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Existing data may offer the best insight into many important   
questions in ecology and conservation biology, but there 

are various challenges to using existing data effectively. First, 
although the use of large data repositories is increasing, 
many ecological data sets are never made publicly available. 
In addition, ecological data sets are rarely uniform, and 
reformatting data sets from different sources, sites, and 
time periods in a consistent manner can be tedious. These 
difficulties may be particularly pronounced when data sets 
involve ecological questions over large spatial or temporal 
scales.

In the present study, we organized networks of students 
in undergraduate courses to address these challenges and 
to investigate the geographic patterns of nonnative and 
invasive plants in sites in the US National Wildlife Refuge 
System. The students collected and compiled the data for 
refuges in their own region. From the data that the stu­
dents compiled, we asked (a)  how nonnative and invasive 
plant species richness is related to native species richness;  
(b) how the pool of nonnative species from the surrounding 
area (i.e., colonization pressure) contributes to nonnative 
and invasive species richness in the refuges; (c) how refuge 
characteristics such as habitat diversity, refuge area, and 

elevational range contribute to species richness patterns 
for native, nonnative, and invasive plants; (d) whether inva­
sion patterns differ between mainland and island refuges; 
and (e) whether invasion patterns vary among US Fish and 
Wildlife Service (USFWS) regions. Below, we outline the 
scientific background for this project, as well as the specific 
rationale for each of the questions examined.

Plant invasion of protected areas
Human activity is rearranging ecological communities in 
an  unprecedented way (McKinney and Lockwood 1999, 
Hobbs et al. 2006, Ricciardi 2007). The novel species inter­
actions resulting from this rearrangement can threaten exist­
ing communities but can also offer valuable insight into a 
range of evolutionary and ecological questions. The emerg­
ing science of invasion ecology is focused on how nonnative 
species enter established communities; how they spread 
through these systems; and how they affect native species, 
communities, and ecosystems (Lockwood et al. 2013).

One of the most basic questions in invasion ecology is 
why some areas have more invasive species than do others. 
Traditionally, ecologists believed that human disturbances 
were critical to invasion success (e.g., Hobbs and Huenneke 
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1992). However, ecologists have begun to realize that pro­
tected areas are not immune to invasion and that the stron­
gest impacts on rare species may occur within these areas 
(Hughes and Convey 2010, Hayward 2011). National wildlife 
refuges may be particularly important in this regard, because 
they are often tasked with managing a specific set of species 
or habitats.

Most previous studies of invasion patterns have been 
focused on nonnative species in general (including non­
spreading ornamentals) rather than on species that are 
specifically designated as invasive (e.g., Knops et  al. 1999, 
Stohlgren et al. 1999, Fridley et al. 2007). Focusing on harm­
ful invasives may be more appropriate for questions of 
spread, impact, and management, because different factors 
may be important in allowing a species to transition from 
establishment to spread and impact. A major challenge 
in studying harmful invasives is that it can be difficult to 
identify a species as invasive rather than simply nonnative. 
Some ecologists define an invasive species as one that both is 
nonnative and has impacts on native species (e.g., Lockwood 
et al. 2013); others define an invasive as a nonnative that can 
establish a self-sustaining population and that can spread 
independently to new areas (e.g., Blackburn et  al. 2011). 
The management of protected areas requires attention to 
species that are spreading and altering native habitats—that 
is, species that are harmful invaders. Because national wild­
life refuges often compile lists of harmful invasive plants 
(defined in refuge conservation as plant species that are cur­
rently invading and disrupting natural plant communities), 
these lists present a unique opportunity to compare invasion 
patterns between nonnatives and invasives.

A comparison of richness among native, nonnative, 
and invasive species
A common observation from studies of plant invasion 
is a negative correlation between native and nonnative 
richness at local scales and a positive correlation at regional 
scales (Herben et  al. 2004, Fridley et  al. 2007). The nega­
tive correlation at small spatial scales is attributed to biotic 
resistance, defined as increased competition for niche space 
as native species richness increases (Elton 1958, Simberloff 
1981). The positive correlation between native and non­
native species at larger spatial scales is often referred to as 
biotic acceptance (Stohlgren et al. 2006). Biotic acceptance is 
typically observed when environmental factors affect native 
and nonnative species richness in a similar manner, so that 
favorable conditions lead to higher species richness for all 
groups (Stohlgren et al. 2006).

The importance of colonization pressure
Relationships between native and nonnative species richness 
can be complicated by colonization pressure, the number 
of species introduced to a site (Lockwood et al. 2009). With 
more species introduced, the richness of invasive species 
should increase independently of any species interactions 
(Lonsdale 1999, Lockwood et  al. 2009). We treated the 

nonnative species from the counties surrounding each 
wildlife refuge, or the regional species pool, as a surrogate for 
colonization pressure. We then used these data to examine 
the relationship between colonization pressure and non­
native and invasive species richness in wildlife refuges.

Refuge characteristics and native, nonnative, and 
invasive species richness
Native and nonnative plants may influence each other’s rich­
ness, but both groups may also be influenced by environ­
mental characteristics. We focused on three characteristics 
of refuges that could influence plant species richness: refuge 
area, habitat diversity, and elevational range. All things being 
equal, larger refuges should contain more plant species 
(Gotelli and Colwell 2001, Whittaker and Triantis 2012), 
but area may affect nonnative and invasive plants differently 
from how they affect native plants. If nonnative plants are 
recruited from adjacent areas, species richness would be 
influenced more by refuge perimeter than by refuge area. 
Habitat diversity should influence richness of all types of 
plants, and previous studies have suggested that habitat 
diversity influences biotic acceptance. Elevational range was 
included as an additional measure of habitat heterogeneity, 
because plants may have distinct elevational ranges even 
when the broader habitat type (e.g., forest, grassland) is 
similar.

Mainlands versus islands
Patterns of biodiversity often differ between mainlands and 
islands, and patterns of invasion may differ, as well (Elton 
1958, Case and Bolger 1991, Poessel et  al. 2013). Because 
islands may be depauperate in native species relative to 
mainlands, island communities may offer reduced biotic 
resistance to invasion. Islands may also have smaller popula­
tions of native species, which may lead to greater extinction 
vulnerability (Simberloff 1981). Finally, island refuges may 
contain an unusual number of rare species, which may lead 
to impacts of invasion not seen elsewhere. For these reasons, 
we compared the patterns of invasion between mainlands 
and islands.

Variation among regions
Although continental-scale analyses can provide general 
insight on geographical patterns of invasion, from a man­
agement perspective, region-specific patterns may be more 
useful than continental-scale generalizations. Therefore, 
we examined the extent to which patterns of plant invasion 
varied across regions.

Project structure
One or two classes were responsible for compiling data 
(see table 1 for data variables and sources) from each of the 
seven USFWS regions (as of 2002): Northeast, Southeast, 
Midwest, Mountain–Prairie, Southwest, Pacific, and Alaska. 
The Alaskan region contained only 12 refuges with available 
data, so these were combined with those from the Pacific 
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region. Both the Pacific and Southeast regions contained 
many refuges, so refuges in these regions were divided 
between two classes each. The courses incorporated the 
group project in a variety of ways (table  2), although the 
student teams all followed the same research protocols 
(described at the project’s Web site, https://groups.nceas.
ucsb.edu/sun). The basic structure in all of the courses was 

that each refuge was assigned to two different students as 
a means of quality control. The students compiled refuge 
background data and species lists independently, then met 
to resolve discrepancies; the instructors for each class then 
reviewed and collated the class data, and the summarized 
class data were uploaded to the project Web site. One of us 
(DMM) provided a final layer of quality control by check­
ing a subset of each student’s data against the original data 
sources (see below).

Data sources and quality control
We used the US National Wildlife Refuge Invasive Species 
Survey (hereafter, ISS; www.nwrinvasives.com) as a starting 
point for data compilation. This Web survey was admin­
istered by the US Geological Survey in 2002, and refuge 
personnel were asked to include information about ref­
uge  characteristics and the extent of monitoring for non­
native and invasive plants (Tempel et al. 2004). In addition, 
the survey allowed the managers to upload a list of problem 
nonnative plant species (which we refer to as invasives).

ISS data were usually available for the area, elevational 
range, and habitat distribution (table 3), the latter of which 
we used to calculate Simpson’s index for habitat diversity. 
However, lists of invasive plants were often missing or obvi­
ously incomplete. To supplement the plant lists, we used 
information from the comprehensive conservation plan 
(CCP) for each refuge. CCP data are drawn from refuge 
monitoring programs, from the academic literature, and 

Table 1. Summary of variables incorporated into the 
analysis and their sources.
Variable Type  Source

Refuge area Continuous Invasive Species Survey (ISS)

Elevational range Continuous ISS

Habitat diversity 
(Simpson’s D)

Continuous ISS

Native species richness Discrete Comprehensive conservation 
plans (CCPs), refuge Web 
sites, refuge personnel

Nonnative species 
richness

Discrete CCPs, refuge Web sites, 
refuge personnel

Invasive species richness Discrete CCPs, refuge Web sites, 
refuge personnel, ISS

Nonnative species pool Discrete Biota of North America 
Program

Mainland or island Categorical Refuge Web sites, 
investigator judgment

Region Categorical US Fish and Wildlife Service 
classifications

Table 2. Project description for each institution and student evaluation.
Time frame (weeks)

School Course Course type Course level Setting
Course  
time

Dedicated class  
or lab time Participation Grades Presentations

MHC Invasions Seminar Upper a, c 9 3.5 f, h, i g, l, m, n Group discussion

WCU Ecology Lab and lecture Intermediate a, b 4 4 k l, o, p, q In class

JU Conservation Lab and lecture Upper a, b, c 10 3 f, g none In class

UW–S Ecology Lab Intermediate b 5 3 f, g g, l, m Poster session

MCLA Ecology Lab and lecture Upper a, b, c 4 4

USU Conservation Lecture Upper a, b, c 5 5 e, f, g, i, j o or p Group discussion

SFSU Ecology Lecture Intermediate a, b, c 3 0

SU Conservation Lecture Upper d 8 8 e, f, g, h, i, j In class

Note: The Northeast region was compiled at Mount Holyoke College (MHC). The Southeast was handled at Western Carolina University (WCU) and 
Jacksonville University (JU). The Great Lakes region was managed at the University of Wisconsin–Stout (UW–S). The Mountain–Prairie region was 
compiled at the Massachusetts College of Liberal Arts (MCLA). The Southwest region was compiled at Utah State University (USU). Finally, the Pacific 
region was divided between San Francisco State University (SFSU) and Stanford University (SU). Setting describes the type of work: (a) in class, (b) in 
a lab, (c) as homework, and (d) in an additional period for extra credit. Time frame describes the number of weeks the course engaged in the project. 
Participation credit was given for (e) timeliness with contacting refuges, (f) timeliness with data compilation, (g) data accuracy, (h) cooperation with 
the other student working on a specific refuge, (i) timeliness with revisions, (j) timeliness with data analysis, and (k) participation in the lab. The 
graded assignments included (g) data accuracy, (l) individual analysis of data, (m) a lab write-up based on group hypotheses, (n) a lab write-up based 
on individual hypotheses, (o) a research paper on one central hypothesis, (p) a research paper on an original hypothesis, and (q) an oral presentation. 
MHC had a 3-hour class period with half of each meeting period devoted to lecture and half devoted to student-run discussion. Five halves and one 
whole period were devoted to this project, starting on the third class meeting and ending on the last day of class. At UW–S, one student presented 
her analysis at a research symposium for the whole institution. The course at USU did not have a lab associated with it but a lab space was used for 
3 weeks of the course for this project.
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from consulting services. Most CCPs are recent (i.e., created 
in the last 5–10 years), so they represent current information 
on refuge biota. In some cases, species lists were also posted 
on refuge Web sites. When CCP or refuge Web site data were 
not available, the students contacted refuge personnel for 
species lists. We analyzed data only for refuges from which 
we could obtain reliable plant lists (figure 1), and lists from 

any of these sources (CCPs, Web sites, refuge personnel) 
were given precedence over ISS lists.

We compiled three sets of plant lists for each refuge: 
natives, nonnatives, and problem invasives. Where native and 
nonnative species were not separated, we used the Biota of 
North America Program database (BONAP; www.bonap.org)  
to delineate these. To make nonnative and invasive lists inde­

pendent (i.e., nonoverlapping), we  sepa­
rated out problem invasive plants from the 
general list of nonnatives for each refuge. 
For CCPs, we considered category I non­
natives (those that were currently invading 
and disrupting natural plant communi­
ties) to reflect invasives. Most ISS plant 
lists echoed these criteria, as did those 
for invasive species on refuge Web sites. 
Invasive lists from different sources (e.g., 
CCP and ISS) were generally consistent 
with one another, which suggests a consis­
tent definition of invasive species.

To obtain lists of nonnative plants in the 
vicinity of each refuge (i.e., the nonnative 
species pool), we used county-specific lists 

Figure 1. The locations of national wildlife refuges and data availability for each refuge. Those with available lists of 
invasive species are marked with blue circles, those with lists of nonnative species are marked with yellow circles, and those 
with lists of both invasives and nonnatives are marked with green circles.

Table 3. Data availability for refuges in the six regions.

Region Refuges
Number of  
native lists

Number of  
nonnative lists

Number of  
invasive lists

Northeast 59 26 27 54

Southeast 87 23 19 57

Great Lakes 44 19 17 36

Mountain–Prairie 74 17 15 41

Southwest 36 14 18 32

Pacific and Alaska 95 27 26 55

Note: The total number of refuges providing data is shown, along with the number and 
percentage of refuges for which lists of native species, nonnative species, and problem invasive 
species were available.
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from BONAP. These lists were merged for all counties in 
which a refuge was located. To classify refuges as mainland 
versus island, we defined islands broadly to include oceanic 
islands (e.g., Guam, Hawaii), coastal islands (e.g., Nantucket, 
the Florida Keys), and islands within large lakes.

The plant data varied in quality. Some lists were based 
on anecdotal observation, whereas others were based on 
extensive surveys. Therefore, for each refuge, we calculated 
a quality score, ranging from 1 to 25, that took into account 
the source of the data (e.g., CCP, ISS) and the kinds of sur­
veys that generated them. All of the students used the same 
protocol to calculate the scores, and all of the classes practiced 
using the same example refuges. Discrepancies in scores for 
the two students assigned to a refuge were helpful for indicat­
ing that the students had found different data sources. These 
scores successfully differentiated high-quality data from low-
quality data. For example, refuges having only ISS invasive 
species data and no monitoring programs typically had qual­
ity scores of 5 or lower, whereas refuges with CCP data based 
on systematic plant surveys usually had quality scores between 
15 and 20. We used quality scores to weight the data in our 
analyses in the manner described below.

Data analysis
We analyzed patterns of nonnative and invasive richness 
among USFWS regions, using general linear models. We 
modeled plant richness with a Poisson distribution when a 

goodness-of-fit test failed to detect overdispersion and with 
a negative binomial distribution when overdispersion was 
present. To quantify the relationships among refuge char­
acteristics; regional species pools; and native, nonnative, 
and invasive species richness, we used structural equation 
modeling (SEM; Bollen 1989, Grace 2006). SEM allows one 
to simultaneously analyze relationships among multiple 
variables within a system—in this case, species richness of 
natives, nonnatives, and invasives. Our model (figure  2) 
was chosen a priori to represent the expected relationships 
among the variables on the basis of previous large-scale 
analyses of patterns of plant invasion (Stohlgren et al. 2003, 
Harrison et al. 2006). Refuge area, habitat diversity (i.e., the 
Simpson’s index calculated from the habitat distribution 
data on the ISS), and elevational range were expected to 
influence each of the three classes of plants. The regional 
pool of nonnatives was expected to influence both non­
natives and problem invasives. The relationship between 
nonnatives or invasives and natives was included to rep­
resent biotic resistance (a negative correlation) or biotic 
acceptance (a positive correlation). Islands and mainlands 
were analyzed separately to permit comparisons between 
them with respect to patterns of biotic acceptance and colo­
nization pressure.

Structural equation models were fit by maximum like­
lihood using the “sem” function in the lavaan package for R 
(Rosseel 2012). The overall model (figure 2) had one degree 

Nonnative pool
(nearby counties) 

Native
richness 

Nonnative
richness

Invasive
richness

Refuge area
Habitat

diversity

Elevational
range

Effects of refuge characteristic on plant species richness

Competitive exclusion 

Figure 2. Structural equation model used to analyze the relationships among plant communities and refuge characteristics 
in wildlife refuges. Native, nonnative, and invasive plant communities potentially influence each other, and each is in turn 
influenced by similar sets of refuge characteristics.
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of freedom, which allowed a chi-squared test for overall 
model fit (Grace 2006). All models shown in the results had 
adequate fit (p  >  .05), except where it is specifically noted 
otherwise. To incorporate quality scores for each refuge, 
models were fit using a covariance matrix calculated by 
weighting observations by the quality score for the refuge. 
We used multigroup analyses to test for significant differ­
ences between the model coefficients for mainland and 
island refuges and among those for USFWS regions. For 
these analyses, the fit of a model that used fixed, identi­
cal parameters across groups was compared with that of a 
model that allowed group parameters to vary.

Student involvement and assessment
Students in all classes were involved in the data collec­
tion and compilation aspects of the project. In addition, 
a subset of students (one or two per institution) partici­
pated in a workshop at the National Center for Ecological 
Analysis and  Synthesis (NCEAS) to synthesize the data 
across classes,  to analyze the resulting data set, and to 
interpret the results. The highly dispersed and collaborative 
nature of this project made it difficult to allow the students 
autonomy with respect to research questions and methodo­
logy. Nonetheless, each course offered opportunities for the 
students to explore other aspects of the scientific process, 
from hypothesis development to data analysis and presenta­
tion (table 2). These opportunities varied with the type of 
course, the course size, and the expertise of the professors 
involved in the project, but the most common approach 
was to have students write a formal paper or lab report 
based on an analysis of the data from their region. Similarly, 
approaches to presenting the background material for the 
project, grading student performance, and assessing student 
learning varied by course (table 2).

Data availability and regional patterns
For most refuges, we had data on area (n = 392), elevational 
range (n = 369), and habitat diversity (n = 295). We located 
a total of 126 lists of native species, 122 lists of nonnative 
species, and 278 lists of invasive species. The plant data varied 
in availability across regions (table 3), with the greatest data 
availability in the Northeast and Southwest regions and the 
lowest availability in the Southeast and Mountain–Prairie 
regions (table  3). The apparent low data availability in 
the Mountain–Prairie region was due to a large number 
of  easement refuges to which the USFWS has no access. 
When these refuges were removed, the Mountain–Prairie 
region had data availability similar to that of the other regions 
(χ2(5) = 7.4, p = .19). The data quality scores tended to track 
data availability. The quality scores were significantly lower in 
the Southeast region (general linear model, b = –2.65, p = .02) 
and also in the Mountain–Prairie region when the easement 
refuges were included (b = –2.67, p = .02).

Overall, nonnative and invasive richness varied signifi­
cantly across regions (likelihood ratio, LR(5) = 34.6, p < .001, 
and LR(5)  =  15.8, p  <  .01, respectively). The nonnative 

richness was highest in the Pacific region (excluding Alaska, 
x  = 81.23, standard error (SE)  = 13.5) and lowest in the 
Southwest region (x = 29.5, SE = 6.4). Invasive richness was 
highest in the Northeast (x = 11.83, SE = 1.56) and Pacific 
(x = 11.19, SE = 1.10) regions and lowest in the Southwest 
(x  = 5.81, SE  = 0.76) and Mountain–Prairie (x  = 6.78, 
SE = 0.88) regions.

Associations among native, nonnative, invasive 
richness, and the regional nonnative pool
For mainland refuges (figure 3a), the proportion of variation 
in plant richness explained by the SEM was moderate for 
natives (R2 = .30) and invasives (R2 = .23) but low for non­
natives (R2  = .11). Native richness and nonnative richness 
in mainland refuges were positively correlated (Pearson’s 
correlation coefficient, r  = .33). Nonnative and invasive 
richness were both positively correlated with the richness of 
the nonnative species pool in areas surrounding each refuge, 
although these coefficients were low (r  = .15 and r  = .27, 
respectively). In addition, invasive richness was correlated 
with nonnative richness (r = .26).

Refuge characteristics
Refuge characteristics influenced all three classes of plants 
(figure 3). Native richness was positively correlated with ref­
uge area (r = .33) and elevational range (r = .27). Nonnative 
richness was positively correlated with habitat diversity 
(r = .12) and negatively correlated with refuge area (r = –.15). 
Invasive plants were also positively correlated with habitat 
diversity (r = .17) and negatively correlated with elevational 
range (r = –.14).

Mainland versus island refuges
The patterns of plant invasion in island refuges differed 
substantially from those in mainland refuges (χ2(14) = 35.4, 
p  =  .002; figure  3b). Most notably, on islands, the correla­
tions between nonnatives and natives and between invasives 
and natives were negative (r  = –.61 and r  = –.27, respec­
tively). In addition, the size of the nonnative species pools 
were not significant predictors of nonnative and invasive 
richness within refuges on islands (they were significant for 
mainlands; figure 3a). Finally, nonnative richness was much 
more closely correlated with refuge area (r = .63) on islands 
than on mainlands (r = –.15).

Regional variation in patterns of invasion
For most individual regions, it was only possible to fit a 
simplified SEM without the nonnative plant class (i.e., 
only natives and invasives). Using this simplified model, 
the regions differed significantly in patterns of invasion in 
mainland refuges (χ2(5)  = 14.2, p  = .014). Region-specific 
parameters should be interpreted with caution; the model 
was a poor fit for the Midwest region (χ2(1) = 12.8, p < .001), 
and the regional sample sizes were low. Nevertheless, pro­
nounced variation in the regional results was apparent 
(figure 4a–4f). Area effects were strongest in the Midwest 
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Natives
x = 288.4, R2 = .30

Nonnatives
x = 43.7, R2 = .11

Invasives
x = 9.3, R2 = .23

Refuge area
x = 8.22 (ln ha) Habitat diversity

x = 2.85

Elevation range
x = 172.8 m

Nonnative pool
x = 210.5

a    Mainland refuges (n = 324)

.15 .27
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.28 .26 
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.33

−.15
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.17

 −.15 

−.14

Natives
x = 198.2, R2 = .44

Nonnatives
x = 53.7, R2 = .32

Invasives
x = 9.3, R2 = .10

Refuge area
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x = 2.95
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x = 172.8 m

Nonnative pool
x = 312.1

b    Island refuges (n = 68)

−.27

−.61

−.27

.45

.63
.25

Figure 3. Results from structural equation models for mainland refuges (a) and island refuges (b). The arrows indicate 
the hypothesized cause–effect relationships between variables. The thicker lines correspond to statistically significant 
relationships (p < .05), and path coefficients from the structural equation model, which are analogous to Pearson 
correlation coefficients corrected for direct and indirect relationships to other variables, are shown for these parameters. 
Means are also shown for all variables included in the models. Abbreviations: ln ha, natural log of the value in hectares; 
m, meters; , the mean value.
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Figure 4. Results from structural equation models for each US Fish and Wildlife Service region. Because the sample sizes 
were small within each region, the models included native and harmful invasive species but did not include nonnative 
species. The arrows indicate the hypothesized cause–effect relationships between variables. The thicker lines correspond to 
statistically significant relationships (at p < .05; path coefficients [see figure 3] are shown for these parameters). Means are 
also shown for all variables included in the models. Abbreviations: ln ha, natural log of the value in hectares; m, meters;  

,  the mean value.
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to show for it (box 1). The students who participated in the 
data synthesis and analysis workshop at NCEAS had consis­
tently more positive responses than did the general pool of 
participating students (box 2).

Project structure and pedagogical insights
Our framework for collaboration between undergraduate 
classes and federal agencies can be compared with citizen 
science projects that similarly involve hundreds of parti­
cipants in coordinated research endeavors (Dickinson et al. 
2010, Crall et al. 2011), but networks of undergraduates have 
additional advantages (Bowne et  al. 2011). One advantage 
is that course instructors provide a level of highly qualified 
supervision for coordinated research projects. For any major 
ecological issue (e.g., climate change, habitat loss, pollution), 
tens—if not hundreds—of instructors will have extensive 
background on the topic and may be interested in course-
based collaboration. A second advantage of our approach 
is that course grades provide a level of incentive and 
accountability that is typically absent from other kinds of 
citizen science initiatives. It was clear from the students’ self- 
evaluations that a desire to get a good grade was very impor­
tant to most of them. This approach can also be applied 
to projects that involve some tedium. Whereas enlisting 

region. Habitat diversity was most predictive of invasive 
richness in the Southeast, Southwest, and Pacific regions. 
In the refuges located in the Northeast, the regional species 
pool was the most important predictor of invasive species. 
The correlations between native richness and invasive rich­
ness were positive in all regions, although the strength of this 
correlation was variable.

Student experience and assessment
The student responses to the project were generally posi­
tive (box 1). Most of the students agreed or strongly agreed 
that the project improved their understanding of invasion 
biology, conservation policy, and data analysis. The students 
strongly agreed that the project increased their appreciation 
of the value of good data. Most of the students also said 
that  they felt that they were contributing to an important 
research project and that the activity was an interesting 
course experience. The most common positive comment was 
that the students enjoyed working on a real research project 
rather than on a scripted assignment. The most common 
negative comment concerned frustration with finding (or 
not finding) data for the refuges. In particular, many of the 
students felt considerable frustration that they could work 
quite hard in searching for plant data but not have anything 

Box 1. Summary of student responses to project evaluation.

The response rate was low (45 respondents, or approximately 38%), although we did get respondents from all eight classes. The student 
responses to major project objectives are shown below. The open response comments from the students were also highly informative 
(see the supplemental material, available online at http://dx.doi.org/10.1525/bio.2013.63.8.7). The positive comments tended to reflect 
the real-world nature of the project and the collaborative experience:

“I loved working on a real science project. Sometimes in my bio classes, I feel like we’re ‘pretending’ because we already know 
the outcome that we are looking for in our labs.”

“I had never heard of employing several classes of students to assist with a large data collection and organization effort before 
taking part in this project, and I was glad to be a part of it.”

“I thought that it was fun and interesting to look at data being compiled from actual wildlife areas and refuges across the 
nation.”

“I loved that I was working on something that was going to have an actual real-world impact.”

“Being able to communicate with (some of the) refuges directly made the practice of conservation feel less nebulous and 
distant.”

The negative comments tended to be focused on the frustrations of not being able to find data for assigned refuges. Some negative 
comments were also focused on the Web site or the project materials; in retrospect, field-testing the protocols with students before 
starting the project would have been beneficial.

“Gathering information from wildlife refuges was very difficult.”

“It is very boring and hard to find information on a site that has no information. Neither of my refuges had plant lists.”

“My group only had one complete data point out of our eight, so that was rather discouraging.”

“Data collection was hard to standardize. There were problems with the BONAP [Biota of North America Program database] 
exotic lists and with identifying what data from Web sites could be used in the project and what could not.”

“Doing this as a group was difficult, because if one person cared and the other didn’t, it made the entire project seem like a waste 
of time for the one who cared.”
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students were able to compile a much 
larger data set than would otherwise 
have been available for individual 
classes to analyze. Having a predefined 
project that fit neatly within a 4–6 week 
course unit offered an opportunity for 
the students to participate in impor­
tant  original research in a traditional 
course structure. In addition, the courses 
without a lab component were able to 
contribute to research that addressed 
large-scale questions in ecology and 
conservation biology, thereby enhanc­
ing the overlap between the research 
project and the conceptual material 
covered in the participating classes. We 
believe that a wide range of projects 
involving large-scale data compilation 
could be carried out through this sort 

of collaboration, thereby benefiting students, federal and 
state agencies, and the scientific community.

The highly collaborative and dispersed structure of the 
project was essential to its successful aspects, but this 
structure also created substantial challenges. First, because 
methodology needed to be consistent, it was difficult to offer 
students a central role in determining the project method­
ology or the primary research questions. Nevertheless, some 

nonscientists to survey birds or frogs might be easy, we 
expect that it would be considerably harder to find qualified 
volunteers for data-compilation projects. Students, on the 
other hand, are often willing to accept this type of work if 
they understand that the project will expand their skill set 
and provide them with valuable research experience.

There were also pedagogical advantages to our project 
structure. Because the project was centrally planned, the 

Box 2. Summary of student responses to the workshop meeting.

All of the participating students (11) responded (see table 4 and the supplemental material, available online at http://dx.doi.org/10.1525/
bio.2013.63.8.7, for the complete evaluations). In terms of educational benefits, positive comments included the following:

“It was really awesome to see the thought processes of all the people working together. It also motivated me to take a lot of 
statistics to learn how to create models.”

“I particularly enjoyed being introduced to varying statistical models (i.e., path analysis, SEM [structural equation modeling], 
regression) and R programming language.”

“I really felt like I was part of something important.”

“The conference enhanced my interest in data-based research. Unfortunately, at the undergraduate level, we have not been 
exposed to data-based research. I learned more than I can say. Thank you.”

“It opened my eyes to large-scale research and how tricky it is to work with large data sets.”

“I got to collaborate on a large, multiuniversity project. That was cool and it felt really exciting.”

“Doing research is cool. I’m definitely thinking about grad school now.”

Negative responses were few, but some of the students felt that they were falling behind at the meeting or had suggestions for improv­
ing the meeting structure:

“I wish we were more in tune with R. I… feel like only professors know the material and we were left in the dark.”

“It would have been nice to do more actual data analysis and less time cleaning up data.”

“Maybe if we had spent more time analyzing the data and less time playing catch-up with the data it would have been a little 
more valuable.”

“Have a solid agenda for the meeting with extra time allotted for things that come up that are unexpected. Have a goals sheet 
for the meeting because, for me, the goals of the meeting were a little fuzzy.”

Table 4. Percentage of respondents at levels of agreement with descriptions of 
their educational experience.

Statement
Strongly  
agree Agree Neutral Disagree

Strongly  
disagree

The meeting enhanced my understanding 
of data management.

63.6 36.4 0 0 0

The meeting enhanced my understanding 
of statistical analysis.

27.3 54.5 18.2 0 0

The meeting increased my sense of the 
importance of collaboration in scientific 
research.

90.9 9.1 0 0 0

I consider the meeting to have been a 
valuable educational experience.

81.8 18.2 0 0 0

The meeting made it more likely that I  
will participate in scientific research in  
the future.

45.5 36.4 18.2 0 0

Note: The majority response is marked in bold.
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effects and, consequently, colonization pressure by invasives 
decrease with refuge area. Another potential explanation 
is that areas with high invasive richness tend to be highly 
populated with small refuges.

We expected that habitat diversity would be correlated 
with species richness for all three classes of plants (Davies 
et al. 2005). Instead, we found that nonnative and invasive 
species richness was positively correlated with habitat diver­
sity, whereas native species richness had no overall rela­
tionship with habitat diversity. One explanation for this 
difference is that disturbed or humanmade habitats may 
increase nonnative and invasive richness but have little effect 
on native richness (Didham et  al. 2005, MacDougall and 
Turkington 2005).

Interestingly, elevational diversity was positively cor­
related  with native diversity but negatively correlated with 
both nonnative and invasive species richness. This differ­
ence may reflect the lack of time for evolutionary diversifi­
cation in newly arrived species (i.e., nonnative and invasive 
species). It may also reflect colonization pressure; that is, 
introduced species may not include nonnatives and inva­
sives that can survive at all elevational ranges. In any case, 
this finding suggests that aspects of habitat diversity may be 
exploited differently by native and nonnative species.

We found a positive correlation between native and 
nonnative plant species richness in mainland refuges, con­
sistent with the results of previous studies in nonprotected 
areas (Stohlgren et al. 2003, Fridley et al. 2007). Invasive plants 
showed a similar relationship with native species richness, 
suggesting that biotic acceptance at large scales (Stohlgren 
et al. 2006) is also seen for problem invasive species.

We found that the nonnative species pool was correlated 
with the richness of both nonnative and invasive species 
in mainland refuges. Although it is intuitive, this result is 
novel and offers support for the role of colonization pres­
sure in invasion patterns. Interestingly, there was no detect­
able correlation between the nonnative species pool and 
nonnative or invasive richness on islands. This may be the 
case because nonnative and invasive plants on islands have 
different modes of transport, such that the regional species 
pool does not reflect the plants that are likely to arrive or 
successfully establish.

Another difference between mainland and island refuges 
was the correlation between native and nonnative or invasive 
richness. This correlation was positive for mainland refuges 
but negative for island refuges. This difference may be due 
to depauperate island fauna’s being more susceptible to 
extinction in the presence of invasive species. Although in 
other studies of plant invasion on islands no evidence was 
found for such extinctions (e.g., Sax et  al. 2002, Sax and 
Gaines 2008, Long et al. 2009), Pyšek and colleagues (2012) 
concluded in a recent review that invasive plants were far 
more likely to have negative impacts on native species on 
islands than on mainlands.

The regions differed considerably in the factors that were 
correlated with invasive species richness. Invasive species 

courses did require the students to identify or develop an 
additional research question or hypothesis based on the 
data set, and some of these student hypotheses informed 
our final  analysis. We believe that formulating and testing 
new questions while working on an established project is 
potentially good practice for graduate work in collaborative 
research labs. Unfortunately, our survey of student responses 
did not allow us to determine whether these additional 
pieces improved the student learning experience.

This assessment difficulty highlights a second challenge 
of  the project: assigning grades and assessing learning. 
Credit for participation may have mitigated student frustra­
tion with finding poor-quality data (or no data at all), but 
it also seemed to create problems with variability in stu­
dent effort. The students appeared most comfortable with 
grades based on traditional assignments (e.g., lab reports in 
lab classes, papers in lecture classes). At Mount Holyoke, for 
example, which had the only course specifically focused on 
invasion ecology, surveys of student satisfaction indicated 
that appreciation for the project improved after data analy­
sis and ended very high (14 of 16 students were extremely 
satisfied, although the other 2 were extremely dissatisfied). 
It appeared that more-advanced students in more specific 
courses experienced less frustration and found the project 
more rewarding, although this cannot be rigorously dem­
onstrated across the classes. Although we wish that our final 
survey had allowed a better determination of how course 
characteristics affected the student experience of the project, 
our sample size (i.e., eight courses) was too small to allow 
any statistical insight. Coordinated research projects cur­
rently under way are attempting to better gauge the optimal 
approach for incorporating a collaborative research experi­
ence into an undergraduate biology course.

Finally, anyone who has tried to include investigative 
learning in a course knows that the most challenging aspects 
are sometimes also the most rewarding. The aspect of this 
course that frustrated the students the most (i.e., obtaining 
high-quality data) contributed to the greatest course success 
(student perception of increased understanding of data 
quality; box 1). Our quality scores may have contributed to 
this benefit by encouraging student discussion about data 
sources and demonstrating the importance of high-quality 
data for synthetic projects. Nevertheless, one might argue 
that similar collaborative projects could be made less frus­
trating for students by basing them on well-defined data sets 
for which data availability is not a problem.

Invasion insights
Our model allowed us to identify some differences in 
the way  native, nonnative, and invasive species richness 
responded to three refuge characteristics: refuge area, habi­
tat diversity, and elevational range. For example, there was 
a positive correlation between native species richness and 
refuge area and no correlation or a negative correlation 
between invasive or nonnative species richness and refuge 
area. One possible explanation for this result is that edge 
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richness was strongly correlated with native species richness 
for refuges in the Northeast and the Pacific regions but not 
in other regions. Refuge area was an important predictor 
of native and invasive species richness in the Midwest but 
not in the Northeast. Similarly, habitat diversity was an 
important predictor in some (e.g., Southeast, Northeast) 
regions but not in others (e.g., Mountain–Prairie, Midwest). 
Because of the small sample sizes within the regions, any 
specific regional difference should be treated cautiously. 
Nevertheless, regional differences do suggest that patterns of 
invasion may be best understood on a scale smaller than that 
of the entire United States.

There were several important limitations to our study. 
First, the data were incomplete for a large number of refuges, 
and lists of invasives were occasionally based on anecdotal 
observations. Although we used weighting to deal with 
data-quality issues, weighting cannot mitigate missing data 
if there was a pattern or trend to the gaps. Second, our 
methodology—spreading data compilation among 120 stu­
dents in eight different classes—almost certainly resulted 
in some errors of data compilation and entry. Although 
an instructor reviewed each data point, some errors in 
highly collaborative data-compilation projects are probably 
unavoidable. Third, we did not account for land-use history. 
Some refuges contained multiple crop species, and others 
contained substantial numbers of noninvasive ornamen­
tals, which probably reflects prior human land use in these 
refuges. The absence of data on prior land use may account 
for the relatively poorer performance (i.e., the low R2 value) 
of the model for nonnative plants compared with that for 
invasive plants.

Conclusions
Despite the challenges of compiling invasive plant data 
across  multiple classes and institutions, our project led to 
an apparent increase in student understanding of ecology, 
conservation, and invasive species management and a strong 
increase in student appreciation for high-quality data. The 
project also yielded several clear patterns with implications 
for invasive species planning in protected areas. First, we 
found that mainland refuges with higher native diversity 
are more likely to be invaded. This is particularly the case 
for refuges with high habitat diversity in the Northeast, 
Southeast, and Pacific regions. In addition, we found that 
the number of nonnatives in the county or counties sur­
rounding a refuge is moderately informative regarding how 
many nonnative and invasive species are likely to colonize 
these refuges. In terms of regional differences, our results 
suggest that predictors of invasion may vary considerably 
from one region to the next, with patterns in different 
regions potentially canceling each other out when viewed 
at the continental scale. When planning for invasive species 
management, data from nearby refuges should therefore be 
prioritized over information from continental-scale analy­
ses. Similarly, our results suggest that refuges on islands may 
not behave as their mainland counterparts do when it comes 

to broadscale patterns of invasion. Finally, our results high­
light significant gaps remaining in invasive species data from 
protected areas. Filling these gaps will require increased 
monitoring of nonnative establishment and spread in areas 
that are important for habitat and species conservation.

Acknowledgments
We thank the National Center for Ecological Analysis and 
Synthesis for facilitating all aspects of this project. Students 
from ecology and conservation biology courses at Jacksonville 
University, Mount Holyoke College, San Francisco State 
University, Stanford University, the University of Wisconsin–
Stout, Utah State University, and Western Carolina Uni­
versity  contributed data to this project. Gretchen LuBuhn, 
Beverly Collins, and Joseph Pechmann helped coordinate 
the student efforts. Thomas Stohlgren, of the US Geological 
Survey, provided helpful suggestions for the methods, and 
Jenny Ericson, of the US Fish and Wildlife Service, helped 
steer us to data sources for the project. John Kartesz gave 
assistance with using Biota of North America Program 
software, and Jarrett Byrnes gave advice on data analysis. 
Julie Lockwood, John Knox, and three anonymous reviewers 
provided comments on earlier drafts of the manuscript. This 
project was funded by National Science Foundation grant 
no. 1118353 to DMM.

References cited
Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, Jarošík V, 

Wilson JRU, Richardson DM. 2011. A proposed unified framework for 
biological invasions. Trends in Ecology and Evolution 26: 333–339.

Bollen KA. 1989. Structural Equations with Latent Variables. Wiley.
Bowne DR, et al. 2011. Transforming ecological science at primarily under­

graduate institutions through collaborative networks. BioScience 61: 
386–392.

Case TJ, Bolger DT. 1991. The role of introduced species in shaping the 
distribution and abundance of island reptiles. Evolutionary Ecology 5: 
272–290.

Crall AW, Newman GJ, Stohlgren TJ, Holfelder KA, Graham J, Waller DM. 
2011. Assessing citizen science data quality: An invasive species case 
study. Conservation Letters 4: 433–442.

Davies KF, Chesson P, Harrison S, Inouye BD, Melbourne BA, Rice KJ. 
2005. Spatial heterogeneity explains the scale dependence of the native-
exotic diversity relationship. Ecology 86: 1602–1610.

Dickinson JL, Zuckerberg B, Bonter DN. 2010. Citizen science as an ecologi­
cal research tool: Challenges and benefits. Annual Review of Ecology, 
Evolution, and Systematics 41: 149–172.

Didham RK, Tylianakis JM, Hutchison MA, Ewers RM, Gemmell NJ. 2005. 
Are invasive species the drivers of ecological change? Trends in Ecology 
and Evolution 20: 470–474.

Elton CS. 1958. The Ecology of Invasions by Animals and Plants. Chapman 
and Hall.

Fridley JD, Stachowicz JJ, Naeem S, Sax DF, Seabloom EW, Smith MD, 
Stohlgren TJ, Tilman D, Von Holle B. 2007. The invasion paradox: 
Reconciling pattern and process in species invasions. Ecology 88: 3–17.

Gotelli NJ, Colwell RK. 2001. Quantifying biodiversity: Procedures and 
pitfalls in the measurement and comparison of species richness. Ecology 
Letters 4: 379–391.

Grace JB. 2006. Structural Equation Modeling and Natural Systems. 
Cambridge University Press.

Hayward MW. 2011. Using the IUCN Red List to determine effective con­
servation strategies. Biodiversity and Conservation 20: 2563–2573.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/63/8/644/266683 by U

tah State U
niversity Libraries user on 23 Septem

ber 2020



656   BioScience  •  August 2013 / Vol. 63 No. 8	 www.biosciencemag.org

Education

Harrison S, Grace JB, Davies KF, Safford HD, Viers JH. 2006. Invasion in 
a diversity hotspot: Exotic cover and native richness in the Californian 
serpentine flora. Ecology 87: 695–703.

Herben T, Mandák B, Bímová K, Munzbergová Z. 2004. Invasibility and 
species richness of a community: A neutral model and a survey of pub­
lished data. Ecology 85: 3223–3233.

Hobbs RJ, Huenneke LF. 1992. Disturbance, diversity, and invasion: 
Implications for conservation. Conservation Biology 6: 324–337.

Hobbs RJ, et  al. 2006. Novel ecosystems: Theoretical and management 
aspects of the new ecological world order. Global Ecology and 
Biogeography 15: 1–7.

Hughes KA, Convey P. 2010. The protection of Antarctic terrestrial eco­
systems from inter- and intra-continental transfer of non-indigenous 
species by human activities: A review of current systems and practices. 
Global Environmental Change 20: 96–112.

Knops JMH, et  al. 1999. Effects of plant species richness on invasion 
dynamics, disease outbreaks, insect abundances and diversity. Ecology 
Letters 2: 286–293.

Lockwood JL, Cassey P, Blackburn TM. 2009. The more you introduce the 
more you get: The role of colonization pressure and propagule pressure 
in invasion ecology. Diversity and Distributions 15: 904–910.

Lockwood J[L], Hoopes M[F], Marchetti M. 2013. Invasion Ecology, 
2nd ed. Wiley-Blackwell.

Long JD, Trussell GC, Elliman T. 2009. Linking invasions and biogeography: 
Isolation differentially affects exotic and native plant diversity. Ecology 
90: 863–868.

Lonsdale WM. 1999. Global patterns of plant invasions and the concept of 
invasibility. Ecology 80: 1522–1536.

MacDougall AS, Turkington R. 2005. Are invasive species the drivers or 
passengers of change in degraded ecosystems? Ecology 86: 42–55.

McKinney ML, Lockwood JL. 1999. Biotic homogenization: A few winners 
replacing many losers in the next mass extinction. Trends in Ecology 
and Evolution 14: 450–453.

Poessel SA, Beard KH, Callahan CM, Ferreira RB, Stevenson ET. 2013. 
Biotic acceptance in introduced amphibians and reptiles in Europe and 
North America. Global Ecology and Biogeography 22: 192–201.

Pyšek P, Jarošík V, Hulme PE, Pergl J, Hejda M, Schaffner U, Vilà M. 2012. 
A global assessment of invasive plant impacts on resident species, com­
munities and ecosystems: The interaction of impact measures, invading 
species’ traits and environment. Global Change Biology 18: 1725–1737.

Ricciardi A. 2007. Are modern biological invasions an unprecedented form 
of global change? Conservation Biology 21: 329–336.

Rosseel R. 2012. Lavaan: An R package for structural equation modeling. 
Journal of Statistical Software 48(2): 1–36.

Sax DF, Gaines SD. 2008. Species invasions and extinction: The future of 
native biodiversity on islands. Proceedings of the National Academy of 
Sciences 105: 11490–11497.

Sax DF, Gaines SD, Brown JH. 2002. Species invasions exceed extinc­
tions on  islands worldwide: A comparative study of plants and birds. 
American Naturalist 160: 766–783.

Simberloff D. 1981. Community effects of introduced species. Pages 53–81 
in Nitecki MH, ed. Biotic Crises in Ecological and Evolutionary Time. 
Academic Press.

Stohlgren TJ, Binkley D, Chong GW, Kalkhan MA, Schell LD, Bull KA, 
Otsuki Y, Newman G, Bashkin M, Son Y. 1999. Exotic plant species 
invade hot spots of native plant diversity. Ecological Monographs 69: 
25–46.

Stohlgren TJ, Barnett DT, Kartesz JT. 2003. The rich get richer: Patterns 
of plant invasions in the United States. Frontiers in Ecology and the 
Environment 1: 11–14.

Stohlgren TJ, Jarnevich C, Chong GW, Evangelista PH. 2006. Scale and plant 
invasions: A theory of biotic acceptance. Preslia 78: 405–426.

Tempel DJ, Cilimburg AB, Wright V. 2004. The status and management of 
exotic and invasive species in national wildlife refuge wilderness areas. 
Natural Areas Journal 24: 300–306.

Whittaker RJ, Triantis KA. 2012. The species-area relationship: An explora­
tion of that “most general, yet protean pattern.” Journal of Biogeography 
39: 623–626.

Martha F. Hoopes is an associate professor of biology at and Annie Arbuthnot 
and Danelle Laflower are recent graduates of Mount Holyoke College, in South 
Hadley, Massachusetts. David M. Marsh (marshd@wlu.edu) is a professor of 
biology at Washington and Lee University, in Lexington, Virginia. Karen H. 
Beard is an associate professor of biology at and Robert Watson is a recent 
graduate of Utah State University, in Logan. Nisse Goldberg is an assistant 
professor of biology at and Benjamin Hixon is a recent graduate of Jacksonville 
University, in Jacksonville, Florida. Alberto Aparicio is a recent graduate of 
San Francisco State University, in San Francisco, California. Lucas Lee and 
Blia Yang are recent graduates of and Amanda Little is an associate professor 
of biology at the University of Wisconsin–Stout. Emily Mooney is an assistant 
professor of biology at Massachusetts College of Liberal Arts, in North Adams, 
from which Colin Sykes is a recent graduate. April Pallette and Kyle Stowe 
are graduate students at Western Carolina University, in Cullowhee, North 
Carolina. Alison Ravenscraft is a graduate student at and Stephen Scheele is a 
recent graduate of Stanford University, in Stanford, California.

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/63/8/644/266683 by U

tah State U
niversity Libraries user on 23 Septem

ber 2020


	Utah State University
	From the SelectedWorks of Karen H. Beard
	2013

	Invasive Plants in Wildlife Refuges: Coordinated Research with Undergraduate Ecology Courses
	tmpTGXGUw.pdf

