We used ArcGIS and data from the Minnesota Department of Natural Resources (MN 

DNR) to create heat maps using kernel density with a search radius of 43,766 meters. These heat 

maps overlayed high areas of angler or hydrologic connection density with occurrence ranges of 

zebra mussels (Dreissena polymorpha) and Eurasian watermilfoil (Myriophyllum spicatum). We 

used data from the MN DNR to record which of the most connected lakes (as estimated by 

betweenness centrality) for each network had recorded instances of aquatic invasive species. 

 

RESULTS 
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App users visited 3,760 Minnesota lakes between 2011 and 2019. These lakes were 

located throughout the state. Almost half of the lakes in the hydrology network were isolates, and 

there was no reciprocity (i.e., two-way flow) between lakes (Table 2.2). There were almost 400 

components within the network, and the size of the network was larger than the angler network 

(Table 2.2). According to degree and betweeness centrality, the most connected lakes in the 

hydrology network were scattered throughout the state, and none were major fishing lakes in the 

state (Table 2.3). The most connected lake by degree had 24 connections (Table 2.3).  

The features of the angler network were in stark contrast to the hydrology network. 

Fewer than 25% of the lakes in the angler network were isolates (Table 2.2). We identified 329 

components, and the size of the network was smaller than the hydrology network (Table 2.2). 

Over one third of the connections in the network had two-way flow (Table 2.2). The most 

connected lakes (by degree and betweenness centrality) in the angler network were all popular 

fishing lakes, and none were the same as the most connected lakes in the hydrology network. 

Areas of high density of angler connections encompassed a larger area of the state than the 

hydrology network (Figure 2.2). The most connected lake in the angler network by degree had 

over 15 times more connections than the most connected lake in the hydrology network (Table 

2.3). These metrics indicated that the angler network is more highly connected than the 

hydrology network. 

Our comparison of areas with highly dense angler and hydrologic connectivity showed 

that aquatic invasive species were coincident with areas of highly dense angler connections 

(Figure 2.3). Six of the top ten most connected lakes (by betweenness centrality) in the 

hydrologic network had at least once instance of a recorded aquatic invasive species before 2019, 

compared to all ten most connected lakes (by betweenness centrality) in the angler network 
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(Table 2.4). The mean richness of invasive species was 0.7 and 2.8 for the hydrology and angler 

networks, respectively.  

 

DISCUSSION 

 Our analysis of the connectivity of Minnesota lakes revealed that anglers moved among 

lakes in a way that was fundamentally different than natural hydrology. The angler network 

contained more connections, more two-way connections between lakes, and shorter potential 

path lengths for aquatic invasive species. Dispersal within a network is straightforward if the 

network has higher connectivity, as observed for the dispersal of diseases (Kiss et al. 2006), pests 

(Margosian et al. 2009), and proteins within the human brain (Ahmed et al. 2014). Lakes that are 

more connected have higher rates of aquatic invasive species (Padilla et al. 1996, Cole et al. 

2019), especially when anglers do not use precautions to avoid transporting aquatic invasive 

species (Cole et al. 2019).  

Lakes with high connectivity are at a higher risk of invasion, and a source for future 

invasions. The higher frequency and richness of aquatic invasive species in the angler network is 

consistent with evidence from local and statewide studies that anglers increase the dispersal of 

aquatic invasive species (Padilla et al. 1996, Johnson et al. 2001, Keller et al. 2007, Cole et al. 

2019). 

Identifying lakes that are integral to the network is an important step in optimizing the 

allocation of limited resources for invasive species management. Limiting flow to nodes that are 

most important to flow through a network can disrupt network connectivity. There is a higher 

chance of disrupting a network through single links if those links are highly used (Jenelius and 

Mattsson 2015), much like the lakes with high betweenness centrality in our network. Focusing 



27 
 

on these lakes can increase the efficiency of invasive species management programs. Minnesota 

contains over 30,000 waterbodies, making it a challenge to determine which lakes are the most 

important for invasive species management. In 2018, the Minnesota Department of Natural 

Resources spent over $9 million managing the spread of invasive species, almost half of which 

was allocated for inspection or enforcement (MNDNR 2018).   

We observed high coincidence between anglers and invasive species despite likely biases 

within the app data. App data can be biased towards urban areas, avid users, and popular lakes 

(Jiorle 2015, Papenfuss et al. 2015). Analyses of networks can be impacted if users log catches 

out of order or forget to log a catch. Users are also more likely to log memorable catches, and do 

not have the option of logging lake visits that do not result in a catch. These biases combine to 

weaken observed connections and inflate the number isolates. However, we recommend the 

development of the science to understand and potentially correct these biases to the same level as 

we have in traditional creel surveys. Analyses of app data are worthwhile because of the amount 

of data, reduced cost, and increased spatial and temporal scales associated with app data.  

Our study is the first to combine big data and angler network analysis. It is infeasible to 

obtain angler movement data on a scale as fine and large as ours using traditional methods. 

Previous studies of angler movement in the context of invasive species spread were at smaller 

geographic extents (Padilla et al. 1996, Havel and Stelzleni-Schwent 2000, Cole et al. 2019, 

Escobar et al. 2019) or only large or popular lakes (Cole et al. 2019). There are differences in 

study design, because much of the current research is focused on stated preference surveys 

(Padilla et al. 1996, Havel and Stelzleni-Schwent 2000, Cole et al. 2019),whereas our study 

shows revealed angler preferences. It is difficult to compare the results of our study with 

previous work because of these differences in study design and scale, but there are some 
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commonalities. As previously mentioned, lakes with high angler use have more recorded aquatic 

invasive species (Padilla et al. 1996, Cole et al. 2019). In addition, although we included a larger 

sample of lakes, we focused on the top fishing lakes in the state because they had the strongest 

angler connections.  

This study used angler movement data to create a network of connections between thousands 

of Minnesota lakes. This was a novel way to study angler movement patterns beyond local scales 

that included lakes of all sizes. This type of research can be extended to much broader scales, 

because connectivity is not restricted to state borders. For example, 17 % of anglers in Minnesota 

were nonresidents in 2011 (U.S. Department of the Interior et al. 2011). Future work can couple 

with habitat suitability models to incorporate where invasive species are likely to establish, not 

just where they are likely to disperse (Romero-Alvarez et al. 2017, Vander Zanden and Olden 

2008 and references therein). Vulnerability analyses would help to determine the most efficient 

method to interrupt the flow of invasive species through the network (Jenelius and Mattsson 

2015). Using these data to track connectivity to and from lakes with new cases of aquatic 

invasive species could be useful in predicting spread in near-real time (Escobar et al. 2019). 

Sources of big data, such as smartphone apps, are emerging as a valuable resource that can 

contribute to our understanding of both angler behavior and the spread of aquatic invasive 

species.  
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Table 2.1: Details of the comparative metrics that we used to compare the angler network and 

the hydrologic network 

 

Metric Description Relevance 

Percent isolates Percent of nodes in the graph 

with no neighbors (degree = 0) 

More isolates indicates a more 

weakly connected network and 

a lower chance of invasive 

species spreading 

Number of components A subgraph of a set of nodes 

reachable from one another 

More components indicates a 

more weakly connected 

network and a lower chance of 

invasive species spreading 

Diameter The longest of all calculated path 

lengths in a network (the shortest 

path length from every node to 

all other nodes). Representative 

of the linear size of a network 

A larger diameter indicates a 

lower chance of invasive 

species spreading through the 

network 

Reciprocity What percent of nodes are 

mutually linked 

More two-way flow between 

lakes leads to a higher chance 

of invasive species spreading 

Node degree The number of connections a 

node has to other nodes 

Lakes with a higher degree have 

a greater chance of invasive 

species spreading from them 

Node betweenness 

centrality 

Measure of the influence of a 

node over the flow between 

every pair of nodes 

Lakes with a higher 

betweenness centrality are more 

important to the flow of the 

network 
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Table 2.2: Metrics that describe the shape and structure of the two networks 

Metrics Hydrology Network Angler Network Relevance to connectivity 

Percent isolates 49 23 Fewer isolates indicates a more 

connected network 

Number of 

components 

397 329 Fewer components indicates a 

more connected network 

Diameter 21 13 Smaller diameter indicates a more 

connected network 

Reciprocity 0% 35% More two-way flow indicates a 

more connected network 
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Table 2.3: The top ten most connected lakes (and their geographic coordinates in decimal 

degrees) in descending order of connectivity for the angler and hydrology network based on 

degree and betweenness centrality. 

Network Degree Betweenness Centrality 

Hydrology Cottonwood Lake (43.8778, -95.0988) Cottonwood Lake (43.8778, -95.0988) 

 Muskrat Lake (46.9858, -94.5957) Steamboat Lake (46.6419, -93.3559) 

 Aspinwall Lake (46.9899, -95.4200) Forest Lake (47.2385, -93.5482) 

 Forest Lake (47.2385, -93.5482) Mud Lake (47.1017, -93.5266) 

 Long Lake (45.8104, -94.9781) Tenmile Lake (46.1258, -95.9666) 

 Latimer Lake (45.9209, -94.8505) Devil Track Lake (47.8218, -90.4250) 

 Little Jessie Lake (47.5556, -93.8214) Lake Edith (44.9374, -92.8066) 

 High Lake (47.9673, -91.8761) R3 Pool (43.6029, -91.4215) 

 Mud Lake (45.3688, -94.5291) Rice Lake (44.8131, -93.4948) 

 American Lake (47.2339, -92.0255) Bass Lake (46.9077, -93.9587) 

Angler Lake Minnetonka (44.9417, -93.5503) Lake Mille Lacs (46.2425, -93.6461) 

 Lake Mille Lacs (46.2425, -93.6461) Lake of the Woods (49.0759, -95.0053) 

 Leech Lake (47.1599, -94.4128) Lake Superior (47.0499, -86.5024) 

 Lake Saint Croix (44.9325, -92.7569) Lake Minnetonka (44.9417, -93.5503) 

 Lake Superior (47.0499, -86.5024) Leech Lake (47.1599, -94.4128) 

 Gull Lake (46.4649, -94.3263) Lake Saint Croix (44.9325, -92.7569) 

 Lake Harriet (44.9218, -93.3049) Crystal Lake (44.7009, -93.4363) 

 Cenaiko Lake (45.1403, -93.3003) Prior Lake (44.7380, -93.3968) 

 Lake Bde Maka Ska (44.9419, -93.3117) Lake Pepin (45.9099, -94.6488) 

 Prior Lake (44.7380, -93.3968) Lake Madison (44.1944, -93.7891) 
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Table 2.4: The top ten most connected lakes based on degree and betweenness centrality in the 

hydrologic and angler networks and their associated aquatic invasive species. Invasive species 

data were taken from MN DNR (2019). The coordinates for these lakes are available in Table 

2.3. 

Network Lake Aquatic invasive species present 

Hydrology Cottonwood Lake - 

 Steamboat Lake Zebra mussel 

 Forest Lake Zebra mussel, Eurasian watermilfoil 

 Mud Lake - 

 Tenmile Lake Zebra mussel 

 Devil Track Lake Spiny waterflea 

 Lake Edith - 

 R3 Pool - 

 Rice Lake Eurasian watermilfoil 

 Bass Lake Zebra mussel 

Angler Lake Mille Lacs Zebra mussel, Eurasian watermilfoil, spiny waterflea 

 Lake of the Woods Spiny waterflea 

 Lake Superior Zebra mussel, Eurasian watermilfoil, spiny waterflea, facet 

snail, viral hemorrhagic septicemia, Eurasian ruffe, round 

goby, New Zealand mud snail, white perch 

 Lake Minnetonka Zebra mussel, Eurasian watermilfoil, flowering rush 

 Leech Lake Zebra mussel, Eurasian watermilfoil 

 Lake Saint Croix Zebra mussel, Eurasian watermilfoil, Asian carp 

 Crystal Lake Eurasian watermilfoil 

 Prior Lake Zebra mussel, Eurasian watermilfoil 

 Lake Pepin Zebra mussel, Eurasian watermilfoil, Asian carp 

 Lake Madison Eurasian watermilfoil 
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Figure 2.1: Logistic power function showing the proportion of aquatic invasive species that are 

expected to be viable given the number of days between visits to a pair of lakes by a single app 

user (Appendix A). 
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Figure 2.2: Areas of high hydrologic (A) and angler (B) connectivity across Minnesota based on 

data from USGS and Fishbrain. 
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Figure 2.3: The distribution of zebra mussels (Dreissena polymorpha) (A,B) and Eurasian 

watermilfoil (Myriophyllum spicatum) (C, D)  in Minnesota in relation to the density of 

hydrologic connectivity (A, C) and angler connectivity (B, D). 
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Appendix A – Literature Review for Decay Curve 

We obtained aquatic invasive species survivability data from a literature review for 20 species. 

We created the decay curve based on the proportion of life stages alive after a given number of 

days between day 0 and day 99. We assumed that there would be no life stages alive after 99 

days. 

Species Life 

Stage 

Dispersal Method Time to Mortality (Days) Source 

Spiny waterflea Resting 

Egg 

Overland transport (drying) 0 Branstrator et al. 2013 

Brook trout Adult Bucket without water 0 Personal experience 

Watermilfoil Single 

Stem 

Overland transport (drying) 1 Bruckerhoff et al. 2015 

Watermilfoil Coiling Overland transport (drying) 2 Bruckerhoff et al. 2015 

Curly-leaf 

pondweed 

Single 

Stem 

Overland transport (drying) 1 Bruckerhoff et al. 2015 

Curly-leaf 

pondweed 

Turions Overland transport (drying) 28 Bruckerhoff et al. 2015 

New Zealand 

Mud Snail 

N/A Overland transport 2 Alonso and Castro-Diez 2012 

Hydrilla NA Aerial exposure 2 Bruckerhoff et al. 2015 

Baitfish Adult Bait buckets 4 Personal Experience 

Zebra mussel Adult Small trailered boats 5 Ricciardi et al. 1995 

Quagga mussel Veliger Boats 27 Choi et al. 2013 

Quagga mussel Adult Small trailered boats 5 Ricciardi et al. 1995 

Banded mystery 

snail 

Juvenile Overland transport 5 Havel et al. 2014 

Banded mystery 

snail 

Adult Overland transport 42 Havel et al. 2014 

Snakehead Adult Overland transport 5 USGS 

Green Crab Juvenile Fishing gear and boats 7 Darbyson et al. 2009 

Chinese mystery 

snail 

Juvenile Small trailered boats 28 Havel 2011 

Chinese mystery 

snail 

Adult Overland transport 63 Havel et al. 2014 
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Mud 

bithynia/faucet 

snail 

Adult Overland transport 15 Havel et al. 2014 

Florida apple 

snail 

N/A N/A 98 Darby et al. 2008 
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