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Evaluating the risk of non-native aquatic species range expansions in a changing 
climate in Pennsylvania 

ABSTRACT 
 

Climate change and invasive species are two of the most significant aspects of global 

change, and the two acting synergistically may create an enormous threat to ecosystems.  

Due to the uncertainty involved with these interactions, predictive management tools 

should be developed that can offer resource managers strategies for prioritizing non-

native species that may benefit from the warming climate.  This study explores the 

vulnerability of Pennsylvania’s aquatic ecosystems to the movement and establishment of 

non-native species responding to changing thermal regimes.  It addresses the question of 

which species currently south of Pennsylvania have the greatest potential to expand their 

ranges northward and establish in Pennsylvania based on the temperature changes 

predicted in two Intergovernmental Panel on Climate Change emission scenarios.  The 

United States Geological Survey Non-Indigenous Aquatic Species database was used to 

identify species that could pose a future threat to Pennsylvania’s aquatic systems.  

Statistically downscaled temperature projections were used to estimate Pennsylvania’s 

future temperature averages up to 2099.  The climate-matching tool CLIMATCH was 

then determined that 67 percent of the species analyzed saw increased climate suitability 

in A2 2099. Since establishment involves a number of factors, the combined effects of 

warming temperatures, propagule pressure, competition, and other stressors were also 

assessed to determine high-risk species.  This study found that 34 out of 51 species saw 

increases in climate suitability, 13 of those that increased had increases greater than 50 

percent, and four were designated “high risk” based on invasiveness scores. 
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INTRODUCTION 

Climate Change 

 Throughout Earth’s history, the climate has experienced many natural cycles of 

warming and cooling; however, the climate is now warming so rapidly that some of its 

effects can be noticed within a single human lifetime (Karl et al. 2009).  Evidence of the 

rapid warming trend can be found throughout the world, and one of the most noticeable 

of these changes is that, on average, the Earth is warming (Meyer et al. 1999; Union of 

Concerned Scientists 2008; Kling et al. 2009).  Global average air temperatures have 

increased 0.72 degrees Celsius from 1906-2005, possibly the largest increase in 

temperature of any century in the last 1,300 years (Center for Science in the Earth System 

et al. 2007).   

Climate researchers (Naiman et al. 1995; Mahlman 1997; IPCC 2007) have 

determined that everyday human activities such as burning fossil fuels and agricultural 

and land use practices have led to increasing concentrations of heat-trapping gases such 

as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) over the past 250 years 

(National Science Foundation 2009).  For example, the Mauna Loa carbon dioxide record 

in Hawaii shows that CO2 concentrations have progressively increased to reach today’s 

current levels of 390 parts per million (ppm), which is about 40 percent more than 

concentrations 50 years ago (National Oceanic and Atmospheric Administration 2011).  

In addition, according to the U.S Department of Energy, the world released 564 million 

more tons of CO2 between 2009 and 2010, an increase of 6 percent and the largest jump 

in CO2 levels on world record (Carbon Dioxide Information Analysis Center (CDIAC) 

2011).  Scientists have also found a clear correlation between temperature and CO2 levels 

in many research studies, including those using proxy data such as ice cores.  In January 
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1998, the collaborative ice-drilling project between Russia, the United States, and France 

yielded the deepest ice core ever recovered, and the air inclusions trapped inside gave a 

unique record of CO2 levels coinciding with increasing temperatures (Petit et al. 1997, 

1999).  

Based on the understanding that temperature and CO2 follow correlated patterns, 

the Intergovernmental Panel on Climate Change (IPCC) developed several possible 

emission scenarios that can predict future temperature changes based on the quantity of 

CO2 emissions.  In this study, only the high (A2) and low (B1) emission scenarios will be 

used (IPCC 2007).  The high emission scenario assumes a “business as usual” pattern, 

which focuses on rapid economic growth and has a high reliance on fossil fuel intensive 

technologies.  According to this scenario, temperature increases could reach 5.0 degrees 

Celsius by 2100 (IPCC 2007).  However, even this scenario may now be too conservative 

given the large increase in CO2 emissions reported for 2010.  Actual increases may be 

closer to 7.5 degrees Celsius by 2100 (CDIAC 2011).  The low emission scenario is the 

other extreme, which assumes drastic cuts in emissions and energy sources that are 

focused completely on efficiency.  In this scenario, an increase of 2.5 degrees Celsius is 

estimated by 2100 (IPCC 2007).  Even with significant cuts in greenhouse gas emissions, 

some future climate warming is unavoidable, since greenhouse gases can persist in the 

atmosphere for decades, or even centuries (Union of Concerned Scientists 2008). 

If global emissions remain high, Pennsylvania’s climate can be expected to see 

temperature increases above historic levels of up to 4.4 degrees Celsius in the winter and 

6.1 degrees Celsius in the summer (Union of Concerned Scientists 2008).  As this 

warming continues, even more extensive climate-related changes are projected to occur, 
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such as an increase in precipitation of up to 10 percent in the winter, and more frequent 

storm events and flooding (PA DEP 2010). 

General Circulation models and Downscaled Climate Data 

 As knowledge and understanding of the interactions between ocean, land, and 

atmosphere has continued to improve, it has led to advances in the ability to forecast 

weather and climate using complex models of the ocean-land-atmosphere system (Wood 

et al. 2004).  General circulation models (GCMs) are numerical models that represent the 

physical processes within these systems, and are the most advanced tools currently 

available for simulating the response of the global climate system to increasing 

greenhouse gas concentrations (IPCC 2011).  GCMs depict the climate using a three-

dimensional grid over the globe, and provide large-scale global projections.  One factor 

that has limited the use of GCMs is that the horizontal data have a resolution between 250 

and 600 km, which is relatively coarse, and restricts the usefulness of these models for 

looking at small-scale meteorological processes (Wilby and Wigley 1997; IPCC 2011).  

In order to fill this gap, and understand impacts to specific regions and local sites, various 

‘downscaling’ techniques are used to fine-tune the data and transform it into higher-

resolution climate information that is more meaningful in the context of local and 

regional impacts.  Spatial downscaling refers to the technique used to derive finer 

resolution climate information from coarser GCM data.  

 The United States Department of the Interior- Bureau of Reclamation, Lawrence 

Livermore National Laboratory, and the University of Santa Clara teamed up in 1997 to 

develop a publically available archive containing projections of monthly temperature and 

precipitation for the contiguous United States (United States Bureau of Reclamation 

2011).  Original temperature and precipitation projections were taken from the World 
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Climate Research Programme’s Coupled Model Intercomparison Project phase 3 multi-

model dataset, which was referenced in the IPCC’s fourth assessment report (IPCC 

2007).  In order to downscale these data, they then used a process called Bias Correction 

Spatial Disaggregation, which was used to process the GCM data in two ways; first, by 

correcting any GCM biases, and second, by translating conditions from the GCM into 

finer spatial resolution (United States Bureau of Reclamation 2011).  This process was 

originally developed for hydrologic impact studies, and has been compared favorably to 

other downscaling techniques (Wood et al. 2004). It was also found to be 

computationally efficient enough to be easily applied to ensembles of climate projections.  

Downscaled data developed by this method have been used in the study of potential 

climate change impacts on various resource systems including watershed hydrology, 

reservoir systems, wine grape cultivation, habitat migration, and air quality (Wilby and 

Wigley 1997).  

While downscaling data can provide useful means for visualizing regionally 

specific climate forecasts, limitations do exist and all methods of downscaling are only 

estimations.  They can serve to identify trends when there is a good relationship between 

local and global factors, but can be misleading if small-scale factors influence regional 

climate more strongly than the global drivers.  Even with its limitations, downscaled 

climate data can generate useful information and provide insight into future climate 

conditions, and can allow predictions to be made in local and regional contexts.  

Aquatic Invasive Species and Climate Change 

Since temperature and precipitation are fundamental factors in ecosystem health, 

widespread changes to species composition, ranges, growth rates, and densities can be 

expected as climate changes (PA DEP 2010).  Warming temperatures may allow non-
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native species of different taxa to expand their ranges, and encroach into areas where they 

previously could not overwinter.  According to the “ten percent rule”, of all non-native 

species that are released into new ecosystems, about 10 percent will survive, and of these 

survivors, about 10 percent become invasive (Jeschke and Strayer 2005).  Those species 

that become invasive could further disrupt an already climate-stressed ecosystem.  

Therefore, it is important to understand, prepare for, and respond to the risks and 

vulnerabilities associated with non-native species responses to climate change. 

Aquatic invasive species (AIS) are defined by Executive Order 13112 as non-

native species whose introduction causes or is likely to cause economic or environmental 

harm, or harm to human health.  Many scientists consider AIS one of the greatest threats 

to aquatic biodiversity worldwide (Dukes and Mooney 1999).  Aquatic ecosystems are 

particularly vulnerable to non-native invasion because much of the species movement 

occurring today is facilitated by human-mediated activities, such as maritime commerce, 

organisms in trade, recreational activities, and public and private aquaculture (Rahel 

2007).  Currently, there are almost 180 non-native aquatic species living in Pennsylvania 

waters and this number continues to grow (United States Geological Survey Database 

2011).  In the Great Lakes region alone, the trend has been on average one new non-

native introduction every six to eight months (Great Lakes Commission 2010).  These 

can include any aquatic species of plant, algae, fish, invertebrate, reptile, amphibian, or 

pathogen.  

While not all non-native species are harmful, the small percentage that becomes 

invasive can have impacts that are far-reaching and extensive (Lovell et al. 2006).  AIS 

have the ability to outcompete native species, and are a leading cause of extinctions 

worldwide (Clavero and Garcia-Berthou 2005).  In addition, invasive species remain a 
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huge economic impairment, and have cost the United States approximately $120 billion 

annually in damages, control costs, and losses (ELI et al. 2008).  For example, electric 

generation and water treatment facilities in the United States spent over $1 billion dollars 

from 1989-2004 when invasive mussels clogged water intake and discharge pipes, and 

caused damage to other aquatic infrastructure (O’Neill 2005).  AIS weed infestations can 

impair recreational benefits such as swimming, boating, fishing, and jet skiing by 

clogging waterways, and choking out native vegetation (Langeland 1996).  Ecological 

impacts are also far reaching, as these invading species can degrade once pristine and 

valuable habitats, causing loss of biodiversity, impacting the food web, changing water 

chemistry, and altering biogeochemical processes (Pimentel et al. 2005).  

In general, AIS tend to exhibit characteristics that give them a competitive 

advantage over native species for food and habitat, and increase their reproductive 

potential (Hellmann et al. 2008).  These characteristics include things like rapid 

reproduction, high adaptability, voracious appetites, and lack of predator pressure 

(Marchetti et al. 2004).   Adding climate change effects could exacerbate the AIS 

problem by enhancing these invasive characteristics and further increasing the suitability 

of habitats for AIS invasion (Rahel and Olden 2008).  

The effects climate change may have on non-native species and their impacts on 

ecosystems are not yet well understood, and will vary depending on geography and the 

affected species (Rahel and Olden 2008).  In some instances, climate change may create 

additional opportunities for invasion, increase success in establishment, and exacerbate 

impacts.  For example, altered conditions that can increase species success in some 

contexts include increased atmospheric carbon dioxide, altered hydrologic regimes, and 

increased air and water temperatures (ELI et al. 2008).  A rise in atmospheric CO2 levels 
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may cause invasive plants like Hydrilla verticillata to increase growth rates and biomass 

in elevated temperatures (Chen et al. 1994).  Altered hydrologic regimes such as 

increased heavy rain and storm events, may allow for greater dispersal of upstream 

invasive species to downstream habitats (ELI et al. 2008; Rahel and Olden 2008).  Heavy 

rains and flooding can also facilitate the escape of harmful species from aquaculture 

ponds and holding areas, similar to the escape of Asian carps into the Mississippi River in 

the 1980s (Sampson et al. 2009).  These conditions can then have profound impacts on 

pathways of introduction, establishment, spread and distribution, and the resilience of 

native habitats to AIS invasion.  Altered thermal regimes could also mediate the various 

impacts of established AIS on ecosystems and communities.  For example, temperature 

increases could affect AIS impacts on native species, especially since climate change is 

expected to shift native species out of the conditions to which they are adapted (Byers 

2002).  In one example, climate warming can affect native species by shifting 

competitive dominance between native and non-native species.  In laboratory 

experiments, brook trout and brown trout were equal competitors for food at cold 

temperatures, but as temperatures shifted to increased levels, brown trout became the 

superior competitor (Taniguchi et al. 1998).  Climate change may also impact non-native 

predation on native species.  Because most aquatic species are ectothermic, food 

consumption rates will increase with water temperature; therefore, climate warming 

could magnify the impacts of invasive predators on native prey species.  Lastly, climate 

warming may increase the virulence of non-native parasites and pathogens to native 

species (Rahel and Olden 2008).  Warmer temperatures will allow disease organisms to 

complete their life cycles more rapidly, allowing them to reach higher population 

densities.  For example, the virulence of whirling disease, caused by the parasite 
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Myxobolus cerebralis, increases as temperatures increase; and therefore warmer waters 

will likely magnify its impact on native salmonid species (Rahel and Olden 2008).  In 

other instances, changes in climate can decrease species success and diminish their 

harmful impacts.  For example, cold weather organisms such as the fish pathogen viral 

hemorrhagic septicemia (VHS), causes mortality in cooler water below 54 degrees 

Fahrenheit (Goodwin et al. 2011).  As temperatures increase, there could be significant 

declines in fish kills caused by this disease (United States Department of Agriculture 

2006).   

Although many factors play a role in determining species distributions, including 

propagule pressure, where a species has a greater chance of establishment if many 

individuals are released in multiple events, habitat suitability, and species interactions, it 

has long been recognized that the ultimate limits of distribution for most species are 

determined by temperature and climate (Britton et al. 2010).  This is especially true for 

ectothermic aquatic organisms, where temperature is important in their physiology, 

behavior, and biogeography (Sweeney et al. 1992).  For example, fish are classified into 

thermal guilds based on temperature tolerance.  Cold water species have physiological 

optimums less than 20 degrees Celsius, cool water species have physiological optimums 

between 20 and 28 degrees Celsius, and warm water species have physiological 

optimums greater than 28 degrees Celsius (Britton et al. 2010).  Therefore, water 

temperatures can act as filters that prevent warm water-adapted species from establishing 

populations in cooler areas and vice versa.  As air temperatures rise, water temperatures 

will also increase, which could in turn lead to a decrease in the amount of habitat 

available for cool and cold water species (Britton et al. 2010).  Therefore, as the climate 

warms, the geographic areas with suitable temperatures for warm water species will 
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expand.  In response, non-native species in southern areas may shift their ranges 

northward (Travis and Dytham 2002).  Climate warming may also facilitate range 

expansions for some native species, which could potentially take on the characteristics of 

invasive species in their new habitats (Ludsin 2011; Britton et al. 2010).  

In addition to natural dispersal, as the climate warms, there will be more 

geographic areas with suitable temperatures for warm-water aquaculture, tropical fish 

culture, outdoor water gardens, and the exotic pet and aquarium trade (Rahel and Olden 

2008).  Of the approximately 123 species of foreign fishes known to have established 

reproducing populations in the United States, 89 are known or presumed to have 

originated from the aquarium fish trade, and more than 50 additional non-established 

fishes, mostly aquarium species, have been collected in the wild (Courtenay and Stauffer 

1990, USGS 2011).  This suggests that the aquarium trade is a major pathway for aquatic 

species released into the United States, either through intentional introductions when an 

owner does not want a pet anymore, or through accidental introductions when a species 

escapes from a seemingly secure area.  As a large number of plants and animals kept by 

humans or used in the aquarium trade are tropical or sub-tropical species that require 

warmer temperatures to survive, warming could increase the probability of establishment, 

and provide suitable habitats for these species if they are released (Hellmann et al. 2008). 

Climate change and invasive species are two of the most significant aspects of 

global environmental change, and the two acting synergistically may create an enormous 

threat to ecosystems.  Due to the uncertainty involved with these interactions, there is a 

need to develop predictive and adaptive management tools that can give natural resource 

managers ways to efficiently manage this problem, and determine the risk for potential 
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establishment of new species that may benefit from the warming temperatures of a 

changing climate.   

Risk Assessment and Climate-matching 

An effective method for evaluating risk and vulnerability associated with species 

establishment is integral for invasive species prevention and management, and can 

provide insight into risky species that should be targeted for future management.  The 

future behavior of ecological systems is difficult, if not impossible, to predict because the 

components of these systems are constantly adapting to changing conditions.  Therefore, 

risk assessments may reduce future vulnerabilities by helping target parts of the system 

that may be sensitive to external stressors such as climate change (United States 

Environmental Protection Agency 2011).  Assessing invasion risk relies on identifying 

factors that are linked to successful establishment if a new species is released.  According 

to Bomford (2008), there are four key factors that are correlated with a success in 

establishment, and act as segments of the overall risk assessment.  

1. Propagule pressure- The species has a greater chance of establishment if large 

numbers of animals are released on multiple occasions. 

2. History of establishment elsewhere- A history of successful establishment in other 

areas can be a strong predictor of risk. 

3. Taxonomic group- Species that belong to families and genera that have high 

establishment success are more likely to be successful than other species. 

4. Climate match- Invasive species have a greater chance of establishing if they are 

introduced to an area with a climate that closely matches that of their original 

range.  
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Although temperature is only one aspect of climate change affecting ecosystems, 

it provides a proxy through which possible trends can be assessed (Yeates et al. 1998).  If 

climatic conditions do not permit a species’ reproductive success, then establishment 

cannot occur, regardless of whether other conditions, including propagule pressure and 

history of establishment elsewhere are favorable (Young 1996).  Therefore, temperature, 

as a main aspect of climate, is associated with the movement and establishment of 

species.  Climate match, as a factor in risk assessment, is used to predict the response of 

non-native species to warming temperatures and identify the role of temperature in 

determining their distributions.  In addition, climate match can be used to predict which 

introduced species will be most impacted by warming temperatures, and which will most 

likely enhance their ability to establish and become invasive.  This can be done by 

determining new ranges and distributions by matching the climate of the species’ current 

geographic distribution to similar climates in other parts of the world (Moore et al. 2010).   

Various software platforms have been developed to study climate matching, such 

as climate envelope models like BIOCLIM (Busby 1991) and the in-depth climate 

software CLIMEX (Sutherst and Maywald 1985).  However, while more sophisticated 

algorithms can provide better performances, the capacity of the web-interface climate-

matching program, CLIMATCH, to predict whether a species will establish, has been 

demonstrated for a range of taxa using fairly coarse-scale data input (Crombie et al. 

2008).  CLIMATCH was developed by the Australian Government-Bureau of Rural 

Sciences (BRS) as part of risk assessment models to assess the risk of exotic vertebrates 

establishing in Australia.  This program is an easy-to-use web-based application that can 

be accessed and run directly from the BRS website (BRS 2008).  It uses a simple and 

repeatable algorithm, which has been principally used to evaluate the risk of 
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establishment of weed or pest species.  For example, Bomford et al. (2010) tested the 

effectiveness of climate matching by looking at successful and failed establishments of 

135 species of exotic freshwater fishes around the world, and testing for factors 

associated with establishment success, including climate match, history of establishment 

success elsewhere, and reason for introduction.  They found that species that successfully 

established in ten countries had significantly higher climate match scores to the recipient 

country and were also significantly more likely to have high establishment rates 

elsewhere when compared with those that failed to establish.  This study supports the 

findings of other studies such as Hayes and Barry (2008) on the role of climate match as 

a factor influencing establishment success, and supports the hypothesis that exotic fish 

have a greater chance of establishing if they are introduced to an area with a climate that 

closely matches that of their original range.  

Baker (2010) also used CLIMATCH, but focused on sleeper weeds, which are 

defined as weeds that have been naturalized in a region for some time, but have not yet 

begun to spread rapidly.  The purpose of the study was to predict which naturalized 

sleeper weeds in Australia would become problematic as climate and land use change. 

Lastly, Britton et al. (2010) used CLIMATCH in a predictive manner, to estimate the 

responses of 24 non-native fish to the warming temperatures expected for England and 

Wales under climate change projections for the year 2050.  This study focused on non-

native species that had already been introduced to the region, but whose establishment 

and spread is currently thermally constrained.  

Risk assessment models cannot absolutely determine whether or not an introduced 

species will establish, and if it does, what impact it will have (Bomford 2008).  The risk 

assessment simply provides a tool that can estimate the likelihood that a species will 
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establish based on specific factors investigated.  What risk, or how much risk, is 

acceptable depends on the agency involved and how they perceive that risk (Bomford 

2008).  In addition, climate matching only sets the broad parameters for determining if an 

area is suitable for a non-native species to establish.  Within that broad envelope other 

factors should be examined, including hydrologic regimes, shelter, food, and spawning 

sites, as well as interactions with other species.  Other tools have been developed to assist 

in determining invasiveness risk based on additional factors besides temperature alone.  

The Fish Invasiveness Scoring Kit (FISK) and the Freshwater Invertebrate Invasiveness 

Scoring Kit (FI-ISK) were adapted from the weed risk assessment (WRA) of Pheloung et 

al. (1999) to be a screening tool for invasiveness designed for freshwater fishes and 

invertebrates.  It works by classifying which non-native species could pose the most harm 

if introduced, and helps the assessor in determining whether the species in question 

should be a part of further monitoring, or if it should be the subject of a more 

comprehensive assessment (Copp et al. 2009).  This information may be most useful to 

decision makers in developing legislation, policy, and proactive management strategies to 

address potential new invasive species infestations. 

The synergistic impacts that may exist between climate change and aquatic 

invasive species will encourage changes to how we currently manage aquatic invasive 

species introductions.  Determining how suitable Pennsylvania’s climate will become for 

new non-native species establishments, and determining in advance which species might 

be at risk of expanding their ranges northward into Pennsylvania, can help shift AIS 

managers from working on reactive management strategies, to more proactive thinking 

about prevention, rapid response, and control.  In order to determine Pennsylvania’s risk 

of future AIS establishment, five key steps must be taken: (1) determine potentially risky 
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species; (2) estimate what Pennsylvania’s future climate might look like throughout the 

century; (3) implement a climate-matching procedure to assess climate suitability in 

Pennsylvania; (4) estimate levels of invasiveness for those species that prove to have high 

levels of climate suitability; and (5) consider other factors associated with the 

establishment pathway beyond simply thermal factors.  Once AIS establish reproducing 

populations, they can be very difficult, and often impossible, to control or eradicate. 

Therefore, this risk assessment process may provide a framework that encourages AIS 

managers to prepare for these introductions before they occur, and can allow them to 

begin developing strategies ahead of time that can help Pennsylvania control, or in some 

cases adapt to, new non-native species introductions.  
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METHODS 

Determine Potentially Risky Species  

 The United States Geological Survey (USGS) Non-Indigenous Aquatic Species 

(NAS) database is a central repository that is used for spatially referenced biogeographic 

accounts of non-indigenous aquatic species.  It houses accounts of scientific collection 

reports, spatial datasets, and general information on over 1500 species in the United 

States (USGS 2011).  This study focused specifically on plants, invertebrates, and fish 

south of Pennsylvania with the potential to move northward and establish in the state.  

Fish in the database were split into two categories, exotics and a non-native transplants; 

and species in both of these categories were used in the analysis.  Aquatic mammals, 

reptiles, and amphibians were not included because there wasn’t a large enough sample 

size of those considered risky to Pennsylvania.  

Information in the NAS database could be queried by state, region, or drainage, 

and filtered by taxa.  Therefore, collection records for fish, plants, and invertebrates were 

taken from states south of Pennsylvania, including Delaware, Maryland, West Virginia, 

Virginia, North Carolina, South Carolina, and Georgia; and in the Lower Mississippi 

River drainage (Figure 1).  A first look at all the potentially risky species in these areas 

generated a list of over 350 species.  However, in order for the species to be considered 

for final analysis, it had to meet the following criteria: 

I. The species could not currently be widespread in Pennsylvania. Species 

with small isolated populations that appeared to be thermally constrained 

could be included. 
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II. The species could not be present in states north of Pennsylvania, which 

would indicate that temperature is not a thermal restraint for its 

distribution and other factors are probably influencing its dispersal.  

III. Due to lack of availability on life history information and difficulty with 

positive identification, the species could not be listed as a hybrid. 

IV.  The species could not be an intentionally stocked species, such as 

salmonids. 

 
A new list of 128 species that met these requirements was compiled (Appendix I); 

however, this sample size was still relatively large.  Therefore, a random number 

generator was used to randomly sample 15 plants and 30 fish (15 exotics and 15 native 

transplants) (Appendix II).  The random number generator was not used on the 

invertebrates due to the smaller sample size of 21, and the expected lack of information 

available for many of the invertebrate species (Appendix II).  Native range information 

was then collected for each of the species, and if reliable native range information could 

not be found, the species was removed from the study.  All remaining plant, invertebrate, 

and fish species that met these criteria, and had sufficient native range information were 

documented, and a new list was generated (Table I).  

Estimate Pennsylvania’s Future Climate  

Before the climate-matching program could be used, a two-step approach was 

followed to determine what Pennsylvania’s future climate might look like mid-century 

and late century.  First, downscaled climate projection models were needed to determine 

average temperature changes from 2010 up to 2099 in each emission scenario.  Secondly, 

a limitation of the climate-matching program CLIMATCH needed to be overcome.  
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CLIMATCH is not intended to be used predictively, and is instead used to look at current 

climate conditions based on weather data.  There is no option for inputting future climate 

scenarios and conditions of warming temperatures for the target region of interest.  So to 

overcome this limitation, the downscaled temperature averages were used to identify 

regions for each time period where current temperature characteristics are representative 

of Pennsylvania in that future time period.  Specifically, other states in the U.S that 

currently have climates similar to those projected for Pennsylvania were used to represent 

Pennsylvania’s future climate.  These states will be referred to as “PA mimic states”.  

This procedure was similar to that followed in Britton et al. (2010), who used 

CLIMATCH predictively by identifying regions of France and Spain that represented the 

future climate of England and Wales in 2050.  They did this by comparing expected 

temperature characteristics that will be representative of England and Wales in 2050 (a 

temperature increase of at least 2°C), with areas that are experiencing that climate 

currently.  

For step one, downscaled climate projection models were needed for each 

emission scenario and time period of interest.  Although climate suitability for aquatic 

organisms was evaluated, air temperatures were used in this study because water 

temperature data are usually more scarce and difficult to obtain.  In addition, Stefan and 

Preud’homme (1993) found that water temperature follows air temperatures closely, but 

with a time lag that can range from hours to days depending on the depth of the water 

body, and with some moderation, as water is often cooler than warm air temperatures, 

and warmer than cooler air temperatures.  With these deviations in mind, air temperature 

can be effectively used as a proxy for determining future water temperatures, especially 

over longer time frames where the effects of time-lags aren’t significant. 
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Downscaled climate information was requested from the climate projections 

website established collaboratively between the United States Bureau of Reclamation, 

Lawrence Livermore National Laboratory, and University of Santa Clara (United States 

Bureau of Reclamation 2011).  Climate projections were requested by filling out the data 

subset request form and requesting temperature information for six geographical regions 

of Pennsylvania under the A2 and B1 emission scenarios.  The projections included 

sixteen coupled ocean-atmosphere climate models, with one or more different initial 

conditions (runs) per model-emissions combination (Figure 2).  The time periods 

requested included historical (January 1970-December 1999), mid-future (January 2050-

December 2059), and distant future (January 2090-December 2099) data sets.  The 

average temperature from each of the models and runs (112 total) within each geographic 

cell, time period, and emissions scenario was then calculated. These values were 

averaged across the six geographic cells to give state average temperature values.  

For step two, in order to determine the future Pennsylvania mimic states, annual 

historic temperature averages from 1971-2000 were requested for each of the 50 states 

from NOAA’s Cooperative Institute for Research in Environmental Sciences Climate 

Diagnostic Center (CDC 2010).  Each state’s annual temperature average was then 

compared to each of Pennsylvania’s future average temperatures (Table 2), and the 

temperature difference was calculated and ranked for each state.  Because of 

Pennsylvania’s diversity in climate conditions throughout the state, the top five states 

with the smallest differences in average temperatures were used in the analysis as the 

states with the most similar climates to Pennsylvania for that time period (Pennsylvania 

mimic states). 
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Climate Match 

 With the Pennsylvania mimic states identified, the current and future thermal 

compatibilities of the species in Pennsylvania could be compared using the climate-

matching software CLIMATCH (Bomford et al. 2009).  This program requires that the 

user define a source and target region for a particular species to use for a climate 

comparison.  Users can choose from 9,460 worldwide meteorological stations available 

in the “World Stations” database of the program.  Data used in the World Stations 

database were taken from a variety of Internet sources, including a previous version of 

the software called CLIMATE (Pheloung 1996), BIOCLIM (Busby 1991), CLIMEX 

(Maywald and Sutherst 1985), and the Food and Agriculture Organization of the United 

Nations (Crombie et al. 2008).  The regions were defined by manually selecting weather 

stations, which appeared as blue dots in each of the Source and Target region window 

maps.  Once the station was selected, the dot was then highlighted in red to easily define 

a region of interest.  In this study, the source region was defined as the native range of 

each potentially risky species.  For each species, the analysis was run twice, once with the 

target region defined as Pennsylvania to determine the baseline numbers, and a second 

time with all five of the mimic states for that time period highlighted as the target region 

to represent Pennsylvania’s future climate.  

 Once the source and target regions were defined, the algorithm and the climate 

variables needed for the analysis were selected (Figure 3).  “Euclidean” and “Closest 

Standard Score” were the two algorithm options available. The Euclidean algorithm 

calculates the climate distance or similarity between the input site and each target site 

across the average of all climate variables used in the analysis, and input site with the 

metric that is closest to a given target location determines the level of match class.  The 
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Closest Standard Score option is based on the maximum Euclidian distance of each 

climate variable considered individually, between the input sites and each target site. The 

level of the match class for a given output site is determined by the input site that is 

closest to it with respect to this metric (Crombie et al. 2008).  In this study, the Euclidean 

algorithm was used to incorporate the average of all temperature variables, and follow the 

procedures used by Britton et al. (2010).  The mathematical form of the Euclidean metric 

is given in the formula: 
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This equation calculates the distance to location j, where the floor function rounds down 

and y is the kth climate variable for the jth location.  For more information on algorithms 

see Elmore and Richman (2001) and Crombie et al. (2008).  

A total of 16 climate variables could be selected for analysis: up to eight 

temperature variables and eight precipitation variables.  Since the focus of this study was 

on the effect of increasing temperatures on species distribution and establishment, only 

climate variables associated with temperature were selected (Figure 3).  Once all 

variables of interest were selected, and source and target regions defined, the match could 

then be run.  The resulting target output maps were used to suggest whether temperature 

is acting as a constraint on the establishment of the species in the target region (Figure 4).  

The resulting source map showed which meteorological stations contributed most to the 

results of the target region (Figure 5).  Areas from the source and target maps are 

compared on a scale of 0 (low match) to 10 (high match).  According to Britton et al. 

(2010), a CLIMATCH score of 7 or greater indicates a climate match close enough to be 

considered suitable, which suggests that the establishment of the species in the target 
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region would be relatively unhindered by temperature constraints.  This process was 

repeated for each of the nine plants, 12 invertebrates, and 30 fish for each of the time 

periods and emission scenarios to test their future climate suitability in Pennsylvania.  

Results were recorded both as mean CLIMATCH scores across the target region, and as 

percentages of suitable climate (scores greater than or equal to 7) for each species.  

Analysis 

The CLIMATCH results for each species were then analyzed in three ways.  First, 

I determined which species were likely to establish in each scenario based on a climate 

suitability threshold of 30 percent.  Any species that had a climate suitability of 30 

percent or greater by the end of the selected time period was considered “likely to 

establish”.  

Second, I determined which species had the greatest increase in percent climate 

suitability for all scenarios until the end of the century.  These species were identified as 

“species of greatest concern” if they had climate suitability increases greater than 50 

percent.  To examine change over time and among scenarios in climate suitability, the 

percent of suitable climate in Pennsylvania was calculated for each species in each of the 

time periods and emission scenarios.  These values were arcsin-square-root transformed 

to improve normality.  To test for differences among the emission scenarios, and among 

the three taxonomic groups, 2-way repeated measures ANOVA was used, with scenario 

as the within-subjects (repeated) factor, and taxon (plants, invertebrates, fish) as the 

between-subjects factor.  Planned contrasts were then carried out to compare each future 

scenario to the 2010 baseline.  To test whether ANOVA assumptions were met, data were 

tested for sphericity using Mauchly’s sphericity test, and residuals were plotted.  Because 

the sphericity criterion was not met, the Greenhouse-Geisser correction was applied.  
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  The final method of analysing the CLIMATCH data involved using the average of 

all climate suitability scores for Pennsylvania, and the mimic states assigned for the A2 

2099 scenario. Scores were interpreted with a scatterplot that compared the mean 

CLIMATCH score of baseline on the X-axis, and the mean CLIMATCH score of A2 2099 

on the Y-axis.  Each point on the plot represents one species.  These figures do not look 

at large jumps in suitability like the percent suitability method, but rather determines 

which species saw an average increase of CLIMATCH score that went from below 7.0 to 

≥ 7.0 by the end of the century.  These species may or may not be the same as those 

identified as species of greatest concern based on large increases in climate suitability.  

This analysis looked only at the A2 2099 scenario to identify additional species of 

interest that may not have experienced large jumps in percent climate suitability, but that 

did see climate suitability increases in the worst case emission scenario by the end of the 

century.  

Fish and Invertebrate Invasiveness Scoring Kits 

To complement the CLIMATCH results for those fish and invertebrate species that 

received scores suggesting high future climate suitability, a pre-screening tool for 

freshwater fish and invertebrates was used to assess the likelihood of establishment, 

persistence, and the severity of potential environmental impacts (Copp et al. 2009).  The 

Freshwater Fish Invasiveness Scoring Kit (FISK) and Freshwater Invertebrate 

Invasiveness Scoring Kit (FI-ISK) are made up of 49 questions broken up into categories 

of Biogeography/Historical information, Undesirable attributes, and Biology/Ecology.  

For each of the 49 questions, a “yes”, “no”, or “don’t know” answer is required, as well 

as a level of confidence, and a justification for the response.  The four confidence levels, 

which correspond to those defined by the intergovernmental panel on climate change, 
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include: Very certain-High confidence (10-8/10 chance); Mostly certain-Medium high 

confidence (7-6/10 chance); Mostly uncertain-Medium low confidence (5-4/10 chance); 

and Very uncertain- Low confidence (3-1/10 chance) (Copp et al. 2009).  All three 

questions must be answered for the assessor to move on to the next question.  If any of 

the questions are left incomplete, the question is considered unanswered.  The minimum 

number of questions that must be answered for each section are Biogeography=2, 

Undesirable attributes=2, and Biology/Ecology=6 (Salmon and Freshwater Fisheries 

Team, 2008).  

Each of the species of concern in the fish and invertebrates groups were run 

through FISK or FI-ISK analysis to receive an invasiveness score, except for the ditch-

fencing crayfish (Faxonella clypeata), which did not have enough information available 

on its life history and biology to receive an accurate score.  The responses for each 

question in each category was translated into a numerical score with positive values (1 or 

2) reflecting an elevated risk, a zero representing an intermediate risk, and a negative 

value (-1) representing a low or negligible risk.  The scores for each question were then 

tallied to give a final total score.    Scores less than zero are considered low risk, while 

scores from 1-6 are medium risk and scores >6 are high risk.  However, according to 

Copp et al. (2009) and Tricarito et al. (2009), the >6 threshold used in the WRA does not 

effectively capture the riskiest of species, and they therefore proposed a new FISK 

threshold of ≥ 19 and a new FI-ISK threshold of ≥16 to reflect even “higher risk” priority 

groups. 

Case Studies 

Lastly, individual case studies (Appendix III) were developed for fish and 

invertebrate species that were considered “high risk” and received FISK or FI-ISK scores 
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greater than 19 or 16 respectively.  Plants were considered high risk and included in the 

case studies based on their inclusion on a federal or state noxious weed list.  The case 

studies for these species pulled together all the factors leading up to potential 

establishment or invasion risk, including the climate-match score, invasiveness score and 

details about other factors associated with establishment.  In-depth information on life 

history characteristics, propagule pressure, vectors of introduction, invasiveness 

characteristics, and a list of other information were compiled from several sources 

including scientific literature, the USGS NAS database (USGS 2011), FISHBASE 

(Froese 2000), federal and state agency information, and other sources for use in the case 

studies.  
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RESULTS 
 

Potentially Risky Species 

Of the original 350 plant, invertebrate, and fish species that were possible 

candidates for analysis, 128 met the requirements listed for inclusion in the study 

(Appendix 1) and 66 were selected by the random number generator.  Using FISHBASE 

(Froese and Pauly 2000), reliable native range information was successfully collected for 

the entire sample of fish.  Many sources were used to obtain plant and invertebrate native 

range information (Appendix II); however, six species of plant and nine species of 

invertebrates were removed due to lack of available information.  The final sample size 

for the study was 51; 30 fish, 9 plants, and 12 invertebrates (Table 4).  

Pennsylvania’s Future Climate  

Temperature projections for 2050-2099 are shown in Table 1.  The A2 scenario 

projections forecast an overall increase of about 4.6 degrees Celsius, and the B1 scenario 

predicts an increase of about 2.7 degrees Celsius by the end of the century.  

Five mimic states were identified for each of the emission scenarios in each of the 

time periods to reflect the temperature increases projected for Pennsylvania.  For 

example, for the A2 scenario in 2090-2099, Pennsylvania’s climate is estimated to be 

most similar to those of Tennessee, Kentucky, Delaware, Virginia, and North Carolina 

(Table 2).  Mimic states for the B1 emission scenario and time periods are shown in 

Table 3. 

Analysis of CLIMATCH Results 

Species that were considered “Likely to establish” were those that had a climate 

suitability of 30 percent or more based on CLIMATCH results.  This 30 percent threshold 
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could include species that were defined by baseline as likely to establish now, as well as 

those who saw increases in climate suitability over the various time periods and emission 

scenarios.  Out of the 51 species, 43.1 percent had baseline climate suitability values 

greater than 30 percent; suggesting that they could be considered likely to establish 

currently if introduced into Pennsylvania.  By the end of the century, this number 

increases in the A2 scenario to 66.67 percent of all the fish, plants, and invertebrates used 

in this analysis (Figure 6).  

The average percent climate suitability in Pennsylvania for all species generally 

increased across all time and emission scenarios (Figure 7).  The differences among 

scenarios were significant according to the repeated measures ANOVA (F1.99,95.9 = 26.9, 

P < 0.001), and pairwise comparisons showed that all future scenarios differed 

significantly from baseline (Appendix IV, all P < 0.05).  There was also a significant 

interaction between taxon and scenario (F3.99, 95.9 = 3.90, P = 0.006); however, this 

interaction seemed to be driven by the anomalous results for invertebrates in scenario B1 

in 2059 (Figures 8 and 9).  

Species climatic responses to climate warming varied among taxa (Figures 10, 11 

and 12).  The general trend was that most species experienced increases in climate 

suitability (66.7 percent), with the majority of these increases occurring during the late 

century (2090-2099).  Consistent with these results is the majority of species seeing no 

change in suitability by the early century (2050-2059).  By the end of the century, 66.7 

percent of plants, and 60 percent of fish experienced increases in climate suitability.  In 

addition, although invertebrate results showed some anomalies in early century, by 2099 

in the A2 scenario, 83 percent of invertebrates are expected to see increases in climate 

suitability.  
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Three plants (Australian water-clover [Marsilea mutica], banana water-lily 

[Nymphaea mexicana], and water spangles [Salvinia minima]), and two invertebrates (the 

ditch-fencing crayfish [Faxonella clypeata] and the longnose crayfish [Cambarus 

longirostris]) were identified as species of greatest concern based on the 50 percent 

threshold; however, I wanted to evaluate at least three species for each taxon, so the 

channeled applesnail (Pomacea canaliculata) (increase of 37.96%) was added to the 

invertebrate sample (Table 5).  For fish, seven species were identified as being species of 

greatest concern including the redeye bass (Micropterus coosae) and the rosy barb 

(Puntius conchonius) as having the greatest increases in climate suitability (Table 5).  

The comparison of mean CLIMATCH scores between baseline and A2 2099 for 

each taxon did not look at large jumps in suitability, but rather determined which species 

had CLIMATCH scores that went from below 7.0 to ≥ 7.0 by the end of the century 

(Figures 13, 14, and 15).  These species may or may not be the same as those identified 

as species of greatest concern based on large increases in climate suitability.  This 

analysis was useful in identifying other species of interest that did see climate suitability 

increases, but may or may not have seen extremely large jumps.  Of the nine species of 

non-native plants, three had an increase in average CLIMATCH score to above 7.0 

(Figure 13).  All three species are the same as those identified as having the greatest 

climate suitability increases (Australian water-clover, banana water-lily, and water 

spangles).  Of the 12 species of non-native invertebrate, two were shown to have 

increased to averages above 7.0, and both of those species are also identified as having 

the greatest increases in climate suitability (Figure 14).  Of the 30 non-native fish species 

predicted to have increased temperature compatibility (mean score ≥ 7.0) between their 

native range and Pennsylvania in 2099, six species were shown to have increased from 
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averages below 7.0 at baseline to above averages of 7.0 by A2 2099 (Figure 15).  Three 

of the six species were the same as those documented as having the largest percent 

increases: the redeye bass (M. coosae), the saffron shiner (Notropis rubricroceus), and 

the snubnose darter (Etheostoma simoterum) (Table 5).  However, three additional fish 

species were identified using this method, including the Flier (Centrarchus macropterus), 

the rough shiner (Notropis baileyi), and the telescope shiner (Notropis telescopus) (Table 

5).  These species are being noted as species of potential risk to Pennsylvania; however, 

case study analyses were not performed on these species. 

Fish and Invertebrate Invasiveness Scoring Kits 

 The climate-match functionality of CLIMATCH helped to identify 13 non-native 

fish, plant, and invertebrate species of most concern from my sample that pose a potential 

threat to Pennsylvania as climate warms.  The FISK and FI-ISK toolkits were then used 

to further evaluate establishment and invasiveness risk based on additional factors not 

addressed by climate match, including vectors of establishment, potential impacts, and 

invasive characteristics.  These toolkits were used only on fish and invertebrates, since a 

similar toolkit was not available for aquatic plants, and therefore the three species of 

plants were further evaluated without the use of a toolkit. Instead, plants were evaluated 

based on their designation to a federal or state noxious weed list.  Out of the 10 fish and 

invertebrate species of most concern, nine had enough information to run the FISK and 

FI-ISK analysis, and three of the nine received scores above 19 and 16 respectively, and 

were designed as “high risk” species (Table 6).  Of the three plant species, only the 

banana water-lily (Nymphaea mexicana) holds a position on a state noxious weed list.   
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Case Studies 

The case studies in Appendix II further evaluate the individual results for each of 

the species designated as high risk based on invasiveness scores, along with a discussion 

of that species’ threat to Pennsylvania based on additional establishment factors.  
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DISCUSSION 

The purpose of this study was two-fold: first to determine if climate suitability in 

Pennsylvania would increase for the establishment of non-native southern species that 

could move northward as the climate warms; and second, to determine which of the 

species sampled could be considered to pose the greatest risk for future invasion into 

Pennsylvania.  This study found that 34 out of the 51 sampled species saw increased 

climate suitability in A2 2099, and of these 34, 13 had increases greater than 50 percent, 

and four were designed high risk based on invasiveness scores. 

Pennsylvania’s future climate suitability 

Temperature projections and mimic state predictions from this study were slightly 

more conservative compared with the results from other similar studies.  The IPCC 

estimated global increases of up to 5.0 degrees Celsius for the A2 scenario, compared 

with an average in Pennsylvania of 4.6 degrees Celsius found in this study.  This value is 

also lower than the Union of Concerned Scientist’s estimate of a 4.4 degrees Celsius in 

the winter and 6.1 degrees Celsius in the summer, with an average increase of 5.28 (UCS 

2008).  It is even more conservative when compared with the recent Carbon Dioxide 

Information Analysis Center (CDIAC) predictions of 7.5 degrees Celsius by 2100.  This 

conservative estimate could mean that species designated as risky in this study could 

actually become threats earlier than expected, whenever increases from historic 

temperatures reaches the 4.6 degree increase mark.  Projections for the B1 scenario were 

slightly larger than those proposed by the IPCC (2007), which predicted a 2.5 degrees 

Celsius global increase for the end of the century, and this study predicting a 2.7 degree 

Celsius increase for Pennsylvania.  
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The Union of Concerned Scientists (UCS) performed an analysis similar to the 

mimic states identified in this study, called “migrating climates”.  In comparison with the 

mimic states identified in this study, the UCS estimates that eastern Pennsylvania 

summers under the high emission scenario around mid-century will feel more like 

summers in North Carolina, and in late century more like Georgia’s.  In western 

Pennsylvania, mid-century summers are predicted to resemble those of Kentucky, and 

late-century summers may be more similar to summers in Alabama (UCS 2008).  My A2 

late-century projections were more similar to the UCS studies’ mid-century projections; 

however, the UCS calculated their migrating states based on summer averages, whereas 

this study calculated states based on annual averages.  Therefore, showing that the late-

century state average projections in this study are in line with the lower mid-century 

projections suggested by the UCS, can offer some validity to the process of identifying 

mimic states.  Lastly, the mimic states identified in this study were used solely for the 

purpose of identifying temperatures regimes that Pennsylvania could experience in future 

scenarios and time frames, it did not take into consideration humidity or precipitation and 

should not be considered a representation of Pennsylvania’s overall climate.  

This study found that almost 70 percent of the species sampled might be 

considered able to establish by the end of the century.  These are species that not only 

saw increases, but also saw increases significant enough to allow for successful 

establishment to occur based on a threshold value of 30 percent climate suitability.  Many 

species began with baseline suitability values of 30 percent or more; suggesting that some 

species could already establish if introduced into Pennsylvania.  However, they either 

haven’t been introduced, or there are other factors inhibiting their establishment.  The 

high percentage of species predicted to be able to establish in this study reflects the 
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importance of determining which species are considered risky enough that they should be 

targeted for proactive management and prevention. 

CLIMATCH results suggested that of the 51 randomly sampled species used in 

this analysis, 66.67 percent of them saw increases in climate suitability by the end of the 

century in the A2 scenario.  Of these 34 species, 13 had increases greater than 50 percent, 

and four were designed high risk based on invasiveness scores.  There were however, 

some species that saw no change in suitability, and some that even decreased in climate 

suitability.  This result is realistic, in that many species actually prefer cooler 

temperatures, and as time goes on Pennsylvania may become too warm for them.  These 

species in turn could migrate farther north of Pennsylvania to find areas more suitable for 

their cool water preferences.  These results are also similar to those of Britton et al. 

(2010), in which 10 out of the 38 species analyzed in the study saw declines in 

CLIMATCH scores from 2009 to 2050. 

High Risk Species  

Since there are other factors associated with establishment success beyond simply 

temperature alone, FISK and FI-ISK analyses identified species which not only had high 

climate suitability, but which also posed the greatest threat for establishment, persistence 

and severity based on biogeography, ecology and biology, and undesirable attributes.  A 

small number of species were identified by invasiveness scoring kits as being high risk 

(three out of the ten invertebrates and fish that saw large climate suitability increases).  

This is consistent with the results found in Britton et al. (2010) where of the 24 total 

species that had overall increased mean CLIMATCH scores, six had scores that increased 

from below 7.0 to above 7.0 by mid-century, and only two of the six also had relatively 
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high FISK scores.  Only one out of the three plants determined to be species of greatest 

concern was considered high risk due to its inclusion on a state noxious weed list. 

Plants 

The banana water-lily (Nymphaea mexicana) was designated as a high risk 

species based on its inclusion on the California state noxious weed list.  This species is 

native to Mexico and in southern U.S. states, but has established successful invasive 

populations around the globe, including South Africa, Spain, New Zealand, Australia, 

and the United States.  It has many opportunities for introduction and spread, as it can be 

introduced to new locations by waterfowl, release from ponds or water gardens, and 

spread by insects and water currents.  Its many vectors of introduction, its successful 

establishment history, and its numerous reproductive strategies provide it with ample 

opportunities to establish if introduced to a new area.  Successful establishment into 

Pennsylvania could mean severe ecological and recreational impacts such as a decrease in 

native species populations, increased evapotranspiration rates, and decreased aquatic 

recreational values.  More detailed information on the banana water-lily and its potential 

establishment in Pennsylvania can be found in Appendix IIIa. 

Invertebrates 

FI-ISK results identified one high risk invertebrate out of the three analyzed with 

a score of 29.  The Global Invasive Species Database has designated the channeled 

applesnail (Pomacea canaliculata) as one of the 100 World’s Worst Invaders.  It has 

several vectors of introduction, including use in the aquarium trade, aquaculture industry, 

stowaways in agricultural products, and being susceptible to natural movement through 

water currents and other animals (Rawlings et al. 2007).  It has demonstrated the ability 
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to successfully and rapidly spread throughout freshwater locations around the world, and 

its voracious appetite, coupled with rapid reproduction and lack of predators could cause 

its population to explode in the United States, causing further threat and potential damage 

to aquatic habitats, ornamental plants, and agricultural crops (Rawlings et al. 2007).  

More detailed information on the channeled applesnail and its potential establishment in 

Pennsylvania can be found in Appendix IIIb.  

Fish 

FISK results suggest that substantial ecological and economic impacts may result 

should the Mozambique tilapia (Oreochromis mossambicus) or the red piranha develop 

invasive populations in Pennsylvania (Appendix IIIc).  The Mozambique tilapia received 

a FISK score of 26, which was the highest score of all evaluated fish species.  The 

Mozambique tilapia belongs to a group of exotic fishes that are among the most widely 

distributed in the world (Courtenay 1997).  They are an important aquaculture species 

and food resource, however according to the Global Invasive Species Database, the 

Mozambique tilapia is considered one of the world’s 100 worst invasive species.  It is 

euryhaline and highly adaptable, allowing it to survive in a wide range of environmental 

conditions, including low oxygen and polluted areas (GISD 2011).  This adaptability 

could give it a competitive advantage over native populations, shifting the composition of 

invaded communities (Snoeks 2006).  

The red piranha (Pygocentrus nattereri), received a FISK score of 19, and poses a 

threat to Pennsylvania due to its extensive use in the aquarium trade.  It is considered one 

of the most popular piranhas used in aquariums, and intentional releases are likely to 

occur, especially after the fish reaches sizes greater than 10 cm.  The red piranha is a 

voracious predator, which threatens ecological food webs by feeding on both smaller fish 
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and predatory fish, and although most man-eating tales of the piranha are overstated, it 

may still pose a threat to swimmers and recreational sport enthusiasts by causing injury 

through bites (Knight 2010).  More detailed information on the Mozambique tilapia and 

red piranha and their potential establishment in Pennsylvania can be found in Appendix 

IIIc. 

Limitations  

Several limitations must be recognized to supplement interpretation of the results 

of this study.  First, it is important to recognize that the species analyzed in this study 

represent only a sample of the invaders currently south of Pennsylvania that have the 

potential to move northward.  There may be many others that could be considered high 

risk species that should be evaluated in additional studies.  

Second, the obtained climate projection data was limited to average conditions 

and did not consider the full extent of variability in expected climate and temperature 

changes.  Therefore, the results of this study are also limited, and only give conditions for 

species movements based on these average temperatures.  Therefore, there may be 

circumstances where climate warming is more extreme in certain areas, such as those 

where topographical variations might create a difference in climate warming.  For 

example, in Pennsylvania, the Great Lakes region or mountainous regions may have more 

extreme climates.  To account for regional variation, climate projection data could be 

obtained for the different regions of Pennsylvania and coupled with more intensive 

climate matching software programs such as CLIMEX (Maywald and Sutherst 1985). In 

addition, to get a more accurate representation of Pennsylvania’s climate as a whole, 

other factors should also be evaluated, including changes in precipitation, stream flow, 
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water chemistry, and other environmental characteristics that could be impacted as the 

climate changes.  

Third, results of this study showed that in most cases the most noticeable of 

species responses took place during the late century, and results in mid-century showed 

some inconsistencies.  This is probably due to climate projections expecting more subtle 

changes within the first fifty years, and more drastic changes occurring later in the 

century.  This may mean that species movements will be more difficult to predict early on 

when temperature fluctuations may be too subtle to encourage mass movement of 

species.  In addition, the CLIMATCH software is limited in its predictive ability, and 

using other states to predict Pennsylvania’s climate has its disadvantages and may leave 

room for inaccuracies.  States not only differ in average temperatures, but also in seasonal 

fluctuations of temperatures, humidity, and other climate patterns, therefore, using mimic 

states may allow for various gaps to develop.  However, using the mimic states allowed 

for CLIMATCH to look into Pennsylvania’s future based on temperature data, and helped 

provide insight into establishment possibilities.  Follow-up studies using a climate-match 

program with more predictive capacity for Pennsylvania, such as CLIMEX (Maywald 

and Sutherst 1985), would be useful in verifying these findings and filling in some of the 

gaps associated with doing climate-matching with temperature alone.  

Last, evidence of the true establishment potential and ecological impacts of many 

of the non-native species not listed in the case studies was less clear.  Much of this 

uncertainty stems from the lack of available information for many of the species analyzed 

in this study.  For example, the snubnose darter (Etheostoma simoterum), the highscale 

shiner (Notropis hypsilepis), the saffron shiner (Notropis rubricroceus), and many of the 

other small stream-dwelling fishes, lacked solid information on their specific 
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environmental tolerances and breeding behaviors (Table 6).  Without complete life 

history information, it was difficult to get an accurate depiction of how these species 

would behave if introduced into Pennsylvania.  Therefore, during FISK and FI-ISK 

analysis, many questions were answered with either “I don’t know” or high uncertainty 

answers.  This gap in information may cause the species’ invasiveness to be 

underestimated, or to be assessed more conservatively, receiving a lower score 

suggesting further evaluation, even if a higher potential threat still exists.  In addition, 

propagule pressure is an important factor in allowing species to establish; however, data 

on propagule pressure was largely unavailable, creating an additional gap that can impact 

scores as well.  Therefore, the other species reviewed in this analysis could still be 

potential threats, and should not be counted out for prevention and management actions.  

Lastly, FISK and FI-ISK scores are based on knowledge judgments made by the assessor, 

and answers may differ depending on the individual running the analysis.  Therefore, 

having the same assessor for all species can help maintain consistency and decrease the 

margin of error on invasiveness scoring.  Ultimately, more research is needed on these 

species in order to fill these existing gaps, and determine what the actual invasive 

potential of these species is in Pennsylvania.   

Follow-up steps 

The information gained from this study is intended to be used as a resource for 

invasive species managers, policy makers, local governments and others involved in 

resource management to help them consider the predicted effects of climate change on 

prevention, control, and eradication of non-native species under changing climate 

conditions.  According to an Environmental Law Institute (ELI) assessment report, most 

states do not explicitly consider climate change in their AIS management plans; however, 
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many include existing mechanisms that may be used as platforms to incorporate proactive 

AIS management activities in response to potential climate change effects (ELI et al. 

2008).  According to the ELI study, and the Pennsylvania Invasive Species Council, 

Pennsylvania’s AIS management plan does not incorporate climate change management 

into their current AIS activities.  Therefore the results of this study could be used to help 

catalyze the addition of a climate change component into the state management plan, 

which would introduce a climate change lens over all existing AIS activities, and 

encourage proactive management strategies to address potential species movement.  This 

study could also be used as a risk assessment framework for additional southern species 

not included in this analysis, as well as for species that have not yet been introduced into 

the United States, but which may cause severe environmental damage in similar climates.   

It is also important to consider the role of education and outreach in the process of 

preventing new non-native species establishments.  This is especially vital when dealing 

with human-mediated vectors such as the exotic pet and aquarium trade, where releases 

are a growing pathway in the number of species that become introduced in the United 

States.  A large number of plants and animals used in the aquarium trade are tropical or 

sub-tropical species that require warmer temperatures and higher levels of precipitation to 

survive.  Climate change opens new avenues for the establishment and spread of these 

species, and therefore, educating the public, pet and aquarium owners, and water 

gardeners becomes increasingly critical in preventing the introduction of new potential 

non-native species in the face of climate change.  Therefore, information gained from this 

study could be used to help support existing invasive species outreach campaigns such as 

Habitattitude, which encourages pet owners not to release their aquarium pets (Aquatic 

Nuisance Species Taskforce et al. 2011a), and Stop Aquatic Hitchhikers, which provides 
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recreational guidelines for AIS prevention (Aquatic Nuisance Species Taskforce et al. 

2011b). The pet and aquarium trade is only one vector among many, and outreach should 

be targeted to each vector specifically to address how climate change might impact the 

introduction of non-native species using that particular vector.  Ultimately, once species 

become established, they can be very difficult, if not impossible, to control or eradicate; 

therefore, prevention should remain the first line of defense against non-native species. It 

becomes increasingly vital to make the connection to climate change and the potential 

synergistic effects it can have with non-native species when communicating about AIS 

prevention and management.  

  



40 
 

CONCLUSIONS 

While limitations do exist when using risk assessments and predictive modeling 

techniques, studies such as this one can provide insight into the vast uncertainty that 

exists about climate change and its impacts on our natural systems.  This study identified 

an increasing trend of climate suitability for potential invaders currently found south of 

Pennsylvania as the climate warms into the end of the century.  It also identified four 

“high risk” invasive species (banana water-lily, channeled applesnail, Mozambique 

tilapia, and red piranha) that have high potential to establish and cause harm in 

Pennsylvania as climate conditions become more suitable for their establishment and 

spread.  Predictive risk assessments and modeling efforts such as this one can provide 

opportunities to explore the interactions between invasive species and climate change, 

identify areas where climate change policies could negatively impact invasive species 

management, and identify areas where policies could benefit from considering the 

synergies between climate change and invasive species management.  
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TABLES 
 

Table 1: Temperature projections (PA annual means, °C) based on downscaled climate 
data for each time period 
 

Time Period B1 A2 
1970-1999 9.23 9.23 
2050-2059 11.22 11.66 
2090-2099 11.94 13.85 

 
 

Table 2: Pennsylvania “mimic states” identified for the A2 emission scenario 
 

A2 Emission Scenario 
2050-2059 2090-2099 
New Jersey Tennessee 
Maryland Kentucky 

Illinois Delaware 
Kansas Virginia 

West Virginia North Carolina 

 
 

Table 3: Pennsylvania “mimic states” identified for the B1 emission scenario 
 
 B1 Emission Scenario 

2050-2059 2090-2099 
New Jersey Maryland 

Illinois Kansas 
West Virginia New Jersey 

Indiana Missouri 
Ohio Virginia 
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Table 4: Final list of species used in the analysis after the random number generator was 
applied (fish, n=30, plants, n=9, and invertebrates, n=12). 
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Table 5: Species of most concern with Climate Suitability percentages 
 

A2 2090-2099 
  
  

Common Name Scientific Name 
% Suitable 

Climate in PA 
% Increase in 

Climate Suitability 
Plants 

 
 

Australian water-clover Marsilea mutica 83.94 83.94 

Banana water-lily Nymphaea mexicana 93.43 83.43 

Water spangles Salvinia minima 64.96 62.46 

Invertebrates 
 

 

Longnose crayfish 
 

Cambarus longirostris 87.59 52.59 

Ditch fencing crayfish 
 

Faxonella clypeata 84.67 62.17 

Channeled applesnail Pomacea canaliculata 37.96 37.96 

Fish 

Snubnose darter Etheostoma simoterum 87.59 52.59 

Redeye bass Micropterus coosae 90.51 70.51 

Highscale shiner Notropis hypsilepis 62.77 62.77 

Saffron shiner Notropis rubricroceus 90.51 55.51 

Mozambique tilapia Oreochromis mossambicus 58.39 58.39 

Rosy barb Puntius conchonius 67.88 62.88 

Red piranha Pygocentrus nattereri 54.74 54.74 
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Table 6: Invertebrate and fish and species of greatest concern and their FISK and FI-ISK 
scores  
 

Common Name Scientific Name FISK Score  Risk Level  
 
Invertebrates 
Longnose crayfish C. longirostris 9 Medium  
Channeled applesnail P. canaliculata 29 High  
Fish 
Snubnose darter E. simoterum 2 Medium  
Redeye bass M. coosae 15 Medium  
Highscale shiner N. hypsilepis -6 Low  
Saffron shiner N. rubricroceus 0 Medium  
Mozambique tilapia O. mossambicus 26 High  
Rosy barb P. conchonius 7 Medium  
Red piranha P. nattereri 19 High  
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FIGURES 

 

Figure 1: Source Area:  species were chosen from Maryland, Delaware, West Virginia, 
Virginia, North Carolina, South Carolina, and Georgia (green) and the Lower Mississippi 
River drainage (Blue).  

 

Figure 2:  Climate Projection Model and Run request. Sixteen climate models were 
chosen with associated runs for each emission scenario for a total of 112 selection 
combinations. 
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Figure 3: Climate Match Settings dialogue box with the Euclidean Algorithm and all 
temperature variables checked.  
 

 

 
 
Figure 4: Example of a Target output map for Mozambique Tilapia, showing baseline 
results. 
Target output maps include a color-coded table, which lists the number of matches to 
each of the match classes with their respective color on the map. This baseline result 
shows none of the CLIMATCH scores above 7, suggesting that the Mozambique tilapia’s 
current climate suitability in Pennsylvania is 0.  
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Figure 5: Example of a Source output map for Mozambique Tilapia. 
The Source map displays stations that match the Target map as red circles. The area of 
each circle is proportional to the number of match cells that this data point contributes to 
the target region. 
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Figure 6: Species likely to establish based on a 30 percent climate suitability threshold.  
By the end of the century, in the A2 scenario, 77.8% of plants, 66.7% of invertebrates, 
and 63.3% of fish used in this study will be considered likely to establish in Pennsylvania 
if introduction were to occur.  
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Figure 7: Percent of suitable climate in Pennsylvania for all species in all taxa 
Repeated Measures ANOVA indicated that all future scenarios differed from baseline 
(p<0.05). 
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Figure 8: Average percent of suitable climate in PA for all taxa 
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Figure 9: Average Percent Change in Climate Suitability for all taxa 
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Figure 10: Individual plant responses to climate warming.  
Out of a total of 9 plants, in B1 2059, 4 increased in climate suitability, 2 saw no change, 
and 3 decreased. In A2 2059, 5 increased, 2 saw no change, and 2 decreased. In B1 2099 
4 increased, 2 saw no change, and 3 decreased. In A2 2099 6 saw increases, 1 saw no 
change, and 1 decreased in climate suitability. 

 

 

Figure 11: Individual invertebrate responses to climate warming.  
Out of a total of 12 invertebrates, in B1 2059, no species increased in climate suitability, 
4 saw no change, and 8 decreased. In A2 2059, 5 increased, 4 saw no change, and 3 
decreased. In B1 2099 8 increased, 2 saw no change, and 2 decreased. In A2 2099 10 saw 
increases, 1 saw no change, and 1 decreased in climate suitability. 
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Figure 12: Individual fish responses to climate warming.  
Out of a total of 30 fish, in B1 2059, 14 increased in climate suitability, 11 saw no 
change, and 5 decreased. In A2 2059, 9 increased, 12 saw no change, and 9 decreased. In 
B1 2099 18 increased, 7 saw no change, and 5 decreased. In A2 2099 18 saw increases, 7 
saw no change, and 5 decreased in climate suitability. 
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Figure 13: Comparison of mean CLIMATCH scores between 2010 and A2 2099 for 30 
non-native plants. 
The solid line represents the 45° line; species with scores above this line having an 
increased climate match with the Source region in 2099 when compared with 2010. 
Species scores that lie within the grey box are those whose climate match in 2010 was 
below 7.0, but above 7.0 in 2099. Species Key: 1 Australian water-clover; 2 Water-
hyacinth; 3 White Egyptian lotus; 4 Banana water-lily; 5 Feathered mosquito fern; 6 
Torpedo grass; 7 Dopatrium; 8 Water spangles; 9 Giant salvinia.  
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Figure 14: Comparison of mean CLIMATCH scores between 2010 and A2 2099 for 30 
non-native invertebrates. 
The solid line represents the 45° line; species with scores above this line having an 
increased climate match with the Source region in 2099 when compared with 2010. 
Species scores that lie within the grey box are those whose climate match in 2010 was 
below 7.0, but above 7.0 in 2099. Species Key: 1 Moerisia lyonsi; 2 Black sea jellyfish; 3 
C. longirostris; 4 Cajun dwarf crayfish; 5 Ditch-fencing crayfish; 6 Creole painted 
crayfish; 7 Mesocyclops; 8 Woodland crayfish; 9 European physa; 10 Channeled 
applesnail; 11 Florida applesnail; 12 Olive mysterysnail. 
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Figure 15: Comparison of mean CLIMATCH scores between 2010 and A2 2099 for 30 
non-native fishes 
The solid line represents the 45° line; species with scores above this line having an 
increased climate match with the Source region in 2099 when compared with 2010. 
Species scores that lie within the grey box are those whose climate match in 2010 was 
below 7.0, but above 7.0 in 2099. Species Key: 1 Suckermouth catfish; 2 Tambaqui; 3 
Black tetra; 4 Arawana; 5 Vermiculated sailfin catfish; 6 Rosy barb; 7 Green swordtail; 
8 Oscar; 9 Mozambique tilapia; 10 Red-bellied pacu; 11 Giant snakehead; 12 Walking 
catfish; 13 Red piranha; 14 Clown knife; 15 Blue tilapia; 16 Black jumprock; 17 
Alabama spotted bass; 18 Crescent shiner; 19 Redeye bass; 20 Least killifish; 21 Bull 
chub; 22 Highscale shiner; 23 Flier; 24 Telescope shiner; 25 Flagfish; 26 Saffron 
shiner; 27 Bluehead chub; 28 Snubnose darter; 29 White shiner; 30 Rough shiner. 
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APPENDIX I 
 

The 128 potentially risky species that met the requirements for inclusion in the 
study before the random number generator 

 
Exotic Plants 

 
1 Feathered mosquitofern Azolla pinnata 
2 Giant sensitive fern Aeschynomene fluitans 
3 Alligatorweed Alternanthera  philoxeroides 
4 Brazilian water-hyssop Bacopa egensis 
5 Roundfruit blyxa Blyxa aubertii 
6 Wild taro Colocasia escuelenta  
7 Dopatrium Dopatrium junceum 
8 Water-hyacinth Eichhornia crassipes 
9 Indian marshweed Limnophila indica 
10 Asian marshweed Limnophila sessiliflora 
11 Peruvian watergrass Luziola peruviana 
12 Australian water-clover Marsilea mutica 
13 Big-foot water-clover Marsiliea macropoda 
14 Marsh dewflower Murdannia keisak 
15 Sacred lotus Nelumbo nucifera 
16 White egyptian lotus Nymphaea lotus 
17 Banana water-lily Nymphaea mexicana 
18 Rice Oryza sativa 
19 Duck-lettuce Ottelia alismoides 
20 Torpedo grass Panicum repens 
21 Indian toothcup Rotala indica 
22 Guyanese arrowhead Sagittaria guyanesis guyanesis 
23 Giant arrowhead Sagittaria montevidensis 
24 Water spangles Salvinia minima 
25 Giant salvinia Salvinia molesta 
26 Para grass Urochloa (Brachiaria) mutica 

Invertebrates 
27 Apocyclops Apocyclops  
28 Black sea jellyfish Blackfordia virginica 
29 Cajun dwarf crayfish Cambarellus shufeldtii 
30 Longnose crayfish Cambarus longirostris 
31 Chinese mystery snail Cipangopaludina chinensis  
32 Chinese mystery snail hybrid Cipangopaludina chinensis  
33 A cladoceran Diaphanosoma fluviatile 
34 Pink meanie Drymonema dalmatinum 
35 Ditch fencing crayfish Faxonella clypeata 
36 Bristled river shrimp  Macrobrachium olfersii 
37 Black sea jellyfish Maeotias marginata 
38 Mesocyclops Mesocyclops pehpeiensis 
39 No common name Moerisia lyonsi 
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40 Woodland crayfish Orconectes hylas 
41 Creole painted crayfish Orconectes palmeri creolanus 
42 European physa Physella acuta 
43 Channeled applesnail Pomacea canaliculata 
44 Island applesnail Pomacea insularum 
45 Florida applesnail Pomacea paludosa 
46 Olive mysterysnail Viviparus subpurpureus 
47 River snail Viviparus viviparus 

Exotic Fish 
 Oscar Astronotus ocellatus 
48 Giant snakehead Channa micropeltes 
49 Clown knife chitala ornate 
50 Convict cichlid Cichlasoma nigrofasciatum 
51 Walking catfish Clarias batrachus 
52 Banded gourami Colisa fasciata 
53 Tambaqui colossoma macropomum 
54 Black tetra Gymnocorymbus ternetzi 
55 Suckermouth catfish Hypostomus plecostomus 
56 Paradisefish Macropodus opercularis 
57 Black-banded rainbowfish Melanotaenia nigrans 
58 Asian swamp eel Monopterus albus 
59 Black carp Mylopharyngodon piceus 
60 Blue tilapia Oreochromis aureus 
61 Mozambiqua tilapia Oreochromis mossambicus 
62 Nile tilapia Oreochromis niloticus 
63 Tilapia Oreochromis Sarotherodon, tilapia sp. 
64 Arawana Osteoglossum bicirrhosum 
65 Jaguar guapote Parachromis managuense 
66 Red-bellied pacu Piaractus brachypomus 
67 Guppy Poecilia reticulata 
68 Vermiculated sailfin catfish Pterygoplichthys disjunctivus 
69 Amazon sailfin catfish Pterygoplichthys pardalis 
70 Rosy barb Puntius conchonius 
71 Red piranha pygocentrus nattereri 
72 Spotted green pufferfish Tetraodon nigroviridis 
73 Zebra tilapia tilapia buttikoferi 
74 Redbelly tilapia Tilapia zillii 
75 Green swordtail xiphophorus hellerii 
76 Southern platyfish xiphophorus maculatus 
77 Southern platyfish xiphophorus maculatus 

Fish-Native Transplants    
78 Roanoke bass Ambloplites cavifrons 
79 Snail bullhead Ameiurus brunneus 
80 Flat bullhead Ameiurus platycephalus 
81 Flier Centrarchus macropterus 
82 Rio grande cichlid Cichlasoma cyanoguttatum 
83 Whitetail shiner Cyprinella galactura 
84 Fieryblack shiner Cyprinella pyrrhomelas 
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85 Eastern blacktail shiner Cyprinella venusta cercostigma 
86 Threadfin shad Dorosoma petenence 
87 Snubnose darter Etheostoma simoterum 
88 Northern studfish Fundulus catenatus 
89 Southern studfish Fundulus stellifer 
90 Eastern mosquitofish Gambusia holbrooki 
91 Least killifish Heterandria formosa 
92 Flagfish Jordonella floridae 
93 Bluefin killifish Lucania goodei 
94 White shiner Luxilus albeolus 
95 Crescent shiner Luxilus cerasinus 
96 Warpaint shiner Luxilus coccogenis 
97 Bandfin shiner Luxilus zonistius 
98 Rosefin shiner Lythrurus ardens 
99 Blacktip shiner Lythrurus atrapiculus 
100 Pinewoods shiner Lythrurus matutinus 
101 Inland silverside Menidia beryllina 
102 Shoal bass Micropterus cataractae 
103 Redeye bass Micropterus coosae 
104 Spotted bass Micropterus punctulatus 
105 Alabama spotted bass Micropterus punctulatus henshalli 
106 Northern spotted bass Micropterus punctulatus punctulatus 
107 Black jumprock Moxostoma cervinum 
108 Greater jumprock Moxostoma lachneri 
109 Striped jumprock Moxostoma rupiscartes 
110 Bluehead chub Nocomis leptocephalus 
111 Bull chub Nocomis raneyi  
112 Rough shiner Notropis baileyi 
113 Redlip shiner Notropis chiliticus 
114 Highscale shiner Notropis hypsilepis 
115 Tennessee shiner Notropis leuciodus 
116 Longnose shiner Notropis longirostris 
117 Yellowfin shiner Notropis lutipinnis 
118 Chub shiner Notropis potteri 
119 Saffron shiner Notropis rubricroceus 
120 Mirror shiner Notropis spectrunculus 
121 Telescope shiner Notropis telescopus 
122 Coosa shiner Notropis xaenocephalus 
123 Orangefin madtom Noturus gilberti 
124 Stripeback darter Percina notogramma 
125 Roanoke darter Percina roanoka 
126 Mountain redbelly dace Phoxinus oreas 
127 White cloud mountain minnow Tanichthys albonubes 
128 Torrent sucker Thoburnia rhothoeca 
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APPENDIX II 
 

List of species and native ranges used in the CLIMATCH analysis. 

*Species which were not included in the study due to lack of available detailed 
native range information 
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APPENDIX IIIa  
 

SPECIES CASE STUDIES 
PLANTS 
 

Name: Banana-water lily  

Scientific Name: Nymphaea 
Mexicana 
 
Species Description: The 
banana-water lily is a 
subtropical perennial herb that 
is also known by the names 
yellow waterlily or Mexican 
water lily.  It is considered a 
problematic species in 
California, and is classified as a 
noxious weed list B according 

to the California Department of Food and Agriculture.  Leaves are large and flat, floating 
on the top of surface of the water and reaching between 10 and 25 cm wide.  Flowers can 
be either floating or immersed, and long creeping stolons bear bunches of small yellow 
roots that resemble miniature bananas.  

Reproductive Strategy: The active growth period for the banana-water lily occurs in the 
spring and flowering occurs during the warmer months and into fall; however growth 
occurs mostly in the summer farther north (typically June through August) suggesting 
that climate does play a role in when reproduction occurs.  This species’ reproductive 
strategy is one of several factors that contribute to its distributional success.  It can 
reproduce sexually through pollination and seed production, and can even turn from   
female to male if male plants are not available.  They can also reproduce asexually by 
sending out new shoots from stolons and tubers.  

Habitat and Environmental Constraints: The banana-water lily regularly inhabits still 
or gently flowing water over rich organic substrates in ponds, alkaline lakes, warm 
springs, and pools in marshes, sloughs, sluggish streams, ditches, and canals.  It can 
almost always occur under natural conditions in wetlands, and grows best in elevations 
from 0-328 feet, but can survive in elevations up to 3,000 feet.  This species is also heat 
and cold tolerant, and possesses overwintering roots, however cold stratification is not 
required for seed germination to occur.  

Interaction with other species: This species might hybridize with other species in the 
genus Nymphaea such as N. odorata; however, the hybrids are thought to be completely 



79 
 

sterile.  This species also makes an important food source for species of ducks, and its 
distribution is similar to that of the winter distribution of the canvasback duck.  

Methods of Control: None found 

Distribution: The banana water-lily is native to north and central Mexico (Federal 
district, Hidalgo, Mexico, Michoacan), and the southeastern United States from South 
Carolina to Georgia and Florida, and east to southern Texas (Alabama, Louisiana, 
Mississippi, Oklahoma) as well as portions of Arizona and New Mexico.  It is more 
common in Florida than in any other state. In the United States it has been introduced to 
California and North Carolina.  This species can also be found in South Africa, Australia 
(Brisbane, Queensland, Sydney, New South Wales, and the Goulburn River, Victoria.), 
New Zealand, and Europe (Spain).  

 

 

 

Vectors: Banana water-lilies are visited by many insects, such as beetles and bees, which 
accumulate pollen on their bodies and act as pollinators for the spread of this species.  In 
addition, the large seeds eaten by waterfowl can survive digestion and be deposited in 
new locations.  The attractive yellow flowers make this plant a desired ornamental for 
ponds and water gardens.  If released, natural spread could allow for the dispersal of this 
species.  

Potential Impacts: In a stable aquatic environment, banana water-lily can root in water 
too deep for competing emergent vegetation.  In addition, their floating leaves out-
compete submersed leaves for light.  It propagates quickly and rapidly over-populates 
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aquatic habitats, resulting in the decrease of recreational value and increased 
evapotranspiration rates.   

Invasive Characteristics 

Characteristic Banana water-lily Comments 
Adaptability Yes   x No  Maybe  Heat and cold tolerant; can inhabit 

still or gently flowing water 
Rapid Reproduction Yes    x No  Maybe  Many means for reproduction to 

occur 
Opportunistic Feeder Yes    x No  Maybe  Can shade out native species for 

light and root in deep water for 
nutrients 

Lack of predator 
pressure 

Yes       No x Maybe   Makes an important food source 
for ducks 

 

Climatch Results: 

  % Suitable Climate 
 ( CLIMATCH Score ≥7.0 ) 

% Increase from Baseline 

Baseline (2010) 10 N/A 
B1 2050-2059  20.12 10.12 
A2 2050-2059  35.33 25.33 
B1 2090-2099 50.89 40.89 
A2 2090-2099 93.43 83.43 
 

Discussion:  

 The banana water-lily possesses many characteristics that make it a successful 

invader.  First, it has high distributional success and is found to have established 

successful populations around the globe.  An important feature that allows for this 

establishment success to occur is its flexibility in reproductive strategy.  This species can 

reproduce both sexually by seed production, and asexually by tubers.  Therefore, several 

vectors of establishment and spread for this species exist.  The banana water-lily can 

establish in new locations as seeds are eaten by waterfowl and pass through their 

digestive systems unharmed and deposit into new areas.  Tubers can be transferred 

downstream to near areas by water currents, and once established rapid spread can occur 
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as diverse insects such as beetles and bees pollinate the plants.  The banana water-lily 

makes an important food source for ducks, in particular canvasback ducks, and its 

distribution seems to follow that of the ducks’ winter distribution.  Lastly, the showy, 

attractive flowers of the banana water-lily make it a highly desired ornamental for ponds 

and water gardens.  Whether the release is intentional when the plant is no longer wanted 

by pond owners, or unintentional via escapes from flooding, release of this species into 

water systems could facilitate the natural dispersal of this species to new locations in 

Pennsylvania.  

Growth of the banana water-lily also appears to be linked to temperature.  

Therefore, a warming climate could catalyze increased growth and reproductive rates in 

this plant.  By 2099 in the A2 emission scenario, the establishment potential for this 

species increases from a current suitability of 10 % to a total climate suitability of 93.43 

percent.  Therefore, the majority of Pennsylvania will be suitable for the establishment of 

this species as temperatures increase.  

 This species is listed as a noxious weed in California, suggesting that based on its 

problematic behavior in other established locations, severe ecological and economic 

impacts could occur should this species establish in Pennsylvania.  The banana water-lily 

has a competitive advantage over many native species, as it can root deeper than many 

native emergent plants and its large, broad leaves shade out submerged vegetation 

beneath.  In addition, the high reproductive rates of this plant allow it to quickly take over 

a water body, decreasing recreational value for activities such as boating, fishing, and 

swimming.  

 



82 
 

Literature Cited: 

Calflora: Information on California plants for education, research and conservation, based 

on data contributed by dozens of public and private institutions and individuals, 

including the Consortium of Calif. Herbaria. 2011. Berkeley, California: The 

Calflora Database. <http://www.calflora.org/ > Accessed: May 03, 2011.  

Capperino, M.E. and Schneider, E.L. 1985. Floral biology of Nymphaea Mexicana Zucc. 

(Nymphaeacea). Aquatic Botany 23: 83-93. 

Wiersema, J.H. 1988. Reproductive biology of Nymphaea (Nymphaeaceae). Annuals of 

the Missouri Botanical Garden 75: 795-804. 

United States Department of Agriculture (USDA) Plants Database.  Nympaea mexicana. 

<http://plants.usda.gov/java/nameSearch?mode=symbol&keywordquery=NYME

>  Accessed November 28, 2011.  

Image Credit:  

United States Geological Survey (USGS) Non-indigenous aquatic species database (NAS)  

http://www.calflora.org/
http://ucjeps.berkeley.edu/consortium/about.html
http://www.calflora.org/


83 
 

APPENDIX IIIb 
 

SPECIES CASE STUDIES AND FI-ISK ANALYSIS 
INVERTEBRATES 

 

 
 
Name: Channeled applesnail, 
Scientific Name: Pomacea canaliculata 
 
Species Description: The channeled 
applesnail, is a large, temperate, 
freshwater snail species that is listed as a 
prohibited exotic species in Texas and 
Mississippi and is listed as one of the 
Global Invasive Species Database’ 100 
Worst Invaders.  It spends its days 
submerged and hidden in vegetation.  It 
is most active at night; however, the 
activity rate of this snail varies with the 

water temperature and the availability of food.  Size of the shell is up to 15 cm in length, 
and sexual maturity is reached at about 1 inch in size, which can take anywhere from 3 
months to 2 years, depending on temperatures.  Longevity is about 4 years.  

Feeding Habits: The channeled applesnail has a voracious appetite and will feed on all 
types of plants, including both aquatic and terrestrial plants since it has the ability to 
forage both in and out of water through the use of a gill and a lung.  They will also 
consume a variety of animals including other snails.  In captivity, they are known to 
consume all living plant matter kept in the aquarium, and will even prey upon their own 
young.   

Breeding Habits: Mating is seasonal and triggered by rainfall and temperature.  In its 
native range the channeled applesnail breeds only in the warm summer months.  
However, outside of their native range, once released from such seasonal fluctuations, it 
may reproduce year round, particularly in artificial habitats like rice paddies and taro 
patches.  Reproduction is at its lowest in fall and winter, but rising spring temperatures 
increase reproduction.  Channeled applesnails have separate sexes; however females can 
store sperm for weeks to months, allowing them to produce viable eggs even without a 
male partner.  Females produce anywhere from 200-1000 eggs that are loosely attached 
to each other and fixed to solid objects above the waterline such rocks, emergent 
vegetation, or logs, which helps protect the eggs from predation.  If the eggs are 
submerged in water for too long, they will die.  Eggs usually hatch between 7 and 15 
days, but hatch time depends on temperatures.  Clutches are laid every few weeks.  
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Habitat and Environmental Constraints: The channeled applesnail is tolerant of a 
wide range of salinities and temperatures, and can be found in swamps, lakes and ponds.  
Its rate of activity is highly tied to temperatures, for example below 18 degrees C the 
snail will hardly move around; however, it seems to be more resistant to lower 
temperatures than other snails in its genus.  At higher temperatures, around 25 degrees C, 
they are more active. 

Interaction with other species and pathogens: Could carry pathogens. 

Methods of Control: Once established, there is no way to eradicate all channeled 
applesnails, however numerous measures have been tried in attempts to control these 
snails, especially in agricultural settings.  These include the use of pesticides; however, 
there are no chemicals available that will selectively eliminate the invasive snails, and 
pesticides have serious environmental human health consequences.  Biological control 
includes the use of domestic carnivorous ducks to feed on the snails in areas where the 
snail is damaging agricultural crops.  Mechanical measure includes aggressively hand 
picking the snails; however, this must be done on a regular basis to be effective.  The use 
of screens on water inlets can also help to retard the spread of applesnails.  Around rice 
and taro fields, a barrier of copper could be used to slow the snail spreading to some 
extent.  Copper is toxic to snails and they do not cross this material.  The primary means 
of control for this species should be prevention.   

Distribution: The channeled applesnail is native to South and Central America in the 
Amazon inferior basin and the Plata basin in southeast Brazil, Argentina, Bolivia, 
Paraguay and Uruguay.  It has invaded into the southern parts of the United States in 
Texas and Florida, up to central Ohio and Hawaii.  It has also been introduced to Taiwan 
and spread to Indonesia, Thailand, Cambodia, Korea, Lao, Malaysia, Papua New Guinea, 
Singapore, Sri Lanka, Vietnam, Hong Kong, Southern China, Japan, Philippines, the 
Dominican Republic, and Guam, and there are indications that they are also invading 
Australia.  
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Vectors: The channeled applesnail is widely used in the aquarium trade; however, the 
snail’s voracious appetite for aquarium plants has catalyzed its intentional release into 
natural waters.  In addition to release through the aquarium trade, this species is used in 
aquaculture for controlling aquatic vegetation, and is introduced to new facilities where 
escape can occur.  Eggs or juveniles can be accidently introduced with agricultural 
products, and also eggs can be transported along with aquatic vegetation floating 
downstream.  Birds have been known to carry and transport these snails.  Water currents 
are probably one of the main means of dispersal throughout a watershed.  For example 
flooding from Tropical Storm Allison in 2001 increased the distribution of this species in 
the Houston Texas area.  

Potential Impacts: 

In other countries where this species has been introduced, it has become a serious pest of 
agricultural crops such as taro and rice, and has caused huge economic losses.  Their 
introduction into the United States threatens major rice crops in Texas and California.  
The voracious appetite of the channeled applesnail gives it the potential to destroy native 
aquatic vegetation, leading to serious habitat modification, as well as competitive 
interactions with native species for limited resources.  In Southeast Asia the channeled 
applesnail has out-competed the native pila snail, which has also faced declines because 
of the use of pesticides on channeled applesnails.   

Limits to Distribution: 

Hosts or food sources: Because of their voracious appetites, and ability to feed on 
vegetation in and outside of water, food is unlikely to limit the distribution of this 
species.  

Species interactions: Birds may transport these large snails or eggs may be transported 
on aquatic vegetation.  Other species such as birds could potentially feed on this species; 
however, literature suggests there may be a lack of predators in the United States.  

Invasive Characteristics 

Characteristic Channeled applesnail Comments 
Adaptability Yes   x No  Maybe  Can tolerate a range of 

environmental conditions 
Rapid Reproduction Yes    x No  Maybe  Can reproduce continually 
Opportunistic Feeder Yes    x No  Maybe  Can forage in and out of water 
Lack of predator 
pressure 

Yes       No  Maybe  x May have a lack of predators in the 
US 
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Climatch Results: 

  % Suitable Climate 
 ( CLIMATCH Score ≥7.0 ) 

% Increase from Baseline 

Baseline (2010) 0 N/A 
B1 2050-2059  0 0 
A2 2050-2059  0 0 
B1 2090-2099 8.88 8.88 
A2 2090-2099 37.96 37.96 
 

FI-ISK (Freshwater Invertebrate Invasiveness Scoring Kit) Results: 

 

Discussion: 

Members of the gastropod family Ampullariidae, or the applesnails, have an 

impressive track record as invasive species (Rawlings et al. 2007).  The channeled 

applesnail has demonstrated the ability to successfully and rapidly spread throughout 

freshwater locations around the world, and has been designated as one of the 100 World’s 

Worst Invaders by the Global Invasive Species Database.  Introductions of this species 

has occurred through many different vectors including the aquarium trade, use in 

aquaculture as plant control, as a contaminant of agricultural products, and accidentally 

introduced with escapes or flooding.  Once introduced, it can continue to spread through 

natural means like water currents, and movement by birds and animals.  The wide variety 

of vectors, along with its ability to survive outside of water using a lung, suggests that 

Outcome: Reject
Score: 29

Biogeography 8
Score partition:                       Undesirable attributes 8

Biology/ecology 13
Biogeography 9

Questions answered:                       Undesirable attributes 11
Biology/ecology 20

Total 40
Aquacultural 19

Sector affected:                                   Environmental 26
Nuisance 1

Total questions: 49
49
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this species may have ample opportunities to be introduced into other areas, including 

Pennsylvania. 

Currently in the United States, the channeled applesnail has been of relatively 

minor concern given that it has spent more than 30 years in Florida and has failed to 

spread beyond Palm Beach County (Rawlings et al. 2007).  However, warming 

temperatures may diminish existing filters and help in the spread of this species in the 

United States.  CLIMATCH results for this species indicate that Pennsylvania’s climate is 

currently too cold to sustain a successfully reproducing channeled applesnail population.  

However, by the end of the century in the A2 emission scenario, Pennsylvania’s 

suitability increases to almost 40 percent, indicating that many areas of Pennsylvania will 

be suitable for invasion.  The channeled applesnail is adaptable, and can tolerate a wide 

range of temperatures and salinities, therefore warmer areas of Pennsylvania, even those 

along estuaries in Eastern Pennsylvania may provide suitable habitat; and although they 

aren’t very active at temperatures below 18°C, they appear to be more cold-tolerant than 

other species of snail. 

A FI-ISK score of 29 indicates that this species is a high risk species that may 

pose a significant threat to Pennsylvania.  It has many characteristics of an invasive 

species, including its adaptability and voracious appetite.  Its ability to feed on both 

aquatic and terrestrial vegetation makes it a huge threat both economically to important 

agriculture crops, as well as ecologically to valuable wetland habitats.  In addition, these 

snails can also feed on animals, including other snails, potentially impacting native snail 

populations.  

While channeled applesnails reproduce based on seasonal fluctuations, including 

rainfall and temperature in their native range, it has been shown to reproduce year round 
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in areas where it has been introduced.  They also reproduce frequently, depositing up to 

1,000 eggs in each breeding event, which occur every few weeks.  In addition, because 

females can store sperm for weeks to months, only one female is needed in a new 

location to start a new population of snails.  

Lastly, channeled applesnails may experience a lack of predation in the United States due 

to their large size.  Rapid reproduction, coupled with lack of predators, could cause their 

populations to explode in the United States, causing further threat and potential damage 

to aquatic habitats, ornamental plants, and agricultural crops.  

 Once applesnails become established, they can be very difficult, if not impossible 

to control or eradiate.  While many control measures have been attempted, none has 

proven entirely effective, safe, and economically viable.  Therefore, the best means of 

control for this species remains prevention and early detection.  Therefore, recognizing 

the high threat of this species to Pennsylvania ahead of time could mean the difference 

between preventing an introducing, and spending time and money on unreliable control 

options.  
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APPENDIX IIIc 
 

SPECIES CASE STUDIES AND FISK ANALYSIS 
FISH 

 
 

Name:  Mozambique tilapia   

  
Scientific Name: Oreochromis mossambicus    

 
Species Description: The Mozambique tilapia is a 
tropical, freshwater fish native to Africa that has 
been nominated among the world’s 100 worst 

invasive species according to the Global Invasive Species database.  Maximum size 
depends on geographic location; however, average size in their native location is about 38 
cm, and individuals in other locations can vary from 35-43 cm total length.  Size at age of 
first maturity can be anywhere between 6-28 cm.  This species is also long lived, 
surviving up to 11 years.    

Feeding Habits: Mozambique tilapias are opportunistic feeders, and diet typically 
consists of planktonic algae, aquatic plants, detritus, invertebrates and other fish when 
available.  Zooplankton is especially important for the growth of juvenile tilapia.   

Breeding Habits: The Mozambique tilapia is euryhaline, and growth and reproduction 
can occur in fresh- brackish- or seawater.  Once they hit maturity, they can continually 
reproduce in temperatures above 20° Celsius.  In each spawning event, 100-600 eggs are 
produced, and the female incubates the eggs in her mouth for 11-12 days, before ejecting 
the free swimming offspring into the water.  The young stay with their mother for 4-8 
days, after which they form massive schools in shallow water while the female returns to 
the adult school to find another mate.  She can spawn again after 10-30 days. 

Habitat and Environmental Constraints:  The Mozambique tilapia occurs in 
freshwater, estuarine, and marine habitats including lakes, swamps, water courses, and 
wetlands.  It thrives in standing water such as warm weedy ponds, canals, and river 
backwaters, and avoids open estuaries, seas, high altitudes, and areas with highly flowing 
water.  Optimum temperature range for growth is between 25-30° C, but it can establish 
and survive in temperatures ranging from 17-35° C.  It can survive at temperatures as low 
as 5.5° C for short periods of time; however, below 15°C, the Mozambique tilapia 
becomes sluggish, and is more prone to infections by fungus and parasites, and more than 
a couple of days in this condition is almost always lethal.  Exposure to temperatures 
above 37°C is usually also lethal.  

Interaction with other species and pathogens: The Mozambique tilapia can co-occur 
with a number of other non-native tilapia species.  In particular, the Mozambique tilapia 
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is thought to hybridize with the blue tilapia (O. aureus) in areas of Florida.  This species 
can also carry disease agents such as protozoa and worms that can cause infections. 

Methods of Control:  Removal of Mozambique tilapia from natural water resources 
where they have established is very difficult, if not impossible.  The most effective 
management is complete isolation of individuals from natural waters to prevent 
introductions.  Established populations may require intensive fishing to prevent 
overpopulation from affecting native populations; however they are difficult to catch by 
angling.  Electrofishing has worked in some areas to remove adult populations; however, 
success was questionable because the number of juveniles increased as the number of 
adults decreased.  Prevention of introduction may be the best management strategy for 
this species.  

Distribution: The Mozambique tilapia’s native range includes Africa in the Lower 
Zambezi and Lower Shiré Rivers, as well as coastal plains from Zambezi delta to Algoa 
Bay.  They also occur southward to the Brak River in the Eastern Cape and in the 
Transvaal in the Limpopo system.  In the United States, the Mozambique Tilapia has 
established in Southern California, Arizona, Colorado, Florida, Texas, and failed in 
several northern locations such as New York, North Carolina, and Alabama.  This species 
is also found in many other countries. 

 

  

Vectors: The Mozambique tilapia has been introduced to the United States for a wide 
variety of reasons.  Most introductions have been the result of intentional stockings for 
aquatic plant control by state and federal agencies and private companies, but 
introductions have also come from stockings for potential use of the species as an insect 
control agent (e.g., to control mosquitoes and chironomids), as a sport fish, as a bait fish, 
as a food or commercial fish, and through aquarium releases.  It has also been introduced 
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through releases or escapes from fish farms, hatcheries, and zoos.  Once released into a 
waterway, this species can easily establish, and spreads through natural dispersal, and has 
successfully established itself in the wild in many countries.  

Potential Impacts: The Mozambique tilapia is hardy, highly adaptable, and can survive 
and thrive in a number of different environments, including low oxygen and polluted 
situations, and can reproduce in conditions where food is scarce.  This adaptability can 
give them a competitive advantage over native fish populations for food and nest space.  
In addition, they have been documented to feed on other fish, reducing native populations 
and impacting the food web.  

Limits to Distribution: 

Physical barriers:  This species may be limited in its dispersal by locks, dams, and 
secluded waterways.  

Hosts or food sources: Food is unlikely to limit the distribution or dispersal of the 
Mozambique tilapia because they are opportunistic feeders and will exploit a wide range 
of different food sources.  

Species interactions: It is unknown whether any native fish or animals in Pennsylvania 
would prey on the Mozambique tilapia.  

Invasive Characteristics: 

Characteristic Mozambique Tilapia  Comments 
Adaptability Yes   x No  Maybe  Occupy a range of habitats, and are hardy 

and resistant  
Rapid Reproduction Yes    x No  Maybe  Reproduces frequently and breeding begins 

at a young age 
Opportunistic Feeder Yes    x No  Maybe  Will exploit a variety of food sources 
Lack of predator 
pressure 

Yes       No  Maybe  x Unknown if any PA species would prey on 
the Mozambique tilapia 

 

Climatch Results: 

  % Suitable Climate 
 ( CLIMATCH Score ≥7.0 ) 

% Increase from Baseline 

Baseline (2010) 0 N/A 
B1 2050-2059  8.88 8.88 
A2 2050-2059  14 14 
B1 2090-2099 27.22 27.22 
A2 2090-2099 58.40 58.40 
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FISK (Fish Invasiveness Scoring Kit) Results: 

 

 

Discussion: 

The Mozambique tilapia has a high rate of establishment, and has founded wild 

populations in every nation (i.e., >90) in which they have been introduced (De Silva et al. 

2004; Canonico et al. 2005).  In the United States, this species has established in areas 

like Florida, California, and Hawaii. In many of these areas, this species was intentionally 

introduced for aquatic plant control, stocking as a sport, bait, or food fish, and also as an 

escapee from fish farms.  This species is also used as an aquarium fish, and introductions 

could occur via intentional releases from aquarium owners who can no longer care for the 

large size of this fish.  According to the CLIMATCH baseline result of zero for 2010; if 

the Mozambique tilapia was currently released in Pennsylvania waters, the climate would 

be too cold for the fish to establish long term reproducing populations.  The 

establishment history of this species shows failed populations in both North Carolina and 

Alabama. North Carolina was used as a mimic state for this species; however, 

establishment success may have been determined by other factors in these locations such 
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as propagule pressure, or competition with other similar or larger species.  In addition, 

the Mozambique tilapia is a tropical species and prefers temperatures above 17° Celsius 

to survive.  With climate change scenarios applied; however, Pennsylvania’s climate 

suitability gradually begins to increase for this species.  In the A2 2099 scenario, almost 

60 percent of climate in Pennsylvania may become suitable for the Mozambique tilapia.  

This result creates some question, because average temperatures for Pennsylvania in 2099 

are expected to be 13.85◦ C, which is still lower than the 17°C lower preference limit 

documented by literature.  However, it is important to remember that water temperatures 

can often be warmer than colder air temperatures, and climate match uses temperature 

data of known locations; therefore, temperature tolerance data, especially if taken in a lab 

setting should be used as guidance, but there might be differences in actual temperature 

tolerance of the species  in different  locations.  

Ultimately these results suggest that in the future, as escapes, or releases of this 

species occur, there will be areas of Pennsylvania where the tilapia will be able to 

establish reproductive populations, especially in areas of Pennsylvania that will have a 

climate more similar to that of Kentucky, Virginia, and North Carolina.  

If this species were to establish, a FISK score of 26 indicates a high risk of 

invasiveness, suggesting that this species should probably be a priority species for control 

or management in Pennsylvania.  The Mozambique tilapia possesses many of the 

characteristics that define an invasive species.  It is highly adaptable, and can tolerate a 

wide range of environmental conditions; including salinities, dissolved oxygen content, 

and even tolerates polluted environments.  It is also highly successful at reproducing.  

They begin breeding early, and instead of one breeding event each season, they can 

continually breed in temperatures above 20° Celsius, releasing 100-600 eggs in each 
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spawning event.  As Pennsylvania begins to experience longer summers, the breeding 

season for this species may extend; giving it the opportunity to release thousands of eggs.  

They are also opportunistic feeders, exploiting plankton, plants, detritus, invertebrates, 

and even other fish.  While it’s unknown whether the Mozambique tilapia will become a 

prey item for other fish or animals in Pennsylvania, its large size, and high reproductive 

success, suggest that this species may have the competitive advantage to beat out native 

species for food and spawning areas, and become successfully established in 

Pennsylvania waters.  
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NAME:  Common Name: Red piranha/Red-bellied 
piranha  

Scientific Name: Pygocentrus nattereri    
 

Species Description: The red piranha is a tropical, 
freshwater fish that is typically found in whitewater streams, creeks, and interconnected 
ponds in South America.  It is considered one of the most aggressive and dangerous 
species of piranha.  Body size varies with geographic location, with larger individuals 
typically 15-24 cm and smaller individuals 8-11 cm. Average size is 12-14 cm total 
length.  

Feeding Habits: They are opportunistic and omnivorous feeders, preying on smaller fish, 
carrion, insects, worms, mollusks, leaves and fruit.  Groups of 20-30 will often gather in 
vegetation to wait and ambush prey.  

Breeding Habits: While the breeding habits of red piranhas in nature are still largely 
unknown, and much of the information available is based on specimens kept in aquaria, it 
is evident that spawning behavior seems to coincide with the wet season, and 
reproductive success is highly tied to moving waters.  Red piranhas build bowl-shaped 
nests, where they lay approximately 500-600 eggs that they actively guard until they 
hatch in 9-10 days.  

Habitat and Environmental Constraints:  The optimum temperature range for the red 
piranha is 23-27°C.  They might overwinter at temperatures of 12-14°C but, while these 
temperatures wouldn’t be directly lethal, this temperature range may hinder feeding 
behavior, and piranhas would probably not persist in these areas.  The red piranha cannot 
overwinter where temperatures fall below 10°C.  Red piranhas introduced into areas 
where winter temperatures remain at or above 14°C would not be physiologically or 
behaviorally limited by low temperatures and may have the capability to establish 
permanent populations.  

Interaction with other species and pathogens: The red piranha has an interesting 
relationship with the spotted piranha (Serrasalmus marginatus) which has been seen 
cleaning parasite crustaceans off the red piranha’s body. 

Methods of control:  Many state agencies have used the chemical piscicide Rotenone to 
kill an invading population of piranhas.  

Distribution: The red piranha is native to South America, east of the Andes in the 
Parana-Paraguay and Amazon basins.  They can also be found in rivers of northeast 
Brazil and the Guianas.  They have been introduced to the freshwaters of the United 
States including Florida, Hawaii, Massachusetts, Michigan, Minnesota, Ohio, Oklahoma, 
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Pennsylvania, Texas, and Virginia. Specimens found in the United States were probably 
releases from aquariums, and in northern states, reports are typically of fish taken by 
hook and line during the summer or found dead during the cooler months.  

  

Vectors: The red piranha is one of the most popular fish used in the aquarium industry, 
and introduction is likely by intentional by release of individuals no longer wanting to 
care for their pets.  

Potential Impacts: The red piranha is aggressive and dangerous, and poses a threat to 
swimmers through injuries from bites.  They may also directly impact food webs, spatial 
structure of fish communities, and ecological stability, as red piranhas exert a strong 
influence over the behavior, distribution, and feeding habits of other fish. 

Limits to Distribution: 

Physical barriers:  This species may be limited in its dispersal by locks, dams, and 
secluded waterways. In addition, since breeding behavior is limited by water velocity, 
fish may be unable to establish reproducing populations in still or standing lakes or pools.   

Hosts or food sources: Food is unlikely to limit the distribution or dispersal of the red 
piranha because they are opportunistic feeders and feed on a wide variety of food 
sources.  

Species interactions: It is unknown whether any native fish or animals in Pennsylvania 
would prey on the red piranha.  
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Invasive Characteristics: 

Characteristic Red piranha  Comments 
Adaptability Yes    No x Maybe  Doesn’t tolerate pollution and breeding is 

restricted by flowing waters  
Rapid Reproduction Yes     No x Maybe  Success it tied to moving waters, and also 

to the wet season. Only 500-600 eggs 
Opportunistic Feeder Yes    x No  Maybe  Feeds on a wide variety of food items 
Lack of predator 
pressure 

Yes       No  Maybe  x Probably wouldn’t have any predators in 
PA 

 

Climatch Results 

Time Period  % Suitable Climate 
 ( CLIMATCH Score ≥7.0 ) 

% Increase from Baseline 

Baseline (2010) 0 N/A 
B1 2050-2059  5.33 5.33 
A2 2050-2059  8.67 8.67 
B1 2090-2099 23.67 23.67 
A2 2090-2099 54.74 54.74 
 

FISK (Fish Invasiveness Scoring Kit) Results 

 

 

Discussion: 

The red piranha is a popular fish used in the aquarium trade, and therefore has a 

high risk of introduction by owners who no longer want to care for their pets and think 

they are disposing of them in a humane manner.  According to baseline CLIMATCH 
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results for 2010, all scores for the red piranha were below 7.0, indicating that current 

Pennsylvania climate is not suitable for the prolonged establishment of the red piranha.  

According to the USGS Nonindigenous Aquatic Invasive Species database (NAS), 

specimens have been found in Pennsylvania and other states, but all have been failed 

populations.  The failed history of invasion of this fish may be due to winter temperatures 

below which a red piranha could survive, or due to low propagule pressure if only one 

individual or a low number of individuals of the same sex are released.  According to the 

published temperature limits for the red piranha, it does not appear to be able to persist in 

locations with winter water temperatures below 10°C.  Currently, Pennsylvania, average 

air temperature is about 9.23°C based on historical data, which would make Pennsylvania 

too cold for successful establishment of this species based on temperature tolerances.  

However, climate projection data for A2 2099 predicts average state temperatures of 

13.85°C and CLIMATCH scores predict that over 50 percent of habitat in Pennsylvania 

could become suitable for this species.  In addition, water temperatures are often warmer 

than colder air temperatures, and this should be taken into consideration when comparing 

physiological temperature limits of species with projected air temperatures.   This 

suggests that in the future, as these species are intentionally released, there will be areas 

of Pennsylvania that may be suitable for the establishment of this species.  

If this species were to establish, FISK predicts the red piranha to have an 

invasiveness score of 19, which makes this a high risk species.  This result suggests that 

the red piranha will pose a significant risk to Pennsylvania, and should hold priority over 

other species with lower scores for targeted outreach and prevention measures.   

While ultimately impacts of the red piranha in Pennsylvania are unknown, 

potential impacts may include impacts to recreational activities such as fishing and 
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swimming, impacts to Pennsylvania’s fisheries, and impacts to Pennsylvania’s 

ecosystem.  Red piranhas are considered an aggressive species that can cause injury to 

swimmers and decrease recreational water use by biting; however, many experts consider 

its threat to humans is greatly exaggerated.  The aggressive behavior of the red piranha 

could also alter the feeding behavior and distribution of other fish, many of which could 

be valuable sport fish, potentially affecting the sport fishing industry in Pennsylvania.  

The aggressive nature of piranhas, and the potential lack of natural predators in 

Pennsylvania, could also provide this species with a competitive advantage over native 

species for food and refugia, altering the food web and ultimately the ecological 

community and structure of the infestation site.  
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APPENDIX IV 
 

Results of 2-way repeated measures ANOVA, with percent climate suitability as the 

dependent variable, scenario (baseline, B1 2059, B1 2099, A2 2059, A2 2099) as the 

repeated (within-subjects) factor, and Taxon (plants, invertebrates, fish) as the 

between-subjects factor (partial SPSS output). 

Multivariate Testsc 

Effect Value F Hypothesis df Error df Sig. 

Scenario Pillai's Trace .591 16.229a 4.000 45.000 .000 

Wilks' Lambda .409 16.229a 4.000 45.000 .000 

Hotelling's Trace 1.443 16.229a 4.000 45.000 .000 

Roy's Largest Root 1.443 16.229a 4.000 45.000 .000 

Scenario * Taxon Pillai's Trace .609 5.037 8.000 92.000 .000 

Wilks' Lambda .446 5.604a 8.000 90.000 .000 

Hotelling's Trace 1.121 6.168 8.000 88.000 .000 

Roy's Largest Root .998 11.482b 4.000 46.000 .000 

a. Exact statistic 

b. The statistic is an upper bound on F that yields a lower bound on the significance level. 

c. Design: Intercept + Taxon; 

Within Subjects Design: Scenario 

 

Mauchly's Test of Sphericityb 

Within Subjects Effect Mauchly's W Approx. Chi-Square df Sig. 

Scenario .062 128.767 9 .000 

Mauchly's Test of Sphericityb 

Within Subjects Effect 

Epsilona 

Greenhouse-Geisser Huynh-Feldt Lower-bound 

Scenario .497 .540 .250 

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent 

variables is proportional to an identity matrix. 
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a. May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are 

displayed in the Tests of Within-Subjects Effects table. 

b. Design: Intercept + Taxon  

 Within Subjects Design: Scenario 
 

Tests of Within-Subjects Effects 

Source 

Type III Sum of 

Squares df Mean Square 

Scenario Sphericity Assumed 3.283 4 .821 

Greenhouse-Geisser 3.283 1.989 1.650 

Huynh-Feldt 3.283 2.162 1.518 

Lower-bound 3.283 1.000 3.283 

Scenario * Taxon Sphericity Assumed .950 8 .119 

Greenhouse-Geisser .950 3.979 .239 

Huynh-Feldt .950 4.323 .220 

Lower-bound .950 2.000 .475 

Error(Scenario) Sphericity Assumed 5.851 192 .030 

Greenhouse-Geisser 5.851 95.494 .061 

Huynh-Feldt 5.851 103.764 .056 

Lower-bound 5.851 48.000 .122 
 

 

Tests of Within-Subjects Effects 

Source F Sig. 

Scenario Sphericity Assumed 26.931 .000 

Greenhouse-Geisser 26.931 .000 

Huynh-Feldt 26.931 .000 

Lower-bound 26.931 .000 

Scenario * Taxon Sphericity Assumed 3.899 .000 

Greenhouse-Geisser 3.899 .006 

Huynh-Feldt 3.899 .004 

Lower-bound 3.899 .027 
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Tests of Within-Subjects Contrasts 

Source Scenario 

Type III Sum 

of Squares df Mean Square F Sig. 

Scenario Level 2 vs. Level 1 .204 1 .204 5.775 .020 

Level 3 vs. Level 1 .201 1 .201 5.299 .026 

Level 4 vs. Level 1 .793 1 .793 13.553 .001 

Level 5 vs. Level 1 3.649 1 3.649 24.832 .000 

Scenario * Taxon Level 2 vs. Level 1 1.266 2 .633 17.913 .000 

Level 3 vs. Level 1 .037 2 .019 .494 .613 

Level 4 vs. Level 1 .012 2 .006 .099 .906 

Level 5 vs. Level 1 .202 2 .101 .688 .507 

Error(Scenario) Level 2 vs. Level 1 1.696 48 .035   

Level 3 vs. Level 1 1.817 48 .038   

Level 4 vs. Level 1 2.810 48 .059   

Level 5 vs. Level 1 7.054 48 .147   

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept 15.661 1 15.661 68.595 .000 

Taxon .748 2 .374 1.638 .205 

Error 10.959 48 .228   
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