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Abstract 

Since the 1980’s invasive carp have been expanding their range northward up the 

Mississippi River. Consisting of four species, grass carp (Ctenophaygodon idella), silver 

carp (Hypophthalmichthys molitrix), bighead carp (H. nobilis), and black carp 

(Mylopharyngodon piceus), these fish have the potential to naturalize and expand into 

large Mississippi River tributaries like the Minnesota River (MNR). Thus, understanding 

the likelihood of naturalization in these tributaries is vital in guiding prevention or 

mitigation efforts. This study evaluates the environmental suitability of the Minnesota 

River, the largest tributary to the Mississippi in Minnesota, for invasive carp. 

Environmental suitability for invasive carp is modeled using a two-stage framework. The 

first stage models the climatic suitability of the river with the NicheA model algorithm. 

The models were then refined using higher resolution MODIS remotely sensed data in 

the MaxEnt model algorithm. MaxEnt model results were connected to different 

floodplain inundation levels on the Minnesota River to forecast at risk backwaters. While 

variable, models forecast suitable habitat for all four species of invasive carp in the 

Minnesota River watershed.  Combined, these data can be used to inform prevention and 

mitigation strategies for invasive carp management efforts in the Minnesota River 

watershed. 
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Chapter 1: Literature Review 

Aquatic Invasive Species 
Invasive species, as defined by Executive Order 13112 during the Clinton 

administration (1993-2001), are “non-native to the ecosystem…whose introduction 

causes or is likely to cause economic or environmental harm or harm to human health”.  

Invasive species typically possess characteristics that make them an immense ecological 

and monetary concern (e.g. high number of offspring, fast growth rate, high dispersal 

rate) (Lodge 1993; McMahon 2002). Successful invasive species typically have: 1) high 

abundance in their native range, 2) utilize a broad food source, 3) rapid population turn-

over facilitated by quick sexual maturation, 4) the ability for fertilized females to 

colonize alone, 5) high genetic variability, 6) beneficial use to humans, and 7) are tolerant 

of a wide variety of habitats (Ehrlich 1984). These traits may be necessary for a species 

to survive in their native range, or the area a species historically originated from 

(McMahon 2002).   In new environments, invasive species lack many controls to their 

population (e.g. predators, competition for food or space, and diseases) that would 

otherwise limit their populations (Simberloff 1989). The traits of a successful invasive 

species are not limited to terrestrial species.  

 Aquatic invasive species have multiple vectors of introduction which can be 

grouped into two major categories: natural and anthropogenically assisted (Lovell, Stone, 

and Fernandez 2006). Natural vectors conduce the movement of invasive species to new 

areas without anthropogenic forcing (e.g. natural dispersal, parasitism on waterfowl, and 

movement to new waterways during high flood stages) (Rasmussen 2002; Hermann and 
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Sorensen 2009). Anthropogenically assisted vectors require human assistance through 

intentional or accidental behavior. Many invasive species are unintentionally released 

along trade routes or through recreational activities (e.g. zebra mussel (Dreissena 

polymorpha), Eurasian water milfoil (Myriophyllum spicatum), and hydrilla (Hydrilla 

verticillata)) (Coetzee, Hill, and Schlange 2009; Rasmussen 2002; Horsch and Lewis 

2009). Not all human assisted introductions are accidental, some species are brought 

intentionally through the pet trade (e.g. lionfish (Pterois volitans)), as ornamental 

vegetation (e.g. purple loose strife (Lythrum salicaria)), to enhance recreation or trade 

(e.g. Northern pike (Esox lucius) in California), or as a biological controlling agent (e.g. 

black carp (Mycophatgynodon piceus) controlling trematode populations) (Blossey, 

Skinner, and Taylor 2001; Ferber 2001; Lee 2001; Semmens et al 2004).  

 Human-caused disturbances promote the spread of invasive species by creating 

new microhabitats, reducing predator or competing populations making it less possible 

for them to control invading populations, and increasing the area of accessible habitat to 

invaders (Byers 2002). Anthropogenic alterations (e.g. dams, river channelization, river 

straightening) can alter an ecosystem so that native species are no longer adapted to the 

modified conditions, leaving an open niche for invasive species to exploit (Aguiar, 

Ferreira, and Moreira 2001; Byers 2002; Johnson et al. 2008). For example, invasive 

parrot feather watermilfoil (Myriophyllum aquaticum) encroached on the Mondego 

River’s riparian zone after river straightening and bank reinforcement (Aguiar, Ferreira, 

and Moreira 2001). 
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Once established, invasive species disrupt ecosystems (Carlton 2001). Invasive 

species are the second leading cause of reduction in biodiversity, or variety of species, an 

indicator of a healthy ecosystem (Vitousek et al. 1997). For example, after the 

introduction of Nile perch (Lates spp.), Lake Victoria experienced the extirpation of 

approximately 200 vertebrate species in less than a decade (Goldschmidt, Witte, and 

Wanink 1993). In addition to altering the community, invasive species can alter the 

physical habitat. Common carp (Cyprinus carpio), a common invasive species within the 

United States, can decrease water quality by increasing turbidity, or the amount of 

sediment within the water, and mobilizing nutrients (e.g. phosphorous) that contribute to 

toxic algal blooms (Weber and Brown 2009). The effects of invasive species are not 

limited to biological and environmental systems. Environmental effects often manifest as 

devastating economic costs, with national estimates suggesting upwards of $128 billion 

spent annually to mitigate the effects of invasive species (Pimentel et al. 2000; Lovell, 

Stone, and Fernandez 2016).  

Invasive Carp 

Invasive carp are one group of aquatic invasive species that are of major concern 

throughout the United States (Ferber 2001; Herborg et al. 2006; Kolar et al. 2007; Sass et 

al. 2014; Zhang et al. 2016). There are four species of invasive carp: grass carp 

(Ctenophaygodon idella ; Valenciennes in Cuvier and Valenciennes 1844),), silver carp 

(Hypophthalmichthys molitrix; Valenciennes in Cuvier and Valenciennes 1844), bighead 

carp (Hypophthalmichthys nobilis ; Richardson 1845), and black carp (Mylopharyngodon 

piceus; Richardson 1846) (Figure 1.1).  
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Figure 1.1 Four species of invasive carp © Joseph R. Tomelleri  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Grass carp (C. idella) 

Silver carp (H. molitrix) 

Bighead carp (H. nobilis) 

Black carp (M. piceus) 



5 
 

Invasive carp share evolutionary roots in the Yangtze River on the Asian 

continent, but were intentionally brought to the United States for use in aquaculture 

(Kolar et al. 2007). By the 1990s, invasive carp had escaped captivity and were 

reproducing in the Mississippi River. Invasive carp have quickly expanded their range 

upstream and through tributaries of the Mississippi River Basin (Kolar et al. 2007; Figure 

1.2).
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Figure 1.2 Invasive carp United States’ distributions 
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Grass Carp (C. idella) 

 Grass carp are native to waters stretching from southern Russia into northern 

Vietnam (Cudmore and Mandrak 2004; Figure 1.3). This area experiences average air 

temperatures between -6° C and 25° C (Cudmore and Mandrak 2004). Commercial 

fishing records provide the little information available on the abundance of wild grass 

carp within their native range (Cudmore and Mandrak 2004). Catch rates suggest 

localized population decline in parts of the native range due to overfishing during the 

1950s and 60s (Shireman and Smith 1983). Despite limited population declines, grass 

carp are populations are on the rise in many locations outside of their native range 

(Raibley, Blodgett, and Sparks 1995; Pflieger 2011; Chapman et al. 2013). This is in part 

to grass carp being exposed to a broad range of environmental conditions in its native 

range.  

Figure 1.3 Grass carp’s (C. idella) native range, adapted from Cudmore and Mandrak 

2004  
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Grass carp can acclimatize to new conditions well, surviving in a diverse 

environmental conditions. For example, adult grass carp can survive in water 

temperatures as high as 35°C, but can overwinter in temperatures as low as 1°C 

(Opuszynski 1972). Despite the large range, grass carp show preference for water around 

25°C (Bettoli et al. 1985). Grass carp are also tolerant to low water quality, with 

yearlings surviving dissolved oxygen concentrations as low as 0.22 mg/L (Opuszynski 

1967). Grass carp fry are more susceptible to low dissolved oxygen levels than older carp 

(Opuszynski 1967).   Additionally, adult grass carp can utilize brackish waters, surviving 

in salinity concentrations up to 19 parts per trillion (PPT) for brief periods (Shireman and 

Smith 1983).  

Adult grass carp are capable of growing up to one meter in length and weighing 

36 kg in their native range (Shireman and Smith 1983; Chilton and Muoneke 1992; 

Cudmore and Mandrak 2004).   Wild grass carp, within their native range, typically live 

5-11 years, becoming sexually mature between year 2-10 depending on food availability, 

temperature, and dissolved oxygen levels (Shireman and Smith 1983; Cudmore and 

Mandrak 2004). In the United States however, grass carp as old as 33 years have been 

caught and records indicate sexual maturation between years 4-5 (Chilton and Muoneke 

1992; Cudmore and Mandrak 2004). Adult grass carp favor densely vegetated habitat in 

backwaters, ponds, and lakes and usually remain in the littoral zone (Shireman and Smith 

1983; Page and Burr 1991). Adult grass carp utilize rivers, particularly during spawning.  

Sexually mature grass carp will migrate to the main river channel, particularly 

areas with rapids or sand bars, to spawn once triggered by river conditions. Spawning 
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triggers include a rise in water level of at least 122 cm in 12 hours, an optimum water 

temperature of 20°C to 22°C, and a river velocity between 0.6-1.5 m/sec (Stanley, Miley 

and Sutton 1978; Shireman and Smith 1983; Chilton and Muoneke 1992). In their native 

range, grass carp begin migrating to their spawning grounds when water temperatures are 

around 15-17°C and will begin spawning once water temperatures surpass 18°C. Grass 

carp spawns peak at different temperatures, between 20°-22°C in Russia and 26°-30°C in 

China (Cudmore and Mandrak 2004). Areas with temperate climate tend to have spawns 

that are well defined and short lived. In contrast, spawns can be much more ambiguous in 

tropical regions (Cudmore and Mandrak 2004). In rare years, if conditions are met often 

enough, multiple spawnings have been documented (Shireman and Smith 1983). 

Successful spawns have been known to occur outside of the idealized ranges (Shireman 

and Smith 1983; Crossman, Nepszy, and Krause 1987; Cudmore and Mandrak 2004). 

However, if the optimum conditions are not met female carp will reabsorb their eggs 

(Gorbach 1970). 

 Even if environmental conditions for a spawn to be successful are met, grass carp 

eggs must stay afloat within well oxygenated water for 50-180 km (Niklosky 1963; 

Stanley, Miley and Sutton 1978; Chilton and Muoneke 1992). If the eggs sink and settle 

on the river bottom during the incubation period, the embryo will suffocate. Research 

suggests an optimal velocity of 0.8 m/s for incubation, although a velocity as low as 0.23 

m/sec has shown to keep grass carp eggs afloat long enough to hatch (Cudmore and 

Mandrak 2004).  For this reason, preferred spawning sites are turbid, turbulent reaches 

near large river confluences as the water in these areas are typically well oxygenated and 
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provide a large enough area for incubation (Stanley, Miley and Sutton 1978). During the 

incubation period, the ideal water temperature is between 21-26°C, with marked 

increased in deformities and death below 20°C (Shireman and Smith 1983). Once 

hatched, in order to survive, larval grass carp must move into calmer water, which 

typically occurs in habitat adjacent to the river, such as floodplain lakes.  

Larval grass carp consume zooplankton and insect larvae until their growth 

exceeds 30 mm when they become almost exclusively herbivores (Opuszynski and 

Shireman 1995). As adults, 95% of a grass carp’s diet is made up of macrophytes, or 

aquatic plants (Fedorenko and Fraser 1978). These “selective generalists” are known to 

eat more than 50 genera of food items, but show a preference for soft-leafed plants over 

firm-leafed plants or filamentous algae (Van Dyke, Leslie, and Nall 1984; Bain et al. 

1990; Opuszynski and Shireman 1995; Dibble and Kovalenko 2009). In areas where 

there is little to no aquatic vegetation, grass carp have a more variable diet. Although 

grass carp do show plasticity in diet, when consuming non-preferred items (e.g., crayfish 

or emergent vegetation) individuals tend to be in poorer condition (e.g. lower body 

weight) (Cudmore and Mandrak 2004). The preference for macrophytes makes grass carp 

appealing for use in aquaculture. 

Grass carp have established self-sustaining populations in 50% of the 115 

countries they were introduced in globally despite occurring in low densities in their 

native range (Cudmore and Mandrak 2004).  The large bodied omnivores are used to 

control aquatic vegetation in aquaculture (Cudmore and Mandrak 2004).  Grass carp were 

imported into the United States for use in aquaculture in 1963 and escaped into open 
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water shortly after. The presence of grass carp has been recorded in 45 states since their 

introduction. Grass carp are capable removing all the aquatic vegetation from an area 

which can have drastic impact on an ecosystem (Dibble and Kolvalenko 2009; Van Dyke, 

Leslie, and Nall 1984; Wiley, Tazik, and Sobaski 1987). After the introduction of grass 

carp, modifications in plant communities towards invasive plants or non-palatable species 

has been documented, disrupting the food web and in some cases causing trophic cascade 

(Van Dyke, Leslie, and Nall 1984; McKnight and Hepp 1995; Dibble and Kolvalenko 

2009). A decrease in water quality has also been reported due to sediment resuspension 

during grass carp feeding and the collapse of nutrient cycling mechanisms responsible for 

vegetated growth leading to algal blooms (Shireman and Smith 1983; Kirkagac and 

Demir 2004; Dibble and Kolvalenko 2009).   Despite the risk, triploid, or sterile, grass 

carp are still used in aquaculture, although the efficiency of these genetic modification to 

prevent spawns are still in question (Wiley, Tazik, and Sobaski 1987; Cudmore and 

Mandrak 2004; Dibble and Kovalenko 2009).  

Silver Carp (H. molitrix) 

 Silver carp are native to Asia between the latitudes of 22°N and 54°N (e.g. China, 

northern Vietnam, and Siberia) (Xie and Chen 2001; Figure 1.4). The historical limits of 

silver carp’s range is not known due to wide introductions in eastern Asia (Kolar et al. 

2007).  Silver carp was able to be wide introduced because it can survive in variable 

environmental conditions (Xie and Chen 2001). Larval silver carp are capable of 

surviving in water temperatures ranging from 0°C to 46°C, although the optimal range is 

between 26°C and 39°C (Opuszynski et al. 1989; Kolar et al. 2007). Additionally, silver 
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carp can survive in brackish waters. For example, larval and fingerlings have been 

reported migrating to the Caspian Sea, with 6-12% salinity, to grow until sexual maturity 

(Abdusamadov 1987). Little information exists on adult silver carp use of brackish water, 

but there are recorded captures in estuarine areas in Brazil (Garcia et al. 2004). Normally, 

silver carp are found in slow flowing rivers and backwaters. Favoring open and eutrophic 

water, silver carp show preference for the upper and middle levels of the water column 

(Kolar et al. 2007). 

Figure 1.4. Silver carp’s (H. molitrix) native range, adapted from Cudmore and Mandrak 

2004 
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Adult silver carp are often found in large schools (Kolar et al. 2007). Large adults 

can reach up to 40 kg and over one meter in length (Kamilov and Salikhov 1996; Kolar et 

al. 2007). Silver carp grow quickly and live upwards of 20 years, becoming sexually 

mature between year 3-6 (Berg 1964; Konradt 1965; Abdusamadov 1987; Kolar et 

al.2007). A highly fecund species, female silver carp produce an average of 171 eggs per 

gram of body mass, with records showing up to 1.3 million eggs per female (Jhingran and 

Pullin 1985; Abdusamadov 1987).  

Sexually mature silver carp, triggered by environmental conditions, migrate to 

swift waters, usually near the mouths or confluences of rivers, to spawn ( Konradt 1965). 

Spawning conditions are not universally agreed upon, but research suggests that an 

increase in water level, a minimum velocity of 0.7 m/s, water temperature of at least 

17°C, and flooded backwaters are suitable for spawning events (Verigin et al. 1978; 

Krykhtin and Gorbach 1981; Schrank et al. 2001; DeGrandchamp et al. 2007; Lohmeyer 

and Garvey 2009). It is argued the increase in flow may not initiate the spawn, but instead 

causes an increase in turbidity which triggers the silver carp to start spawning (Stanley et 

al. 1978). This hypothesis is supported by evidence in the highly turbid Kara Kum Canal, 

which is controlled for water level, but meets the flow and temperature criteria during 

part of the year. This canal has had occurrences of silver carp spawning events despite 

consistent water level, supporting that the spawning criteria may be flexible (Aliyev 

1976). Silver carp are known to spawn up to 3 times in a year (Ruebush 2011), but if 

environmental conditions are not ideal, female carp will reabsorb some or all their eggs, 
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conserving energy (Gorbach 1970).  Eggs released in a spawning event will continue 

downstream until hatched.  

  Flow velocity is important in maintaining egg buoyance, as the eggs must stay 

afloat until they are hatched (Niklosky 1963; Murphy and Jackson 2013). It was believed 

that at least 100 km of river is needed for the eggs to hatch (Krykhtin and Gorbach 1981), 

but more recent research suggests incubation time is site specific and dependent on water 

temperature and velocity (Murphy and Jackson 2013). In some cases, the eggs floated as 

little as 25 km before hatching (Murphy and Jackson 2013). Once hatched, larval silver 

carp migrate to slower water in flooded backwaters where they consume zooplankton and 

grow (Krykhtin and Gorbach 1981; Williamson and Garvey 2005). At around 18 days old 

the primary diet of silver carp switches to phytoplankton, which remains their preferred 

food choice for the remainder of their life (Sobolev 1970; Cremer and Smitherman 1980; 

Spataru, Wohlfarth, and Hulata 1983; Williamson and Garvey 2005).  

Highly modified gill rakers allow silver carp filter plankton and other particles out 

of the water (Kolar et al. 2004). The gill rakers are capable of filtering particles as small 

as 3.2 µm (Chorella spp. Algae) (Kolar et al. 2007). Research has found no difference in 

the proportion of taxa or particle size in the gut of silver carp in comparision to water 

samples, suggesting they are not selective (Cremer and Smitheran 1980). When 

phytoplankton densities are low, silver carp will also consume algae, zooplankton, 

bacteria, and detritus in large quantities (Schroeder 1978; Opuszynski 1981; Spataru and 

Gophen 1985). The ability of silver carp to filter large quantities of plankton made the 

fish appealing for biocontrol.  
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 Silver carp have been imported or spread to 88 countries globally (Kolar et al. 

2007). Of those, 23 (26%) countries have reproducing populations and 32 (36%) 

countries are unsure if silver carp are established. There are multiple accounts of silver 

carp being imported to the United States for aquaculture or biofiltration of sewage ponds 

(Cremer and Smitheran 1980; Shelton and Smitherman 1984). There is evidence that 

silver carp initially escaped from Arkansas into tributaries of the Mississippi River (Kolar 

et al. 2004). As of 2018, silver carp occur in 21 states. Silver carp’s ability to 

indiscriminately filter small particles from the water was useful in biofiltration and 

aquaculture, but now makes the species a danger to native populations.  For example 

phytoplankton communities experience a species composition shift towards smaller 

species in the presence of silver carp (Kucklentz 2017). Similar shifts can be seen in 

zooplankton communities, but this may be due to competition for food, not predation 

(Fukushima et al. 1999; Radke and Kahl 2002). In addition to altering species 

communities, silver carp also affect human recreational activities. Adult silver have a 

physical reaction to noise disturbances in the water. When startled by noise, like a boat 

motor, the fish jump out of the water (Nikolsky 1963). Jumping may be a defense 

mechanism in response to a perceived predator (Perea 2002).  This reaction does pose a 

serious danger to boaters, as jumping silver carp capable of breaking bones or causing 

concussions as they fly through the air and come into contact with people (Kolar et al. 

2007). 
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Bighead Carp (H. nobilis) 

 Bighead carp are native to eastern China, Siberia, and far northern portions of 

North Korea, between latitudes of 24°N and 47°N (Figure 1.5). Similar to silver carp, 

bighead carp’s natural native range may never be known because of wide introductions 

throughout eastern Asia (Kolar et al. 2007). Chinese commercial fisheries catch records 

suggest that bighead carp populations are abundant in their native range. In 1998, silver 

carp and bighead carp combined made up more than 60% of the 1,294,000 metric ton 

commercial fishing haul from Chinese reservoirs (Kolar et al. 2007). The native 

distribution for bighead carp has a large air temperature range of -30°C to 40°C (Kolar et 

al. 2007).  

Figure 1.5 Bighead carp’s (H. nobilis) native range, adapted from Cudmore and 
Mandrak 2004 
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Bighead carp can tolerate a range of environmental conditions. In a laboratory 

study, bighead carp preferred water temperatures of 25.0-26.9°C (Bettoli et al. 1985).  

The same study concluded bighead carp’s thermal maximum as 38°C (Bettoli et al. 

1985). The lower thermal limit has not been identified, but bighead carp survive in the 

Manchurian Plain, which remains frozen for 4 to 6 months of the year, so it is assumed 

they are cold tolerant (Kolar et al. 2007). Similar to the previous species of invasive carp, 

bighead carp are able to survive in brackish water with low salinity. A study conducted 

on bighead carp fry in Laguna Lake in the Philippines, which experiences saltwater 

intrusion, concluded that bighead carp must have some osmoregulation abilities that 

allowed them to continue to grow after facing exposure to saline water (Garcia et al. 

1999). Habitat use by bighead carp is also very similar to silver carp. Most adult bighead 

carp remain in waters that are slower than 0.3 m/s within the river channel or neighboring 

backwaters. Staying below 3 meters, bighead carp are not seen at the surface unless 

spawning or feeding (Kolar et al. 2007). Bighead carp tend to be rather stationary moving 

less than 15 km daily, except during a spawn (Peters, Pegg, and Reinhardt 2006). 

 Bighead carp are capable of growing to lengths over 1.5 meters long and 40 kg 

(Kolar et al. 2007). Not much is known about the longevity of the species in the native 

range. The oldest bighead carp caught in the United States was 8-10 years old and 

showed evidence of recent growth (Morrison et al. 2004). Generally, bighead carp 

become sexually mature during their third to fourth year of life, although environmental 
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factors will influence this (Jennings 1988). Female bighead carp are highly fecund, 

usually producing 126 eggs per gram of body weight (Jhingran and Pullin 1985).  

The bighead carp spawn typically occurs between April and June in Asia, peaking 

in late May (Kolar et al. 2007). Akin to the other invasive carp species, bighead carp are 

triggered to migrate upstream to spawning grounds by a rise in water level (Jennings 

1988). Characteristic bighead carp spawning grounds are found where the mixing of 

waters in occurring (e.g. confluences, rapids, behind sandbars). Native spawning sites 

typically have rapidly flowing turbid water with a velocity of 0.6-2.3 m/s and visibility of 

10-15 cm (Verigin et al. 1978). Ideal water temperature ranges from 18°C to 30°C 

(Verigin et al. 1978; Kolar et al. 2007). Evidence of successful spawns have occurred 

outside these conditions (e.g.  Kara Kum Canal), suggesting plasticity in spawning 

requirements (Aliev 1976; Opuszynski and Shireman 1995). Once laid, the drifting eggs 

must stay afloat in an oxygenated current until mature enough to migrate into nursery 

habitat (e.g. backwaters) where they feed on zooplankton (Kolar et al. 2007; Deters, 

Chapman, and McElroy 2013)   

 Bighead carp remain zooplanktivorous throughout their lives (Cremer and 

Smitherman 1980; Jhingran and Pullin 1985). Bighead carp have two feeding methods, 

pump feeding and ram suspension feeding (Kolar et al. 2004). When pump feeding, 

bighead push water through their gill rakers, filtering out particles (Kolar et al. 2007). 

Ram suspension feeding occurs at the surface, where bighead swim through the water 

with their mouth open, pushing water through their gill rakers in intermittent gulps (Kolar 

et al. 2007). Unlike silver carp, bighead carp will selectively feed when food densities are 
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high (Jennings 2988). However, bighead carp are known to be opportunistic when 

zooplankton densities are low, switching to phytoplankton or detritus.   

 Bighead carp have records in 73 countries and have established populations in at 

least 19 countries (Kolar et al. 2007). Introduced to the United States in 1972, bighead 

carp were used in aquaculture farm in Arkansas to improve water quality (Jennings 

1988). It is unknown when bighead carp escaped containment, but the first captures in 

open waters occurred during the early 1980s (Jennings 1988). Once in a system, bighead 

carp are a great risk to native planktivores that have overlapping diets, like the gizzard 

shad (Dorosoma cepedianum) and bigmouth buffalo (Ictiobus cyprinellus) (Irons et al. 

2007; Sampson, Chick, and Pegg 2009). Studies done on the Illinois River showed a 

decline in population and condition of gizzard shad and bigmouth buffalo post silver and 

bighead carp invasion (Irons et al. 2007).  

Black Carp (M. piceus) 

 Black carp have a native range from southern Russia to southern China, but are 

absent from the Korean peninsula (Nico, Jelks, and Williams 2005; Figure 1.6). This 

includes most Pacific Ocean draining watershed in east Asia from 22°N and 51°N (Nico, 

Jelks, and Williams 2005). Unfortunately, due to incomplete records and introductions 

into non-native waters the true historical range is not known. Similar to grass carp, wild 

native black carp populations may also be in decline in some areas due to overfishing 

(Berg 1945; Nico, Jelks, and Williams 2005). Black carp are so rare in Russia, they were 

listed as a species threatened with extinction in the early 2000s (Nico, Jelks, and 
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Williams 2005). However, black carp are thriving in other parts of their native range, 

including the Chang River basin (Berg 1949; Nico, Jelks, and Williams 2005). 

Figure 1.6. Black carp’s (M. piceus) native range, adapted from Cudmore and Mandrak 
2004 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Little research exists on black carp outside their use in aquaculture but these 

benthic fish are hypothesized to have all the same life requirements as the other invasive 

carp species previously described here (Nico and Jelks 2011). Black carp are native to a 

variety of climates, ranging from subtropical to cold (Nico, Jelks and Williams 2005). 

Thermal limits for wild black carp are not known, but research shows the fish do best 

between 4°C and 30°C (Nico, Jelks and Williams 2005). Their large native range 



21 
 

suggests black carp are cold tolerant, as portions of the Amur River are frozen for part of 

the year (Nico, Jelks and Williams 2005). There is also no data on the salinity limits of 

black carp, but they have been captured in brackish water before (Gorbach 1961; Nico, 

Jelks and Williams 2005). Black carp prefer clear water, with dissolved oxygen levels 

around 5 mg/L, but can survive dissolved oxygen levels as low as 2 mg/L (Nico, Jelks 

and Williams 2005).  Similar to the other invasive carp species, black carp can be found 

in rivers, backwaters, and lakes depending on their life stage (Nico, Jelks and Williams 

2005).  

Black carp are large-bodied with records showing growth up to 1.5m in length 

and over 70kg (Nico, Jelks, and Williams 2005). Growth rates and age of maturity are 

related to latitude, with carp at lower latitudes becoming to sexual mature at a younger 

age (Nico, Jelks, and Williams 2005).  Male black carp reach maturity anywhere from six 

to eleven years of age, although there have been instances of sexually mature males as 

young as three in China (Nico, Jelks, and Williams 2005). Female black carp are highly 

fecund, producing 82 ova per gram body mass, with research showing occurrence of up 

to a million eggs (Jhingran and Pullin 1985). Adult black carp inhabit slow moving water 

within the middle and lower portions except during spawning events where they move to 

large rivers (Nico and Jelks 2011). 

 In their native range, black carp spawn in late spring into summer, depending on 

seasonal flooding (Nico, Jelks, and Williams 2005).  Surges in water level, increased 

velocity, and water temperatures between 26°-30°C are cues for black carp to move to 

large rivers to spawn (Soklov 2002; Nico, Jelks, and Williams 2005). In aquaculture, 
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black carp spawn later than silver carp or bighead carp despite similar spawning 

requirements (Atkinson 1977). Multiple black carp spawns have been suggested in the 

literature, but the occurrence of multiple spawns has never been recorded (Nico, Jelks, 

and Williams 2005). Similar to other invasive carp, black carp eggs need to remain 

buoyant until hatched (Nico, Jelks, and Williams 2005). Once hatched, larval black carp 

migrate to nursery habitat in backwaters and attached lakes to feed (Chang 1966).  

Larval black carp consume zooplankton until their pharyngeal teeth grow, at 

which point they become full time molluscivores, consuming mostly bivalves and snails 

(Nico, Jelks, and Williams 2005). Pharyngeal teeth are a distinguishing feature of black 

carp in comparison to other invasive carp species. The structure allows black carp to 

crack the hard outer shells of their prey (Nico, Jelks, and Williams 2005). Information on 

wild black carp diet, particularly selectivity of taxa, is lacking. Most information 

available about black carp diet is from aquaculture, where mollusks are supplemented 

(Nico, Jelks, and Williams 2005). This lack of data makes interpreting the trophic 

ecology of black carp difficult. Despite the unknown trophic risk, black carp were widely 

introduced to control mollusk populations (Nico, Jelks, and Williams 2005). 

Black carp have been introduced in 30 countries globally (Nico, Jelks, and 

Williams 2005). Initially, black carp were imported into the United States as a 

contaminant fish in grass carp stocks in 1973 (Nico, Jelks, and Williams 2005). 

Beginning in the 1980s, black carp were used as a biocontrol for parasites hosted in snails 

and reared for food (Nico, Jelks, and Williams 2005). It was also believed black carp 

could be used as a biocontrol for zebra mussels, but further research did not support this 
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(Nico, Jelks, and Williams 2005). In 1994, black carp escaped into open waters, but a 

wild invasive black carp was not captured in the wild until 2003 (Chick et al. 2003; Nico, 

Jelks, and Williams 2005). Eleven states are now listed as having black carp occurrences 

(Nico, Jelks, and Williams 2005).  Black carp are rarely detected and typically only 

captured in hoop nets, indicating low abundances or an aversion to current sampling 

methods (Nico and Jelks 2011). Listed as injurious in the US in 2007 under the Lacey 

Act, black carp are still used in Arkansas and Mississippi for aquaculture in their fertile 

diploid form, but can no longer be imported or transported across state lines (Nico and 

Jelks 2011). Due to lack of data it is difficult to describe and predict the impact this 

species will have (Nico, Jelks, and Williams 2005). 

Efforts to Control Invasive Carp  

 

 The most effective way to manage aquatic invasive species is to prevent their 

arrival and establishment (Lovell et al. 2006). In systems where invasive carp are 

established, managers work to control their spread and population size in attempts to 

prevent them from causing further harm to native ecosystems. Strategies for controlling 

invasive fish post invasion include mechanical removal (e.g. electrofishing or gill 

netting), piscicides such as Rotenone or other chemicals, or habitat modifications through 

barriers (Moy et al. 2011). Mechanical removal, particularly electrofishing, allows the 

selective removal of species, but is more labor intensive. Piscicides are less labor 

intensive, but can cause more non-target species mortality.  Neither mechanical removal 

nor piscicides is a long-term solution if the waterbody is connected to other infested 
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waters. Many times, they are used in conjunction with environmental modifications (e.g. 

gates, barriers).   

 Anthropogenically created barriers are one of the most commonly used methods 

for slowing the spread of invasive fish. Some types of barriers include: strobe lights, 

acoustic deterrents, bubble curtains, velocity barriers, hypoxic zones, magnetic fields, or 

electric barriers (Ruebush 2011; Noatch and Suski 2012; Escobar et al. 2018).  

An example of barriers to prevent species spread is the Chicago Sanitary Shipping 

Canal. Completed in 1858, the Chicago Sanitary Shipping Canal was created to manage 

sewage away from Chicago’s water source, Lake Michigan, and to increase trade 

productivity (Rasmussen 2002; Moy et al. 2011). Reversing the flow hydrologically 

connected the watershed of the Great Lakes to that of the Mississippi River, allowing for 

species exchange between the two watersheds, which had previously been disconnected 

towards the end of the last ice age (Rasmussen 2002; Moy et al. 2011). However 

historically, the Chicago Sanitary Shipping Canal was so highly polluted that it could not 

support aquatic life (Rasmussen 2002). Following the enactment of the Clean Water Act 

in 1972, water quality was improved and the system is now capable of supporting life and 

facilitating the flow of species between systems (Rasmussen 2002; Moy et al. 2011). For 

example, zebra mussels and round gobies (Neogobius melanostomus) utilized the channel 

to invade and establish in the Mississippi River basin (Ray and Corkum 1997; Rasmussen 

2002).  Electric barriers were first installed in 2002 to prevent invasive carp from moving 

into the Great Lakes (Rasmussen 2002; Moy et al. 2011). Radio-telemetry research on the 

effectiveness of the electric barrier was conducted using common carp (Sparks et al. 
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2010). Of the 130 tagged common carp released, only one fish was tracked as having 

passed through the barrier (Sparks et al. 2010). Further telemetry research conducted by 

the Illinois Department of Natural Resources (IL DNR) corroborates that the electric 

barrier is effective, with zero live fish, out of 215, moving upstream of the barrier (IL 

DNR 2016). However, electric barriers are not entirely effective and have associated 

issues (e.g. maintenance costs, malfunctions, reduced effectiveness for smaller fish, and 

reduced efficiency during high water stages) (Rasmussen 2002; Sparks et al. 2010; 

Noatch and Suski 2012). The barriers in the Chicago Sanitary Ship Canal cost 

approximately $1.5 million to build and continue to cost tax payers over $22,000 

annually to maintain (Rasmussen 2002). Regardless, barriers only assist in preventing the 

spread of invasive carp, they do not control population sizes (Rasmussen 2002; Sparks et 

al. 2010). 

The electric barriers on the Chicago Sanitary Shipping canal are not the only 

course of action being taken in Illinois to prevent the spread of invasive carp into the 

Great Lakes. IL DNR is also being proactive about lowering the density of invasive carp 

in the Illinois River, a tributary of the Mississippi River infested with grass carp, silver 

carp, and bighead carp (IL DNR 2017). Contracting commercial fisherman to deploy 

2,901.6km of gill nets, IL DNR harvested a total of 2,504 tons of invasive carp from the 

Illinois River between 2010-2016 (IL DNR 2016). This equates to 3,226 grass carp, 

474,264 silver carp, and 85,710 bighead carp, a total of 563,200 fish, removed from the 

system in the last six years (IL DNR 2016). Sampling detected a 62% decrease in 

invasive carp density between 2015 and 2016 in portions of the Illinois River (IL DNR 
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2016). Despite efforts in Illinois, the range of invasive carp is still expanding in other 

previously uninfested areas of the Mississippi River Basin (MN DNR 2017). When 

practiced preventative strategies can help mitigate the threat posed by invasive carp to 

remaining uninfested waters (Lovell et al. 2006). 

Predicting Invasive Carp Habitat with Ecological Niche Modeling 

 Ecological niche models are useful and efficient tools to forecast the spatial 

location of suitable environmental conditions for species (Elith et al. 2006; Chen et al. 

2007; Herborg et al. 2007; Kulhanek, Leung, and Ricciardi 2011; Escobar et al. 2017 

Romero-Alvarez et al. 2017). An ecological niche model estimates the possible 

ecological niche, or the environmental conditions that a species requires to have a 

sustainable population (Peterson et al. 2011). Ecological niche models identify tolerable 

environmental conditions for a target species based previous occurrences and creates 

thresholds to compare to other spatial locations to reconstruct a proxy of the species 

fundamental niche (Peterson et al. 2011). Environmental factors (e.g. temperature, 

precipitation, pH) can limit the distribution of an invasive species. The product of 

ecological niche models will indicate where a species’ distribution may be limited by 

abiotic factors. Previous ecological niche modelling for some species of invasive carp 

successfully predicted 93.7% of the known silver carp occurrences and 71.8% of the 

bighead carp occurrences within the United States (Chen et al. 2007). This study suggests 

that ecological niche models should be able to predict the potential for invasive carp 

expansion into a new aquatic systems.   
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Study Site: Minnesota River Basin, Minnesota, United States  

The modern Minnesota River valley, of southern Minnesota, USA, developed 

following Late Wisconsian glaciation, carved by episodic outburst floods from glacial 

Lake Agassiz (Matsch and Wright 1967; Fisher 2004; Gran et al. 2013). Preceded by 

glacial River Warren, the modern day Minnesota River flows from Big Stone Lake on the 

Minnesota and South Dakota border to the confluence with the Mississippi River in Saint 

Paul, Minnesota, a total of 515 km (MN DNR 2018d; Figure 1.7). A 7th-8th order stream, 

the Minnesota River drains an area of 44,030 km2 across Minnesota, South Dakota, and 

Iowa (MN DNR 2018d). The Minnesota River is highly altered for agricultural and urban 

development, including five dams located in the upper reaches.  Despite the dams, the 

Minnesota River still flows freely for 386 km and is inhabited by large migratory fish 

species such as the paddlefish (Polyodon spathula) (MN DNR 2018d). Unfortunately, the 

Minnesota River is affected by large inputs of sediment and nutrients, lowering water 

quality (Gran et al. 2009; Belmont et al. 2011; MN DNR 2018d). In spite of undesirable 

changes in water quality, the Minnesota River ecosystem is diverse with over 80 species 

of fish utilizing the main channel (MN DNR 2018d). This diverse fish community could 

be altered by the introduction of invasive carp (Feber 2001; Schrank, Guy and Fairchild 

2003; Sampson, Chick, and Pegg 2009; Sass et al. 2014; Zhang et al. 2016).  
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Figure 1.7. Study site: Minnesota River, Minnesota, U.S.A. 

 

 

 

 

 

 

 

 

 

 

There is growing concern about invasive carp reaching the Minnesota River and 

sustaining an established, reproducing, population in the system (MN DNR 2018). As of 

2017, all four species of invasive carp occurred in the connected Upper Mississippi River 

watershed. Bighead carp and grass carp, specifically, have been caught in the Minnesota 

River prompting the Minnesota Department of Natural Resources to list the river as 

infested by those species (MN DNR 2017).  While invasive carp have been caught in the 

Minnesota River Basin, there is no evidence that breeding, or naturalized, populations 

exist (MPR News 2017).   
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If invasive carp were to establish in the Minnesota River, they could put many 

native species population under increased pressure due to increased food competition, 

loss of habitat, or predation (Ferber 2001; Schrank, Guy, and Fairchild 2003; Sampson, 

Chick, and Pegg 2009; Sass et al. 2014; Zhang et al. 2016). External to damaged 

ecosystems, changes in the aquatic community from these effects could affect the quality 

of recreational activities (e.g. fishing, boating, water sports) having powerful economic 

impacts. For example, recreational fishing creates 43,000 jobs and $2.8 billion in retail 

spending in Minnesota annually (MN DNR 2011). The consequences of invasive carp 

infesting the Minnesota River are not limited to Minnesota, as the river connects to the 

Red River of the North during high flood stages flowing into North Dakota and Canada 

(Levine 2017). To prevent this, Minnesota is implementing plans to assist in early 

detection and quick, calculated, response if invasive carp are found (MN DNR 2014). 

Research Question 

The Minnesota Invasive Carp Prevention Workplan began in 2014 with the aim to 

collect geomorphic and hydrologic to inform decisions being made regarding invasive 

carp prevention and management in the Minnesota River. Both types of data provide 

crucial information that allows researchers to better understand the factors contributing to 

a fish species’ biologic needs. Fluvial geomorphology, or the physical characteristics of a 

river and the river’s interactions with the landscape, is the template for habitat and 

controls the physical structure (e.g. river type, length, water depth, substrate type), 

whereas hydrology impacts how species interact with their habitat (Schramm 2017). As 

the final stage of the project, this study connects geomorphic and hydrologic data on the 
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Minnesota River to the environmental requirements of invasive carp to better inform 

managers of habitat suitability within the region. 

The goals of this study are: 

1) Evaluate the success of using an ecological niche model to predict invasive 

carp occurrences  

2) Employ ecological niche modeling to predict habitat suitability for invasive 

carp in Minnesota 

3) Employ high resolution ecological niche modeling to predict and quantify 

habitat suitability for invasive carp in the Minnesota River 
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Chapter 2: Evaluating Ecological Niche Models for Predicting Invasive Carp in 

Minnesota 

Introduction 

 The U.S. Fish and Wildlife Service listed invasive species as a top contributing 

factor in endangerment and extinction of freshwater fishes (USFWS 2012). 

Establishment of invasive carp could be especially detrimental to Minnesota’s 162 

species of fish (MN DNR 2018a; MN DNR 2018b). For example, silver carp and bighead 

carp could place direct competition for food resources on imperiled planktivorous native 

species like the black buffalo (Ictiobus niger) and paddlefish (Polyodon spathula) 

(Schrank, Guy and Fairchild 2003; Sampson, Chick, and Pegg 2009; MN DNR 2018e).  

When researching the risk aquatic invasive species pose to a system, it is 

beneficial to forecast areas most vulnerable to invasion (e.g. environmentally suitable, 

accessible to species) (Kulhankek, Leung, and Ricciardi 2011). Using species occurrence 

data and environmental variables, ecological niche models can predict locations that are 

environmentally suitable for a target species (Peterson 2003; Peterson and Robins 2003; 

Peterson and Nakazawa 2008; Pyron, Burbink, and Guiher 2008; Jimenez-Valverde et al. 

2011; Kulhankek, Leung, and Ricciardi 2011; Escobar et al. 2017; Romero-Alvarez et al. 

2017). The objectives of this chapter are to 1) evaluate the success of ecological niche 

models in predicting invasive carp occurrences and 2) employ ecological niche models to 

predict habitat suitability for invasive carp in Minnesota.  
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Methodology 

Algorithm Selection 

 Many ecological niche modeling algorithms exist, but the most appropriate 

algorithm for a study is data and system dependent (Qiao, Soberon, and Peterson 2015). 

Algorithms vary in complexity, data requirement, and necessary computing power. To 

evaluate abilities of a model to predict previous invasive carp occurrences an algorithm 

requiring small data quantities with quick computing time was desired and thus the 

NicheAnalyst (NicheA) algorithm was selected.  NicheA is an open source algorithm that 

allows multiple environmental variables to be incorporated, utilizes presence-only 

occurrence data, and produces simple results that can be evaluated statistically (Qiao et 

al. 2016).  

Occurrence Data 

Scientific name search phrases were used to compile occurrence data from 

https://nas.er.usgs.gov/, http://www.fishnet2.net/, https://www.gbif.org/, 

https://bison.usgs.gov/,  http://splink.cria.org.br/.  The search terms included current 

names: Hypophthalmichtys moilitrix, Hypophthalmichtys nobilis, Ctenopharyngodon 

idella, and Mylopharyngodon piceus, as well as historic names: Mylopharyngodon 

aethiops, Myloleuciscus atripinnis, and Aristhichtys nobilis. Current and historic names 

were both used to increase the likelihood obtaining a dataset with true global distribution 

of all targeted species. 

 Occurrence data from each source was compiled into a single database for each 

species. All data older than 1900 were deemed too old to be relevant climatically and 

removed. Occurrences were also deleted if they had the terms preserved specimen, 

https://nas.er.usgs.gov/
http://www.fishnet2.net/
https://www.gbif.org/
https://bison.usgs.gov/
http://splink.cria.org.br/
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aquaculture, fish market, or aquarium associated with them because such reports were 

considered artificial occurrences. Reports missing coordinate information were 

georeferenced in Google Earth using details about locality. Occurrence records that could 

not be georeferenced were deleted. Due to potential duplication in occurrence data, as 

multiple sources were used, replicated occurrence points were deleted. Occurrence data 

were plotted in ArcMap (ESRI version 10.5.1) using the display X, Y data tool and 

compared to a base map to verify the country listed matched the spatial location (Figures 

2.1A-D).
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Figure 2.1A. Grass carp (C. idella) global occurrence data gathered from 5 database sources  
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Figure 2.1B. Silver carp (H. molitrix) global occurrence data gathered from 5 database sources 
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Figure 2.1C. Bighead carp (H. nobilis) global occurrence data gathered from 5 database sources 
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Figure 2.1D. Black carp (M. piceus) global occurrence data gathered from 5 database sources
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Environmental Data  

 In selecting environmental variables, river level variables (e.g. water temperature, 

dissolved oxygen, pH) were not a viable option because they are not globally 

standardized in collection method or available in all countries. Thus, climate variables 

were used as an indicator for river data because they are consistent and globally 

available. Environmental data were downloaded from http://ecoclimate.org/downloads/ 

(Lima-Ribeiro et al. 2015) by selecting present raster file under the modern category. The 

downloaded file included 19 variables related to temperature and precipitation at a spatial 

resolution of 0.5° (Table 2.1).  A principal component analysis was run utilizing the 

spatial analysis toolbox in ArcMap to determine variable correlation between the 19 

ecoclimate variables (Peterson et al. 2011; Merow et al. 2013). The top three principal 

components contained over 80% of the variance and would be used as the environmental 

input to best capture the benefit of a multivariate approach without the redundancy of 

highly correlated variables.  

Limiting Environmental Variables  

When using environmental variables to train ecological niche models it is 

important to limit the spatial area to only areas that are relevant to the species (Barve et 

al. 2011). The data in these files should be limited to spatial locations that would be 

accessible to the species of interest (Barve et al. 2011; Merow et al. 2013). Studies have 

shown that altering ecological niche modeling calibration extents may cause shifts in the 

location and amount of suitable habitat (Phillips and Dudik 2008; Anderson and Raza 

2010; Barve et al. 2011). In the validation stages of modeling, larger than necessary 

http://ecoclimate.org/downloads/
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extents can result in the models being less ecologically relevant than they appear when 

using evaluation metrics (Lobo, Jimenez-Valverde, and Real 2007; Barve et al. 2011) 

In order to restrict the environmental variables to areas reasonably accessible to 

invasive carp within a region, the average distance between occurrence points within the 

region of interest was found. The average distance is representative of the average 

distance travelled by an invasive carp. This provides a good proxy of the species 

dispersal under accessible areas. The average distance was calculated for each species 

individually and the zones decided qualitatively by identifying clusters of occurrence 

points. Silver carp and bighead carp had three zones: the United States, Europe, and the 

species’ native range. Grass carp and black carp had two zones: the United States and the 

species’ native range. Native and European ranges were included in the data to try and 

capture the entirety of the fundamental niche for each species of invasive carp, not just 

the US niche. The non-US ranges were also used to increase the number of model trials 

used to evaluate prediction success.  

To calculate the average distance within the US based on hypothesis of dispersal 

potential of the species, a shapefile was created from the US occurrence data records 

using the display X, Y data function in ArcMap. Using the new occurrence point 

shapefile, a polygon was created that contained all the occurrence points using the 

minimum bounding geometry tool in the data management tool box. A centroid for the 

polygon was calculated using the feature to point tool in the data management toolbox. 

Mean average distance between occurrence points and centroid points was then 

calculated using the point distance tool in the analysis toolbox. This distance is 
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representative of the average movement or mobility of the species in that region. The 

mean average distance was used to limit the environmental area used to inform the 

models. To do this, the global occurrence file for the species was then uploaded in 

ArcMap and the points plotted using the display X, Y data tool.  Using that mean average 

distance, a fixed distance buffer was created around each of the global occurrence points 

using the buffer tool in the analysis toolbox. The dissolve tool from the data management 

toolbox was then used to merge the buffers into a single polygon. This polygon 

represents an estimate of the area that would be accessible to the species, quantified by 

the average distance from each occurrence point to the centroid in a specified region. The 

same process was replicated for the Europe-limited environmental files, using European 

occurrences to calculate average distance. 

The procedure used to limit the United States and Europe files was not possible 

for the native range due to low occurrence records in the region. To take into account the 

entirety of the native range, a figure of each native range from Mandrak and Cudmore 

2004 was digitized and georeferenced in ArcMap to create a shapefile. A centroid was 

then calculated using the feature to point tool in the data management toolbox. Lines 

were drawn from the centroid to the most distance parts of the native range and their total 

length was measured using the add geometry attributes tool in the data management 

toolbox. The average distance was manually calculated using the values found above.  A 

fixed distance buffer using the calculated average distance was then created and dissolved 

to create a single polygon representative of the area accessible to a species using the 

procedures previously described.   
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The environmental data were then clipped by the resulting polygons by utilizing 

the extract by mask tool in the spatial analyst toolbox. The process was repeated for each 

species individually in each zone. In total, ten files were created.    

Model Evaluation 

In order for a model to be successful in predicting the fundamental niche, it 

should be able to predict occurrences better than at random. For the model to be better 

than at random, it must successfully predict an occurrence as suitable correctly for more 

than 50% of the occurrence. The NicheA modeling algorithm has the capability to 

produce binary results that classify a cell as suitable or unsuitable allowing for a simple 

evaluation of correct prediction.  

To evaluate the NicheA model results, a species’ occurrence data was divided into 

two groups, calibration (cal) and evaluation (evl), in R (version 3.4.2) (Appendix A).  

These groups were then used within the NicheA algorithm to predict the fundamental 

niche. The goal of this process was to see how many of the evl occurrence, or 

occurrences not used to calibrate the model, were correctly predicted by the cal trial 

results, and vice versa.  

First, the environmentally limited variables for a region were uploaded into the 

model using the create a background cloud (BC) function. This function plots the 

environmental data in three dimensional space. The niche for the trial was then created 

using the Generate N(s) from occurrences function utilizing the cal occurrence group 

previously created in R as the input. This function creates a convex hull that contains the 

occurrences points plotted onto of the environmental data and a minimum-volume 
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ellipsoid (MVE) that is representative of the fundamental niche. The Generate N(s) from 

occurrence function creates a file that contains a raster version of the suitable area within 

the MVE information and can be used in ArcMap to geographically visualize the 

predicted niche. This procedure was repeated using the same environmental file, but 

inputting the evl occurrence instead.  

To collect the data for calculating the percentage of success, the present.tif file 

from the cal trial and the cal and evl occurrence files were uploaded in ArcMap. The 

occurrence data was plotted using the display X,Y data tool and the symbology changed 

so they were easily distinguishable. The  resulting raster file automatically produces 

stretched symbology, this is not useful however because there is only one value. To 

correct this, the file was reclassified using the reclassify tool in the spatial analyst toolbox 

to create one class. The reclassified raster file was then used as raster input with the evl 

point data in the extract values to points tool in the spatial analyst toolbox. The resulting 

attribute table for the evl occurrences lists the value of the reclassified present.tif file as a 

field and can be more easily counted. The data in this attribute table was used in Excel to 

calculate the percent chance of an occurrence point being correctly predicted in 

climatically suitable habitat. To calculate the percent success, the number of points 

correctly predicted as suitable was divided by the total number of occurrence points. The 

p-value was also was calculated using a binomial distribution function and the totals 

calculated above.  This process was repeated for every species and limited environmental 

variable combination and resulted in 20 trials.  
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 Results 

NicheA model trials for silver carp had the highest probabilities of an occurrence 

point being correctly predicted as suitable, with an average percent of 70.12%. Grass carp 

had the second highest probabilities, with an average of 62.03% of the occurrences being 

forecasted correctly. All of the bighead carp or black carp model trials had a percent of 

correctly identifying occurrences under 50%. Bighead carp had an average percent of 

29.25%, while black carp was even lower with an average percent of 23.64%. The 

average percent of correctly predicting occurrences in all of the model trials combined 

was 46.94%. All of the models had a p-value of < 0.0001 except two black carp models. 

Only one of the black carp models was not statistically significant, with a p-value of 

0.6595 (Table 2.2). 

According to the NicheA model, grass carp had the most suitable habitat in 

Minnesota of the invasive carp, with only a small area in the northern Minnesota being 

unsuitable (Figure 2.2). Silver carp also had a large amount of suitable habitat, especially 

in central and southern Minnesota (Figure 2.3). Bighead carp had less suitable habitat 

than grass and silver carp, all of which is located in southern Minnesota (Figure 2.4). The 

NicheA models for black carp did not predict any suitable habitat within the State of 

Minnesota (Figure 2.5). 
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Figure 2.2. Grass carp (C. idella) NicheA model results when calibrated with coarse 

climatic data. The green area represents climatically suitable habitat.  
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Figure 2.3. Silver carp (H. molitrix) NicheA model results when calibrated with coarse 

climatic data. The purple area represents climatically suitable habitat.  
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Figure 2.4. Bighead carp (H. nobilis) NicheA model results when calibrated with coarse 

climatic data. The blue area represents climatically suitable habitat. 
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Figure 2.5. Black carp (M. piceus) NicheA model results when calibrated with coarse 

climatic data. The model predicted no climatically suitable habitat in Minnesota.  
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Discussion 
The NicheA modeling algorithm, using coarse climatic data, predicted 

climatically suitable areas within Minnesota for three of the four invasive carp species. 

While alarming, only 50% of model trials were successful in predicting suitable habitat 

for invasive carp better than at random. This low success rate could be linked to a variety 

of sources of error within the modeling process.  

Prediction results may have been influenced by the differing amounts of 

occurrence records for each species. Models trials for silver and grass carp were 

successfully better than random, but were also informed over 2,400 occurrence records 

each. Contrastingly, bighead carp model trials were informed by 1,632 occurrences and 

black carp trials only a meager 72 total records and neither species had a trial better than 

at random chance. NicheA may overfit the data, or restrict predicted suitability to only 

areas spatially near an occurrence record. This could be part of the reason black carp did 

not have any suitable habitat in Minnesota, as it is the only species without an occurrence 

record in the state (Figure 2.6). To better grasp the risk invasive carp, particularly black 

carp, pose to Minnesota, a modeling algorithm that is sensitive to low occurrence data 

quantities may provide better results.  
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Figure 2.6. Invasive carp occurrences in Minnesota as of June 18, 2018.  

 

 

 

 

 

 

 

 

 

The quantity of occurrence points is not the only source of error within the data; 

sampling bias in the occurrence records may have also effected model results. Highly 

sampled areas, particularly in the US near the Mississippi River, may have biased the 

range of climate data being used to calibrate the model. Lack data reporting may also 

cause range gaps during calibration. This was apparent in the species’ native where 

supplementary methods were needed to limit the environmental variables, but invasive 

carp are large commercial fisheries and highly sampled for. Regions without occurrences 

within the native range would not be climatically included in the values predicted as 

tolerable. Unequal sampling efforts, or data availability, may lead to a region appearing 
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unsuitable even though invasive carp are present. These sources of bias are compounded 

by using coarse resolution environmental data.  

The climatic variables used to inform the NicheA models had a spatial resolution 

of 0.5° x 0.5°. This equates to a pixel covering around a 3,080 km2 area. To place this in 

perspective, the state of Minnesota has an area of 225,180 km2 and the Minnesota River 

is 515 km long. At this pixel size, the clumped distribution of the occurrence data is 

going to result in many of the data points having the same climatic value. A resolution 

this coarse may not be biologically relevant because it assumes habitat homogeneity, or 

continuous similar habitat, over such a large area. A small area that would be highly 

suitable and act as a refuge for the species could be masked by surrounding unsuitable 

environments, and therefore be classified as unsuitable. In order for model results to be 

relevant on a finer scale higher resolution data that captures the variability in available 

environments is needed.  

Conclusion 

 Ecological niche modeling using the NicheA algorithm successfully predicted 

climactically suitable habitat better than at random in 50% of the trials conducted for four 

species of invasive carp. Model success rate may have been influenced by limited 

amounts of occurrences or sampling bias in the occurrence data used in the trials. The 

coarse resolution of the environmental data used also contributed to results that may have 

excluded small areas of suitable habitat that could act as refuge. Nonetheless, the NicheA 

models predicted suitable habitat in Minnesota for three of the four invasive carp species.  
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Chapter 3: Predicting Invasive Carp Habitat Suitability in the Minnesota River 

Using Ecological Niche Models  

Introduction 

Grass carp (Ctenophaygodon idella), silver carp (Hypophthalmichthys molitrix), 

bighead carp (Hypophthalmichthys nobilis), and black carp (Mylopharyngodon piceus) 

(collectively referred to as invasive carp hereafter) were transported to the United States 

for their use in aquaculture (Kolar et al. 2007). After escaping into the Mississippi River 

and spreading to many of its tributaries (e.g. Illinois River, Missouri River and Ohio 

River), the qualities that were beneficial in aquaculture are now detrimental to native 

ecosystems (Feber 2001; Schrank, Guy and Fairchild 2003; Sampson, Chick, and Pegg 

2009; Sass et al. 2014; Zhang et al. 2016). Invasive carp are capable of destroying aquatic 

habitat and reducing food availability (Schrank, Guy and Fairchild 2003; Dibble and 

Kovalenko 2009; Sampson, Chick, and Pegg 2009; Sass et al. 2014; Zhang et al. 2016; 

USFWS 2017). Currently, a lack of high-resolution data on the suitability of habitat 

within Minnesota for invasive carp exists, making it difficult to manage risks associated 

with their invasion.  

Ecological niche models are commonly used in invasive species research because 

they forecast habitat suitability in areas without occurrences by utilizing environmental 

variables and available occurrences from other locations (Peterson 2003; Peterson and 

Robins 2003; Peterson and Nakazawa 2008; Pyron, Burbink, and Guiher 2008; Jimenez-

Valverde et al. 2011; Kulhankek, Leung, and Ricciardi 2011; Escobar et al. 2017; 

Romero-Alvarez et al. 2017). The ecological niche models completed in chapter two 

were low resolution. The spatial resolution used, 0.5°, would be unable to show 
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variability in small reaches of the Minnesota River and broadly classified large areas as 

either suitable or unsuitable. This would make it difficult to identify which portions of the 

Minnesota River were most at risk. The objective for this chapter was to employ high-

resolution ecological niche modeling to predict and quantify habitat suitability for 

invasive carp in the Minnesota River.  

Methodology 

Algorithm Selection 

The ecological niche models produced in chapter two used the modeling 

algorithm NicheA. These models produced simple, binary, results that classified an area 

as suitable or unsuitable, making it impossible to narrow results to reaches of the 

Minnesota River that were the most vulnerable to invasion. There was also concern that 

the algorithm may have underestimated suitability for black carp due to low occurrence 

record quantities. To overcome these issues, the MaxEnt modeling algorithm was 

selected (Phillips et al. 2005; Phillips et al. 2006). MaxEnt is the “gold standard” in 

ecological niche modeling and works by contrasting environmental conditions in the area 

of interest against the conditions where occurrences are located (Merow et al. 2013; Qiao, 

Soberón and Peterson 2015). In a comparison study, MaxEnt ranked amongst the most 

effective presence-only ecological niche models (Elith et al. 2006). Research comparing 

the effect of sample size on ecological niche models showed that MaxEnt had the best 

extrapolative power across a range of sample sizes, including inputs as low as ten 

occurrence records (Wisz et al. 2008). This algorithm produces a  continuous gradient of 

suitability, which can be transformed for analysis using geographic information systems 
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(GIS). The MaxEnt software is open source (https://biodiversityinformatics.amnh.org). 

The most updated version of MaxEnt, 3.4.1, was used for this study. 

Occurrence Data 

 The occurrence record datasets created in chapter two were used as the species 

input for the MaxEnt models.  

Environmental Data  

Many types of variables were considered for the environmental input into the 

MaxEnt models. River level variables (e.g. water temperature, dissolved oxygen, pH) 

collection methods are not globally standardized nor were they available in all countries 

so they were not selected. The models created in the previous chapter were informed by 

coarse climactic data and did not produce results that would be biologically relevant due 

to the large cell size. To improve upon this work, Moderate Resolution Imaging 

Spectroradiometer (MODIS) data was used. The MODIS/Terra Vegetation Indices 16-

day L3 global 250m product (MOD13Q1) were downloaded for the years 2000, 2008, 

and 2016. This product measures canopy greenness by utilizing the surface reflectance 

values of three spectral bands, blue red, and near infrared(NIR), at a spatial resolution of 

250m/pixel. The greenness of vegetation is related to environmental conditions such as 

temperature and precipitation. The MOD13Q1 corresponds to the enhanced vegetation 

index (EVI) equation and is more sensitive to variation in areas that have dense 

vegetation.  

 MOD13Q1 data are available for download from the Land Processes Distributed 

Active Archive Center (LP DAAC). The data are classified into different tiles based on 

https://biodiversityinformatics.amnh.org/open_source/maxent/
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spatial location. A kml file indicating the extent and name of each tile was downloaded 

from http://spatial-analyst.net/KML/MODIS_tiles.kmz. This kml file was opened in 

google earth, as well as all four species occurrence records. Tiles containing occurrence 

records for the desired years were downloaded using R (Appendix B). Downloaded files 

were then converted from .hdf to .tif using the MODIS reprojection tool (LP DAAC). 

Tiles for the same 16-day group (e.g. all tiles created on 02/18/2000) were mosaic 

together in ArcMap using the mosaic tool in the data management toolbox. In order to 

minimize computing time, the average and standard deviation of each season was found 

using the cell statistics tool in the spatial analyst toolbox in ArcMap. Seasons were 

defined by the 2016 solstices and equinoxes: winter December 21- March 18, spring 

March 19- June 19, summer June 20- September 21, and fall September 22- December 

20. The season files were then converted into .asc files using the raster to ASCII tool in 

the conversion toolbox.  

Executing and Evaluating a Model  

Each species of invasive carp was modelled individually using MaxEnt’s default 

settings. Once models were completed, the resulting .asc files were converted to rasters 

using the ASCII to raster tool in the conversion toolbox within ArcMap. 

A receiver operating characteristic (ROC) approach was utilized to evaluate if the 

MaxEnt model predictions were better than at random. The MaxEnt program 

automatically creates an area under the curve (AUC) plot for each model. AUC 

summarizes a model’s ability to predict an occurrence record using a nonparametric 

measure (Peterson et al. 2011). AUC can range from 0-1and are plotted two-
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dimensionally with predicted area on the x-axis and sensitivity, or 1- the number of cells 

that have occurrences within them, but are predicted as not suitable (omission rate). A 

random prediction is expected to have an average slope, or AUC, of 0.5. A model that is 

better than random will have an AUC closer to 1.  

Limiting results to accessible areas 

  To better predict the risk of invasive carp establishment, the model results needed 

to be clipped to areas that would be accessible to the carp. The raw results did not provide 

any indication of the spatial location where the habitat transitions from aquatic to 

terrestrial. Instead, previously modeled floodplain inundation for 5 year, 10 year, 25 year, 

50 year, and 100 year floods (Smith 2016) limited the model results to only aquatic areas 

accessible to invasive carp within the Minnesota River. This was completed using the 

extract by mask tool in the spatial analyst toolbox.  

Analysis 

The visual representation provided by ecological niche modeling results is useful 

when looking for general areas of concern, but does not provide quantitative amounts of 

area that are highly suitable. To provide this kind of data, all of the clipped result data 

were converted to integer using the raster calculator tool in the spatial analyst toolbox 

using int([FILE] *1000000) as the equation. Now integers, attribute tables were created 

for the raster files using the build raster attribute table tool in the data management 

toolbox. The files were then reprojected to NAD 1983 UTM Zone 15 using the project 

raster tool in the data management toolbox ensuring the output cell size was set to 250, 

250. The files needed to be reprojected to convert cell size units from degrees to meters. 

Lastly the extract by attribute tool in the spatial analyst toolbox was used to extract cells 
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that fit within a threshold. Threshold to rank suitability have not been evaluated for 

invasive carp in the literature, so quartiles were used. The following equations were used 

in the extract by attribute tool: 

Poor Suitability “VALUE” < 250000 

Low Suitability  “VALUE” ≥ 250000 AND “VALUE” < 500000 

 Moderate Suitability “VALUE” ≥ 500000 AND “VALUE” < 750000 

High Suitability “VALUE” ≥ 750000 

 Area was found to quantify the amount of habitat in each suitability category. 

Area was calculated by multiplying cell size by cell count (e.g. cell count * 2502). Percent 

of total area for each suitability class was also calculated to make general comparisons 

easier.  Percent area was found by dividing the suitability class area by total area and then 

multiplying the subtotal by 100.   

Results 

The MaxEnt modeling algorithm, when informed by vegetation indices, predicted 

suitable habitat in the Minnesota River for all species of invasive carp. The amount of 

each class of suitable habitat was dependent on the species. (Table 3.1A-B). Across all 

species, most of the highly suitable habitat in the Minnesota River can be found near the 

headwaters. However, there are localized pockets of highly suitable habitat throughout 

the river. All four species of invasive carp had AUC values better than at random 

(Figures 3.1)
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Figure 3.1 Maxent model results’ AUC. All AUCs were higher than 0.5, suggesting the results are better than random.  
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Grass Carp (C. idella) 

  Grass carp had the highest percentage of moderately suitable habitat with an 

average of 62.3% of the accessible area (Figures 3.2A-E). However, a majority of the 

remaining habitat, 34.8%, had low suitability.  An average of 2.3% of the predicted grass 

carp habitat was highly suitable. This left only 1.3% of habitat as poorly suited, the 

lowest predicted average in the study. Grass carp experienced a decline in highly and 

moderately suitable habitat as flooded area increased while simultaneously experiencing 

an increase in low suitability. The percent of poorly suited habitat had a small decline, 

0.1%. The grass carp model predicted occurrences better than at random with an AUC of 

0.800. 
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Figure 3.2A. Predicted suitable habitat for grass carp (C. idella) in the Minnesota River during a 5 year flood 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

Figure 3.2B. Predicted suitable habitat for grass carp (C. idella) in the Minnesota River during a 10 year flood  
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Figure 3.2C. Predicted suitable habitat for grass carp (C. idella) in the Minnesota River during a 25 year flood 
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Figure 3.2D. Predicted suitable habitat for grass carp (C. idella) in the Minnesota River during a 50 year flood 
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Figure 3.2E. Predicted suitable habitat for grass carp (C. idella) in the Minnesota River during a 100 year flood 
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Silver Carp (H. molitrix) 

A majority of potential habitat for silver carp had moderate or low suitability. On 

average across flood years, 5.2% of the area had poor suitability, 52.8% had low 

suitability, 41.3% had moderate suitability, and 1.3% had high suitability (Figures 3.3a-

e). There was not a large shift in the percent of each class of habitat suitability between 

the 5 year flood stage and the 100 year flood stage for silver carp. However, as the 

inundated area increased, the percent of highly and moderately suitable habitat decreased 

less than 2%, while low and poor suitability increased by less than 2%.  The model for 

silver carp had an AUC of 0.851. 
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Figure 3.3A. Predicted suitable habitat for silver carp (H. molitrix) in the Minnesota River during a 5 year flood 
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Figure 3.3B. Predicted suitable habitat for silver carp (H. molitrix) in the Minnesota River during a 10 year flood 
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Figure 3.3C. Predicted suitable habitat for silver carp (H. molitrix) in the Minnesota River during a 25 year flood 
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Figure 3.3D. Predicted suitable habitat for silver carp (H. molitrix) in the Minnesota River during a 50 year flood 
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Figure 3.3E. Predicted suitable habitat for silver carp (H. molitrix) in the Minnesota River during a 100 year flood  
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Bighead Carp (H. nobilis) 

Bighead carp had the highest average percentage of highly suitable habitat at 

15.9% (Figures 3.4A-E). When averaging the flood years, the majority of area, 53.9%, 

was moderately suitable. Despite that, there was still a large percentage, 31.0%, of area 

that was classified as having low suitability or poor suitability. Similar to silver carp, as 

inundated area increased, the percent of highly suitable habitat decreased. Concurrently, 

the percentage of habitat with low or poor suitability increased. The bighead carp model 

had an AUC of 0.876.
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Figure 3.4A. Predicted suitable habitat for bighead carp (H. nobilis) in the Minnesota River during a 5 year flood 

 

 

 

 

 

 

 

 

 

 

 



72 
 

Figure 3.4B. Predicted suitable habitat for bighead carp (H. nobilis) in the Minnesota River during a 10 year flood  
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Figure 3.4C. Predicted suitable habitat for bighead carp (H. nobilis) in the Minnesota River during a 25 year flood 
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Figure 3.4D. Predicted suitable habitat for bighead carp (H. nobilis) in the Minnesota River during a 50 year flood 
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Figure 3.4E. Predicted suitable habitat for bighead carp (H. nobilis) in the Minnesota River during a 100 year flood 
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Black Carp (M. piceus) 

Black carp had the lowest overall suitability in comparison with other invasive 

carp species, with an average of only 7.3% of the area being highly suitable and 9.1% 

being moderately suitable (Figures 3.5A-E). Most of the area, an average of 47.6%, was 

classified as having low suitability. Black carp had the highest percentage, 36.9%, of 

poorly suited habitat. Black carp did not experience the same trend as the other invasive 

carp species. Instead, the percent of poorly suited habitat increased, while high, moderate, 

and low suitability decreased by less than 1.0%. The black carp model had an AUC of 

0.847.  
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Figure 3.5A. Predicted suitable habitat for black carp (M. piceus) in the Minnesota River during a 5 year flood  
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Figure 3.5B. Predicted suitable habitat for black carp (M. piceus) in the Minnesota River during a 10 year flood 
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Figure 3.5C. Predicted suitable habitat for black carp (M. piceus) in the Minnesota River during a 25 year flood  
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Figure 3.5D. Predicted suitable habitat for black carp (M. piceus) in the Minnesota River during a 50 year flood  
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Figure 3.5E. Predicted suitable habitat for black carp (M. piceus) in the Minnesota River during a 100 year flood  
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Discussion  
 The MaxEnt results show that the Minnesota River is not equally suitable for all 

species (Figures 3.2-3.5). According to the model, the Minnesota River was most highly 

suited for the bighead head carp, with 70% of the area being moderately suitable or 

higher. Grass carp also had large amounts of suitable area within the river, with 64% of 

the area being classified as moderately suitable or above. Silver carp had 43% of area 

moderately suitable or above on average.  These results do not support NicheA models 

that suggested the risk may be highest for grass and silver carp and lower for bighead 

carp. The model results for black carp did, however, support NicheA models showing 

low suitability within the Minnesota River. On average, only 17% of area was classified 

as moderately suitable or higher. This means while highly suitable areas existed within 

the river, they were less common and more localized.  

Moderately suitable habitat was most abundant throughout the river, with the 

exception of black carp. High suitability did not have the greatest percentage of area for 

any of the species, but was present in localized hot spots. A majority of the highly 

suitable areas for invasive carp was near the headwaters where the river is impounded or 

near backwaters along the river. Areas of highest suitability closely resemble conditions 

on the Mississippi River (e.g. slow moving water, wide channel, pools). This is not 

unexpected however, as a majority of occurrences used to calibrate the models were in 

the Mississippi River Basin. The similarities are relevant to the life histories of invasive 

carp. Adult invasive carp often times remain in slow moving waters or pools when not 

spawning. Areas of highly suitable habitat could be places to increase sampling efforts to 
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detect adult founder population. Backwaters that were predicted as highly suitable, on the 

other hand, could be used to target invasive carp in early life stages (e.g. larval, juvenile). 

However, the abundance of moderately suitable habitat suggests monitoring throughout 

the river is likely needed.    

The MODIS vegetation index used to calibrate the MaxEnt models may have 

underpredicted the suitability of the Minnesota River for invasive carp. The areas 

predicted as highly suitable often matched with areas of open water, away from 

vegetation. This could calibrate the model to predict areas of the river enclosed in 

terrestrial vegetation as less suitable, despite suitable river conditions.  

In order to create a more robust risk assessment, conditions in the Minnesota 

River need to be considered (e.g. water temperature, pH, turbidity, flow velocity). 

Understanding fine scale patterns could help identify reaches of the river that are more 

vulnerable to invasive carp. The Minnesota River can be very dynamic in the short term.  

For example, after a rain storm in June of 2016 the amount of total suspended solids 

(TSS), or the amount of sediment and other materials in the water, spiked from 244 mg/L 

to 628 mg/L in five days. Research on invasive carp has suggested spikes in turbidity, a 

metric related to TSS, could trigger spawning activities. Tracking spikes in TSS in the 

Minnesota River could help managers isolate portions of the river that would be more 

prone to invasive carp spawning, but additional research on flow, temperature, and 

discharge patterns would also be needed. Unfortunately, available long-term Minnesota 

River data currently does not capture the full variability of water conditions because there 

are only a few sampling locations. Success of any of the invasive carp species would also 
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be dependent on interspecies interactions (e.g. food availability, predation on young carp, 

pathogens). Further research on the Minnesota River’s ecosystem is warranted to provide 

the data needed to assess these interactions. Examples of studies that would benefit 

invasive carp risk include topics such as plankton densities and native mussel 

populations.  

The modeling framework used to complete the study also has room for 

improvement. Default settings in MaxEnt were utilized due to computing limitations. In 

future studies, customized settings for each species should be used. Moreover, multiple 

algorithms should have been tested for each species prior to selection. MaxEnt may have 

not been the best option for all species. The addition of multiple algorithms and trials 

would have allowed a stronger evaluation metric like akaike information criterion (AIC). 

Research conducted examining the effectiveness of evaluation metrics suggests the AUC 

may not be ideal in studies using presence only data and highlights the importance of 

multiple evaluation metrics (Lobo, Jimenez-Valverde, and Real 2007; Escobar et al. 

2018). 

Conclusion 

 The MaxEnt modeling algorithm calibrated with high resolution vegetation 

indices produced results suggesting the Minnesota River is suitable for invasive carp. 

Bighead, silver, and grass carp had the greatest area of well suited habitat and may be at 

greatest risk for establishment, but habitat may not be ideal for black carp, with results 

showing a majority of area having low suitability. The data produced in this study can be 
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used to preliminarily predict risk of invasion for invasive carp. However, continued 

research on the Minnesota River and invasive carp is merited to further analyze risk.   
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Tables 

Table 2.1 Variables obtained from Ecoclimate.org  

Variable Units 

Annual mean temperature  °C 

Mean diurnal range  °C 

Isothermality  % 

Temperature seasonality % 

Max temperature of warmest month  °C 

Min temperature of coldest month °C 
Temperature annual range °C 

Temperature annual range °C 

Mean temperature of wettest quarter °C 

Mean temperature of driest quarter °C 

Mean temperature of warmest quarter °C 

Mean temperature of coldest quarter °C 

Annual precipitation  mm/ m2 

Precipitation of driest quarter mm/ m2 
Precipitation of driest month mm/ m2 

Precipitation seasonality % 

Precipitation of wettest quarter  mm/ m2 

Precipitation of driest quarter mm/ m2 

Precipitation of warmest quarter mm/ m2 

Precipitation of coldest quarter mm/ m2 
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Table 2.2 Results of NicheA model evaluations  

Species 

Name 

Environmental 

Range 

Trial  % Predicted 

Correctly 

P-Value  

Silver Carp Native Range CAL 54.65% < 0.0001 

Silver Carp Native Range EVL 64.24% < 0.0001 

Silver Carp United States CAL 71.55% < 0.0001 

Silver Carp United States EVL 81.85% < 0.0001 

Silver Carp Europe CAL 67.85% < 0.0001 

Silver Carp Europe EVL 80.56% < 0.0001 

Silver Carp Average  70.12% < 0.0001 

Bighead 

Carp 

Native Range CAL 22.14% < 0.0001 

Bighead 

Carp 

Native Range EVL 22.14% < 0.0001 

Bighead 

Carp 

United States CAL 35.15% < 0.0001 

Bighead 

Carp 

United States EVL 22.26% < 0.0001 

Bighead 

Carp 

Europe CAL 33.38% < 0.0001 

Bighead 

Carp 

Europe EVL 40.42% < 0.0001 

Bighead Carp Average  29.25% < 0.0001 

Grass Carp  Native Range CAL 50.71% < 0.0001 

Grass Carp Native Range EVL 62.28% < 0.0001 

Grass Carp United States CAL 61.51% < 0.0001 

Grass Carp United States EVL 73.60% < 0.0001 

Grass Carp Average  62.03% < 0.0001 

Black Carp Native Range CAL 14.76% 0.0122 

Black Carp Native Range EVL 14.76% < 0.0001 

Black Carp United States CAL 32.52% 0.6595 

Black Carp United States EVL 32.52% < 0.0001 

Black Carp Average  23.64% 0.1680 

Total Average  46.94%  
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Table 3.1A. Invasive carp MaxEnt model results quantified 

Species Flood 

Stage 

Area of 

High 

Suitability 

(m2) 

% Area of 

High 

Suitability 

Area of 

Moderate 

Suitability 

(m2) 

% Area of 

Moderate 

Suitability 

Area of 

Low 

Suitability 

(m2) 

% Area of 

Low 

Suitability 

Area of 

Poor 

Suitability 

(m2) 

% Area of 

Poor 

Suitability 

Silver Carp 5 5,687,500 1.3% 182,437,50
0 

42.0% 226,312,500 52.1% 20,750,000 4.8% 

Silver Carp 10 6,125,000 1.3% 196,562,50
0 

41.9% 248,750,000 53.0% 24,000,000 5.1% 

Silver Carp 25 6,375,000 1.3% 209,250,00
0 

41.3% 265,562,500 52.5% 27,562,500 5.5% 

Silver Carp 50 6,375,000 1.2% 213,437,50
0 

41.9% 277,750,000 53.2% 28,187,500 5.4% 

Silver Carp 100 6,437,500 1.2% 219,437,50

0 

40.5% 289,437,500 53.4% 29,500,000 5.4% 

          

Average Silver Carp 1.3%  41.3%  52.8%  5.2% 

Bighead Carp 5 70,375,000 16.2% 236,187,50
0 

54.4% 112,812,500 26.0% 18,125,000 4.2% 

Bighead Carp 10 76,875,000 16.4% 252,187,50

0 

53.7% 119,687,500 25.5% 20,937,500 4.5% 

Bighead Carp 25 79,937,500 15.8% 272,187,50

0 

53.8% 134,875,000 27.0% 23,375,000 4.6% 

Bighead Carp 50 81,062,500 15.5% 281,187,50
0 

53.9% 141,062,500 27.0% 23,750,000 4.6% 

Bighead Carp 100 83,187,500 15.3% 290,562,50
0 

53.6% 147,937,500 27.3% 24,937,500 4.6% 

Average Bighead Carp 15.9%  53.9%  26.5%  4.5% 
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Table 3.1B. Invasive carp MaxEnt model results quantified 

Species Flood 

Stage 

Area of 

High 

Suitability 

(m2) 

% Area of 

High 

Suitability 

Area of 

Moderate 

Suitability 

(m2) 

% Area of 

Moderate 

Suitability 

Area of 

Low 

Suitability 

(m2) 

% Area of 

Low 

Suitability 

Area of 

Poor 

Suitability 

(m2) 

% Area of 

Poor 

Suitability 

Grass Carp 5 10,500,000 2.4% 272,375,00
0 

62.7% 147,750,00
0 

34.0% 6,000,000 1.4% 

Grass Carp 10 11,125,000 2.4% 292,000,00
0 

62.2% 162,312,50
0 

34.6% 6,500,000 1.4% 

Grass Carp 25 11,500,000 2.3% 315,187,50
0 

62.3% 176,312,50
0 

34.8% 6,5625,00 1.3% 

Grass Carp 50 11,500,000 2.2% 324,812,50
0 

62.2% 183,312,50
0 

35.1% 6,625,000 1.3% 

Grass Carp 100 11,500,000 2.1% 336,312,50

0 

62.0% 191,812,50

0 

35.4% 6,875,000 1.3% 

Average Grass Carp 2.3%  62.3%  34.8%  1.3% 

Black Carp 5 33,312,500 7.7% 39,875,000 9.2% 208,937,50

0 

48.1% 157,250,000 36.2% 

Black Carp 10 35,250,000 7.5% 44,250,000 9.4% 224,000,00

0 

47.7% 171,687,500 36.6% 

Black Carp 25 36,687,500 7.3% 46,500,000 9.2% 240,000,00
0 

47.4% 186,562,500 36.9% 

Black Carp 50 36,875,000 7.1% 47,250,000 9.1% 248,125,00
0 

47.5% 194,875,000 37.3% 

Black Carp 100 37,125,000 6.9% 48,937,500 9.0% 257,187,50
0 

47.4% 203,437,500 37.5% 

Average Black Carp 7.3%  9.1%  47.6%  36.9% 
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Appendices  

Appendix A. R script to divide data into cal and evl groups 

library(ENMeval)#dismo, raster, rgdal 
 
occ<-read.table("BHC_Combined.csv", head=T, sep=",") 
occ<-occ[,c(2,3)]  

env<-raster("Bio1b.tif")  
plot(env) 
 
#calibration 

bg<-as.data.frame(env, xy=T) 
block_df<-get.block (occ, bg) 
occ$group<-block_df$occ.grp 
 

cal<-occ[which(occ$group %in% c(1,4)),] 
evl<-occ[which(occ$group %in% c(2,3)),] 
write.table(cal, "cal.csv", row.names = F, sep=",") 
write.table(evl, "evl.csv", row.names = F, sep=",") 

 
plot(occ$DecimalLongitude, occ$DecimalLatitude, pch=".", col=rainbow(7)[occ$group]) 
 
 

 

Appendix B. R script used to download MODIS data 

# MODIS auto-time series download 
install.packages("gWidgetsRGtk2") 

library(gWidgetsRGtk2) 
install.packages("MODIStsp") 
library(MODIStsp) 
MODIStsp() 
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