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Abstract 

 The impacts and invasion success of non-native aquatic species are expected to change 

with climate warming, particularly in north temperate regions. Goldfish (Carassius auratus) and 

Prussian carp (C. gibelio) are non-native species that can rapidly invade and alter inland water 

ecosystems. The goldfish is already well-established in the Great Lakes, and its abundance is 

increasing, whereas the Prussian carp has been established in western Canada since at least the 

mid-2000s and is spreading in Alberta and Saskatchewan; invasions of both these fishes could 

plausibly be facilitated by warmer temperatures. To understand how climate warming can affect 

the performance of Carassius populations, we measured growth rates and maximum feeding 

rates across a range of temperatures for individuals from four latitudinally-distributed 

populations of goldfish and one population of Prussian carp in North America. Despite some 

populations having a more recent introduction, a countergradient pattern in growth and a 

latitudinal pattern in feeding rate was observed in the goldfish populations and the Prussian carp 

population. These results suggest that Carassius species are able to rapidly adapt or acclimate to 

new and changing thermal environments.  
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Résumé 

 Les impacts des espèces aquatiques non indigènes sont appelés à changer avec le 

réchauffement climatique, en particulier dans les régions tempérées du nord. Le poisson rouge 

(Carassius auratus) et le carassin argenté (C. gibelio) sont des espèces non indigènes qui 

peuvent rapidement envahir et altérer les écosystèmes lacustres et fluviaux. Les poissons rouges 

sont déjà bien établis dans les Grands Lacs et leur abondance est en croissance, tandis que le 

carassin argenté est établie dans l'ouest du Canada depuis au moins le milieu des années 2000 et 

il se propage en Alberta et en Saskatchewan. L’invasion de ces deux poissons pourrait être 

facilitée par des températures plus chaudes. Pour comprendre comment le réchauffement 

climatique peut affecter la performance des populations de Carassius spp. d’Amérique du Nord, 

nous avons mesuré les taux de croissance et les taux d'alimentation maximaux d’individus 

exposés à différents régimes thermiques chez quatre populations de poissons rouges situées le 

long d'un gradient latitudinal et d'une population de carassins argenté . Bien que certaines 

populations Nord-Américaines aient été introduites plus récemment, nous avons observé que le 

taux d'alimentation moyen est positivement corrélé à la latitude tandis que le taux de croissance 

moyen est négativement corrélé avec le gradient latitudinal. La population de carassins argenté 

suit les modèles latitudinaux établis par les populations de poissons rouges. Ces résultats 

suggèrent que les carassins sont capables de s'adapter ou de s'acclimater rapidement à des 

environnements thermiques nouveaux ou changeants. 
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General introduction and literature review 

 Non-native species can have substantial impacts on native flora and fauna (Gallardo et 

al., 2016; Kessel et al., 2011; Strain and Johnson, 2013; Strecker et al., 2006). The rate at which 

new species are introduced around the globe is accelerating and is several orders of magnitude 

higher than the prehistorical rates (Ricciardi, 2007).  Freshwater ecosystems, in particular, are 

quite susceptible to invasions, in part because they are major centres of human activity and thus 

receive higher propagule pressure (Dudgeon et al., 2006; Strayer and Dudgeon, 2010). For 

example, owing largely to intense shipping traffic and other human activities, more than 180 

invaders are established in the Great Lakes-St Lawrence basin – the most invaded freshwater 

ecosystem in the world (Ricciardi, 2006). The growing number of non-native species in the Great 

Lakes and other urbanized watersheds adds to other stressors, including climate change, that are 

already straining ecosystems and threatening their integrity (Allan et al., 2012) 

 

1. Context dependencies complicate non-native species risk assessment 

 Burgeoning numbers of invasions make it impossible to manage or prevent every new 

potential threat. However, not all non-native species are equivalent in impact. Some, like the 

zebra mussel Dreissena polymorpha, colonize rapidly and often become superabundant, altering 

nutrient cycles (Nalepa and Schloesser, 1992), causing drastic reductions in native mussel 

species (Ricciardi et al., 1998), and damaging infrastructure (Connelly et al., 2007; Ludyanskiy 

et al., 1993); whereas other species remain relatively limited in their abundance and distribution, 

or have minimal impact. Risk assessments must identify which species are likely to be the most 

successful and have the largest impacts, and should be prioritized for management. A major 

challenge to this goal is the context-dependent nature of invasions (Ricciardi et al., 2013).  
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 Climate change is projected to substantially alter the composition, abundance, and 

impacts of invaders in temperate ecosystems like the Great Lakes (Pagnucco et al., 2015; 

Woodward et al., 2010). Surface waters of the Great Lakes are expected to warm considerably 

over the next few decades. A decade ago, Trumpickas et al. (2009) reported that summer surface 

temperatures (measured in Tmax: the 20th warmest temperature of the year) ranged between 15°C 

for Lake Superior and 23°C for Lake Erie, and projected that they would be between 18.2°C and 

24.9°C by the period of 2041-2070 (Trumpickas et al., 2009). These elevated temperatures 

should create conditions more hospitable to non-native species originating from southern 

climates, increasing their probability of establishment (Hellmann et al., 2008) and possibly their 

impacts: a meta-analysis found that the trophic impacts of non-native aquatic species increased 

as the ambient water temperature approached their physiological optima (Iacarella et al., 2015). 

Therefore, it is crucial to consider emerging temperature contexts when assessing risks of 

invasion and targeting species for management.  

 

2. Carassius spp. as model invaders 

 The Carassius group includes several fishes with invasion histories and which may 

benefit from climate warming in temperate regions. While details of the phylogeny of the genus 

are still being debated, five species are generally accepted to be valid: the common goldfish 

(crucian carp) C. auratus, crucian carp C.  carassius, Prussian carp (gibel carp or silver crucian 

carp) C. gibelio, gengorobuna C. cuvieri, and ginbuna (Japanese silver crucian carp) C. 

langsdorfii (Rylková et al., 2013). Carassius gibelio, C. cuvieri, and C. langsdorfii were 

considered by some researchers as subspecies of C. auratus (Apalikova et al., 2008; Shimizu et 
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al., 1993); however, these four taxa have been confirmed as distinct species by cytochrome b 

mtDNA analysis in two different studies (Kalous et al., 2012; Rylková et al., 2013).  

 The crucian carp C. carassius can be distinguished morphologically from its congeners 

through several traits including the convex margin of its dorsal fin, its possession of 23-33 gill 

rakers (whereas other species have 37-53), and having a white peritoneum (in contrast to other 

species have a black peritoneum; Kottelat and Freyhof, 2007; Rylková et al., 2013). Moreover, 

both C. cuvieri and C. carassius are the only species that are exclusively diploid. The only 

reliable way of distinguishing C. langsdorfii, C. gibelio and C. auratus might be cytochrome b 

analysis (Rylková et al., 2013).  All five Carassius species have been introduced outside of their 

native range (Beatty et al., 2017; Jang et al., 2002; Jeffries et al., 2017; Kalous et al., 2013; 

Lusková et al., 2010a; Rylková et al., 2013), although in some regions their biogeographic 

history is unclear; there is debate as to whether C. carassius is native or non-native in much or 

all of Europe (Sayer et al., 2020). 

 In North America, at least two non-native Carassius species currently pose an invasion 

threat to aquatic ecosystems. The common goldfish (C. auratus) has established populations 

throughout North America, including the Great Lakes, over the past two centuries (Halas et al., 

2018; Nico et al., 2018; Scott and Crossman, 1973). Until relatively recently, it was generally 

perceived to be innocuous (but see Richardson et al. 1995 and Roy 1992). The Prussian carp (C. 

gibelio), which is highly invasive in western Europe (Lusková et al., 2010a; Ribeiro et al., 2015), 

is an emerging invader in Canada, where it is spreading rapidly in Alberta and Saskatchewan 

(Docherty et al., 2017).  

 Goldfish and Prussian carp can be visually distinguished only by their colouring (Kottelat 

and Freyhof, 2007), although this an unreliable trait for identifying fishes in general. Since 
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Prussian carp is often misidentified as goldfish or as other Carassius species (Elgin et al., 2014), 

the global distribution of each species is unclear. For accurate risk assessment, it is important to 

determine to what extent the two species differ in physiology and ecological impacts.  

 

2.1 Comparative reproduction and genetics 

 The ploidy of Carassius species is also a subject of debate. Most of the literature 

describes the different species of the Carassius species complex as diploid, triploid, and 

tetraploid (Apalikova et al., 2008; Liasko et al., 2011; Lusková et al., 2010a; Shimizu et al., 

1993), but some studies have revealed that Carassius species are actually composed of 

tetraploid, hexaploids, and octoploids (Liu et al., 2017; Luo et al., 2014, 1999).  

 Ploidy affects the reproductive mode of various Carassius species. Hexaploids can 

reproduce by gynogenesis (Liasko et al., 2011; Mada et al., 2001), thereby forming clonal lines 

of females. Gynogenetic females use the sperm of closely-related cyprinids to trigger the division 

of their eggs. Hexaploid males also exist and can reproduce bisexually with hexaploid females 

(Jiang et al., 2013; Liasko et al., 2011; Lusková et al., 2010a). In Europe, the first populations of 

C. gibelio were composed of only hexaploid females, but since the apparition of mostly 

tetraploid males in the population in the 1990s (either naturally or through introduction), their 

contribution to the reproductive pool is causing a demographic augmentation of the tetraploids in 

the population (Liasko et al., 2011; Lusková et al., 2010a). Previously, C. auratus was assumed 

to be only tetraploid, but in the last decade hexaploid individuals have also been discovered 

(Rylková et al., 2013; Takada et al., 2010; Xiao et al., 2011). In Europe, C. auratus populations 

seem to be either almost entirely tetraploid, or almost entirely hexaploid, and the distribution of 

each group is clustered (Rylková et al., 2013), which suggests that the hexaploid fish were 
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introduced independently of the tetraploids. Gynogenetic reproduction has not yet been reported 

from goldfish populations in North America or Australia, so it is possible that only tetraploid, 

sexually reproducing goldfish were introduced in these locations. However, given that the ploidy 

of goldfish on these two continents has not been investigated, it is possible that there are triploid 

individuals in these populations as well.  

 Genetic background and ploidy in Carassius can affect life history traits and competitive 

abilities. Hexaploid gynogenetic fish seem to have great colonizing potential because of their 

higher overall condition (measured by the protein concentration in their blood; Vetesník et al., 

2013) and the numeric advantage of asexual reproduction. Nonetheless, they tend to have a 

higher annual energy intake (Vetesník et al., 2013) and less effective oxygen intake at the gills 

(Sezaki et al., 1991) than tetraploids, which could lead to long-term competitive disadvantages if 

tetraploids appear in the system.  

 

2.2 Invasion histories of goldfish and Prussian carp 

 The goldfish is native to central China (Rylková et al., 2010) and was domesticated in the 

early Sung dynasty (Balon, 2004). It was introduced to Europe, beginning in Portugal, as early as 

1611, and then it was transported to England by 1691 and to France by 1755 (Balon, 2004). The 

species is thought to have been brought to North America in the late 17th century (De Kay and 

Seward, 1842), which would make goldfish the first recorded introduction of a non-native fish to 

the continent (Nico and Fuller, 1999). It is unclear exactly when goldfish were introduced into 

the Great Lakes watershed. The earliest record of goldfish being introduced into states that 

border the Great Lakes was in 1878 (Emery, 1985); by 1888 goldfish were found frequently in 

the canals of Hamilton County, Ohio (Battle, 1940), so they were likely introduced to the Great 
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Lakes basin within that decade. Goldfish are now well established in the Great Lakes–St. 

Lawrence watershed (Halas et al., 2018), and the abundance of populations in western Lake 

Ontario and Lake Erie has been increasing rapidly in recent years (Craggs, 2016; Hessenauer and 

Wills, 2016). 

 There is some dispute about the native range of Prussian carp. Some sources consider it 

to be a non-native species throughout Europe (Lusková, 2004), whereas others consider it to be 

native to central Europe (Kottelat and Freyhof, 2007). Rylková et al. (2013) offered a convincing 

argument that the native range of Prussian carp was originally in northern East Asia and that the 

species likely underwent a natural post-glacial range expansion from East Asia through Siberia 

into central Europe. Thus, it is unclear whether Prussian carp first invaded Europe via the 

Danube River in Romania in 1920, or if they are native to the region (Bănărescu, 1964; Vasile, 

2019). What is clear is that in 1954, Prussian carp were introduced to Hungary for aquaculture 

and subsequently escaped into the Körös and Tisza rivers (Holčík and Žitňan, 1978). Prussian 

carp entered the middle Danube from the Tisza River and began to expand its range upstream 

(Holčík and Žitňan, 1978). By the 1970s, Prussian carp had spread into other watersheds, 

including the Dyje and Morava rivers (Lusková et al., 2010a). It is now genetically confirmed as 

present in at least 17 European countries (Rylková et al., 2013) as well as in the Middle East 

(Jawad et al., 2012; Khosravi et al., 2020). 

Prussian carp were recently discovered in the Bow River and Red Deer River basins in 

Alberta in 2006, and in the South Saskatchewan River basin in 2012; these are the first reported 

occurrences of the species in North America (Elgin et al., 2014). Prussian carp are now 

widespread and abundant in Alberta (Docherty et al., 2017) and have migrated along the South 

Saskatchewan River basin as far as Saskatoon, Saskatchewan (Liebenberg, 2020). 
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2.3 Physiological tolerances  

 C. auratus and C. gibelio are particularly well adapted to physico-chemical conditions 

that will be promoted by climate change (e.g. warm surface temperatures, increasing salinity, 

summer hypoxia; (Rahel and Olden, 2008). This may give them a physiological advantage over 

many native species.  

 

Salinity  

 In goldfish, tolerance to salinity appears to be based on age; larval fish have limited 

survival at 4 ppt, whereas YOY goldfish can survive and grow in salinities at least as high as 

9ppt (Altinok and Grizzle, 2001; Murai and Andrews, 1977). Salinity tolerance among juvenile 

and adult goldfish varies across populations, with >80% survival at 10-20 ppt (Küçük, 2013; 

Schofield et al., 2006). In the laboratory, 33% of adult Prussian carp can survive for 3 months at 

15ppt (Elger and Hentschel, 1981), but self-sustaining populations of Prussian carp occur in 

brackish bodies of water like Shira Lake (15 ppt) (Rogozin et al., 2011) and the Black Sea (18 

ppt) (Abramenko, 2000). In the wild, goldfish do not seem to be able to maintain self-sustaining 

populations in brackish water, although they have been found in estuaries and appear to tolerate 

salinities up to 21 ppt (Beatty et al., 2017, Henderson and Bird, 2010; Martinho et al., 2007; 

Tweedley et al., 2017). The lack of self-sustaining populations of goldfish in brackish water may 

be due to the lower salinity tolerance of juvenile goldfish. Further study of the salinity tolerance 

of these two species is necessary to understand the differences.  
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Temperature 

 Published studies characterize Prussian carp and goldfish as warmwater species with a 

preference for temperatures near 28°C (Table 1). Goldfish can tolerate temperatures spanning 

0.3°C to 43.6°C (Ford and Beitinger, 2005). The tolerance range of Prussian carp is not known, 

but they have a chronic lethal maximum of 38-39°C (Table 1).    

 

Hypoxia and Desiccation 

 Both species exhibit a high tolerance for hypoxia (McNeil and Closs, 2007; Suzuki and 

Kanzaki, 1974; Yao et al., 2020). Goldfish can tolerate dissolved oxygen (DO) levels as low as 

0.2–0.8 mg/L in 25°C water (McNeil and Closs, 2007). Prussian carp tolerate DO concentrations 

as low as 1.5 mg/L in experimental conditions (Yao et al., 2020), but their lower tolerance limit 

has not yet been specifically tested. Both Carassius species are able to survive hypoxia because 

they have evolved an anaerobic metabolic pathway using alcohol dehydrogenase to produce 

alcohol as an end product, which is released as waste via the gills (Fagernes et al., 2017). 

Furthermore, goldfish and Prussian carp are tolerant to several hours of desiccation, with 

goldfish being able to survive 7 hours out of water (Nakamura, 1995) and Prussian carp able to 

survive for at least 5 hours out of water (pers. obs.). 

 

2.4 Ecological impacts 

 Using FISK (Fish Invasiveness Screening Kit – a scoring system designed to conduct risk 

assessments for non-native fish; Copp et al., 2009) and generic impact scoring systems, 

Carassius spp. have been scored as among the non-native species with the highest impact 
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potential in Europe (Almeida et al., 2013; Veer and Nentwig, 2015). Such impacts include 

ecosystem engineering, hybridization, disease transmission, and native species declines. 

 

Ecosystem engineering 

 Introductions of goldfish and Prussian carp are often followed by increases in suspended 

sediments (turbidity) and concomitant declines in submerged plants (Crivelli, 1995; Richardson 

et al., 1995). These changes are associated with their feeding activities: both species take up 

sediment while capturing benthic prey and then spit out the inedible particles into the water 

column. Plants can be uprooted by the sediment disturbance and are negatively affected by loss 

of light transparency owing to increased turbidity (Richardson et al., 1995). The per-capita effect 

of goldfish is such that turbidity generation increases linearly with their abundance (Gonzalez et 

al., 2008; Richardson and Whoriskey, 1992). However, a few larger goldfish can have twice the 

effect of many smaller goldfish, even where both groups are of equivalent biomass (Richardson 

and Whoriskey, 1992).  Furthermore, consumption of zooplankton by goldfish and Prussian carp 

can be substantive enough to cause trophic cascades; released predation pressure on 

phytoplankton promotes algal blooms, and thus higher turbidity, in lentic systems (Crivelli, 

1995; Paulovits et al., 1988). The turbidity effects of goldfish and Prussian carp are less 

pronounced in rivers, likely because the water current flushes suspended sediment downstream 

(Ruppert et al., 2017).  

 

Hybridization 

 Goldfish can hybridize with crucian carp Carassius carassius and common carp Cyprinus 

carpio (Hänfling et al., 2005; Haynes et al., 2012). Prussian carp/crucian carp hybrids have also 
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been reported from the Iberian Peninsula and the Baltic Sea (Ribeiro et al., 2015; Wouters et al., 

2012). In the UK, where non-native crucian carp are considered a cultural heritage species 

targeted for conservation (Copp and Sayer, 2020), hybrids of goldfish and crucian carp have 

been found in all sympatric populations, and consequently, pure crucian carp are declining in 

such areas. However, backcrossing and introgression of goldfish DNA into crucian carp has 

occurred in only a few populations (Hänfling et al., 2005). With common carp and goldfish 

hybrids, some F2 generation and backcrossing has been detected, which could increase genetic 

diversity in both non-native species and facilitate their invasion (Haynes et al., 2012). For 

example, goldfish are susceptible to cyprinid herpesvirus 2 and carp are susceptible to cyprinid 

herpesvirus 3, but their hybrids are resistant to both viruses (Hedrick et al., 2006). Herpesviruses 

can be used to control non-native populations (Haynes et al., 2012); therefore, resistance to both 

viruses gained through backcrossing could render goldfish more difficult to control. Prussian 

carp are also susceptible to cyprinid herpesvirus 2 (Wang et al., 2012) and are capable of 

hybridizing and backcrossing with common carp (Balashov et al., 2017), so resistance genes 

likely pass between these two species.   

 

Disease transmission 

 Introductions of goldfish and Prussian carp often bring pathogens, including monogenean 

flatworms, trematodes, cestodes, parasitic copepods, myxozoans, various other protists, and 

viruses, some of which are also non-native taxa (Daghigh Roohi et al., 2014; Davydov et al., 

2012; Faillace et al., 2017; Fletcher, 1998; Lewisch et al., 2015; Magalhães, 2006; Martínez-

Aquino and Aguirre-Macedo, 2019). Both goldfish and Prussian carp carry commensal 

organisms that could be pathogenic to resident fishes and amphibians; for example, goldfish 
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carry FV3 ranavirus that can be transmitted to frogs, and Prussian carp are vectors of carp edema 

virus disease (Faillace et al., 2017; Matras et al., 2019).  

 

Declines in native species 

 Goldfish compete with various species for food. In laboratory studies, there were 

indications that goldfish have a competitive advantage over crucian carp and tench (Tinca tinca) 

when food is limited (Magalhães and Jacobi, 2013; Busst and Britton, 2015, 2017; Guo et al., 

2017). Goldfish can also contribute to declines in newt and salamander populations through 

competition for food, preying upon their eggs and interfering with their reproduction (Roy, 1992; 

Monello and Wright, 2001; Winandy and Denoël, 2013). In the wild, goldfish presence has been 

associated with a decline in native poolfish (Empetrichthys latos) and cichlids (Deacon et al., 

1964; Magalhães and Jacobi, 2013), although further study is needed to determine if such 

declines are caused by antagonistic interactions.  

 In North America, Prussian carp are considered likely competitors for space and food 

with native cyprinids, sunfishes, and suckers (Docherty et al., 2017), and indeed following their 

introduction there have been declines in the abundance of native fishes (Ruppert et al., 2017). 

Prussian carp have a tendency to become very abundant. For example, in the Dyje River 

floodplain the species reached densities of 1358 kg/ha, and 0+ fish can reach densities of 45-84 

fish/m of shoreline; this large increase in abundance coincided with reductions in native cyprinid 

populations such that T. tinca and C. carassius became rare in the pools, oxbows, and woodland 

lakes (Lusková et al., 2010b). These declines may be the result of competition for food or 

reproductive interference by Prussian carp, but could also be coincident responses to changes in 

resources or environmental conditions in the river.  
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 Reproductive interference by Prussian carp has been documented, including, for example, 

gynogenetic reproduction in which the sperm of other cyprinids is parasitized. Furthermore, 

Prussian carp can progressively increase their spawning duration to encompass the spawning 

periods of multiple native fish species, resulting in a decline in spawning, gonadosomatic index 

and catch per unit effort of native fishes, and a rapid increase in catch per unit effort for Prussian 

carp (Tarkan et al., 2012).   

 

3. A population-based approach to studying non-native species 

 Traits of non-native populations can differ from those of conspecific populations in their 

native range (Bastlová, and Květ, 2002; Erfmeier and Bruelheide, 2005; Zou et al., 2007) as well 

as across the non-native range (Evangelista et al., 2019; Latorre et al., 2018; Liu et al., 2016; 

Saulic et al., 2013), owing to phenotypic plasticity (Liu et al., 2016) or contemporary evolution 

(Evangelista et al., 2019). Emerging invasive populations are capable of rapid adaptation in new 

environments (Prentis et al., 2008). Recognizing that interpopulation trait variation can be 

substantial, a valuable but underexploited approach for predicting a non-native species’ response 

to projected future conditions is to collect individuals from multiple conspecific populations 

from areas where they experience different conditions and test them in a common new 

environment. This approach can reveal a range of trait values that are possible for the species.  

 

4. Research objectives 

 For the purposes of risk assessment and management prioritization in an era of climate 

change, it is necessary to understand the extent to which goldfish and Prussian carp can 

respectively perform under elevated temperatures. This study will compare the optimal growth 
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temperature and maximum feeding rate of two size classes of juvenile goldfish and Prussian carp 

at a range of temperatures representative of summer surface temperatures in temperate lakes. 

Measurements of growth rate can reveal physiological optima, as well as habitat conditions 

conducive to high abundance. A high growth rate increases the likelihood of overwinter survival 

in juveniles experiencing their first winter (Conover, 1990), and determines how quickly older 

juvenile fish will escape predation by gape-size limited predators (Urban, 2007). Higher growth 

rates likely lead to higher survivorship, which, in turn, can result in a larger reproductive 

population over time. Maximum feeding rate can indicate how rapidly a fish can reduce prey 

populations and therefore how intensely they may compete with other species. Since goldfishes 

generate turbidity and uproot macrophytes through their feeding activities (Richardson et al., 

1995), maximum feeding rate might be a proxy indicator for the extent to which they can 

potentially alter habitat conditions. 

My objectives were to use these two metrics of performance and impact to address the 

following questions:  

 

1. How does the relationship between growth rate and temperature vary across 

latitudinally distributed populations? Here I tested two competing hypotheses. First, I 

hypothesize that goldfish respond to a cold climate and shorter growing season by 

maximizing their growth at cooler temperatures, in which case individuals from higher 

latitudes will have a lower optimal growth temperature compared to those from lower 

latitudes (Gilchrist, 1995). Alternatively, goldfish could exhibit countergradient variation in 

growth rate, in which juvenile goldfish from higher latitudes will have a higher overall 

growth rate to compensate for a shorter growing season (Conover, 1990).  
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2. How does the relationship between growth rate and temperatures differ between non-

native temperate populations of Prussian carp and goldfish? Here, I compared one 

population of Prussian carp to three populations of goldfish to determine whether the traits of 

the Prussian carp population differ significantly from the trait range of goldfish populations. 

When Prussian carp and goldfish populations were genetically identified in Europe, goldfish 

populations were located primarily in southern countries with warmer climates, whereas 

Prussian carp were found across a broad range of latitudes (Rylková et al., 2013). Therefore, 

I hypothesized that Prussian carp are better able to adapt or acclimatize to temperate 

climates, and therefore they should have a higher growth rate than goldfish at cooler 

temperatures. 

 

3. What is the relationship between maximum feeding rate and source population, 

ambient temperature and growth rate? I determined whether maximum feeding rate has a 

consistent relationship to growth rate over a set of populations and species. In bioenergetics 

models, the relationship between maximum feeding rate and temperature is typically modal 

(Árnason et al., 2009); the initial increase in feeding rate reflects increasing metabolic  

demands (Cuenco et al., 1985) and the subsequent decline in feeding rate is correlated with 

reduced attack rates (Englund et al., 2011), which could be attributed to the rising oxygen 

demands of active foraging. The temperature at which feeding rate is highest occurs at a 

temperature ~2-3 degrees higher than the optimal growth temperature (Cuenco et al., 1985; 

Jobling, 1993). However, in these models it is assumed that food is not limited, which results 

in a higher optimum growth temperature than when feeding is more restricted (Jobling, 
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1993). In this case, since feeding rate is restricted to 1% of body mass/day, I hypothesized  

that the optimum growth temperature will be lower, and therefore the maximum feeding rate 

for a given population will peak, at an ambient temperature 4-6 degrees higher than the 

optimum growth temperature.
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Table 1. Documented measures of thermal tolerance and optima for goldfish (C. auratus) and Prussian carp (C. gibelio). 

Abbreviations: OGT= Optimal growth temperature, FTP= final temperature preferendum, OS = optimal spawning temperature, OE= 

optimal egg development temperature, CTmax= Critical thermal maximum, ULT = upper lethal temperature. Temperatures in brackets 

denote acclimation temperature. Age and source population for fish are included when information was available.  

 

Species OGT FTP OS OE CTmax ULT 

C. 

auratus 

25°C (Audige 1921) 

juvenile 

 

28°C (Kestemont 

1995) larvae 

25-29°C (15°C), 29-32°C (20°C) (Roy and 

Johansen 1970) 40-60mm, pet store 

 

 26.0°C-29.7°C (20-22°C) (Reynolds et al. 

1978) 40-70mm, pet store 

 

 28.1 (Fry 1947) juvenile 

 

24-27°C (Reutter and Herdendorf 1974) 

adult 

 

24.7-27°C (25°C), 19.2°C (15°C) 

 6.8-7.9°C (5°C) (Nelson and Prosser 1978) 

80-100mm 

17-24°C (Gillet et al. 

1977) 3-4 years 

24-28°C 

(Battle 1940) 

Lake Erie 

43.6°C (35°C) (Ford 

and Beitinger, 2005) 

pet store 

 

 36.2°C (17°C), 39.2°C 

(27°C) (Weatherley, 

1970) juvenile, pet 

store 

41°C (Ford 

and Beitinger 

2005) 

 

36.2 (17°C), 

39.2 (27°C) 

(Weatherley, 

1970) 

 

 29°C (5°C), 

41°C (40°C) 

(Brett 1944) 

C. gibelio 
 

27°C-28°C (18-22°C) (Golovanov 2013) 

Rybinsk Reservoir, 0+ and 1+ 

15-19°C, 22°C 

(Alabaster and Lloyd 

2013) 

 

12-14°C (Paschos et 

al. 2004) Greece 

 

13.5-29.4°C (Sasi 

2008) Anatolia 

 

11.7 -22°C 

(Kirankaya and 

Ekmekci, 2013) 

Anatolia 

20.5°C (Saat 

and Veersalu, 

1996) Estonia 

 
38-39°C 

(1°C/day 

increase) 

(Golovanov 

2013) 

Rybinsk 

Reservoir, 0+ 

to 1+ 
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Materials and methods 

1. Fish and temperature collection 

 Fish collection, care, and use for growth and feeding experiments was approved by 

McGill University’s Facility Animal Care Committee (protocol number #2018-8004) following 

the Guide to the Care and Use of Experimental Animals (Canadian Council on Animal Care 

1993). Fish were obtained from goldfish and Prussian carp populations at 5 North American 

locations (Figure 1). Wild goldfish were collected using fyke and seine nets from populations in 

Lac des Battures (45.45533, -73.554347) on Nun’s Island, Montreal, Quebec, and Cootes 

Paradise Marsh (43.275392, -79.895289) in the western end of Lake Ontario, Hamilton, Ontario. 

Wild Prussian carp were collected using fyke, seine and gill nets from Blood Indian Creek 

Reservoir in southern Alberta (51.248879, -111.209328).  Goldfish were driven from Hamilton, 

Ontario to McGill University in coolers. Oxygen levels were maintained with battery powered 

aerators, and temperature was checked every 2 hours with a thermometer and reduced when 

necessary with the addition of ice packs to the water in short intervals (no more than 15 minutes). 

Prussian carp were packed in a double layer of 3-mm thick plastic bags filled with 3 parts 

ambient air and one part clean, 18C water, placed in coolers and transported by airplane from 

Calgary to Montreal. The total time between packaging at the field site and arrival at the McGill 

University facility was 30 hours. Prior to transport, Prussian carp were subjected to a 48-hour 

starvation period to minimize the amount of waste produced during transport.  Uniodized salt 

and Seachem Prime were added to the water at concentrations of 5 ppt and 0.05 ml/L 

respectively, to reduce stress and the buildup of free ammonia during transport.  

 Additional goldfish were purchased from two pet stores in Montreal. One population 

originated from Mt. Parnell Fisheries near Mercersburg, Pennsylvania (39.898493, -77.897507). 
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The other originated from the Tampa region; the pet store was unwilling to specify the farm from 

which they came, and the Tampa area does not have any large-scale goldfish producers in the 

area (Dr. Matthew DiMaggio, University of Florida, personal communication) – however, there 

is a large-scale farm nearby in Eustis, which is called Blackwater Creek Koi Farms (28.910012, -

81.449404). It seems likely that the Tampa fish originated from here. We were able to confirm 

that the Mt. Parnell population was raised in outdoor ponds. The standard practice in the Tampa 

area is to raise fish in outdoor ponds (“Tropical Fish Farming in Florida,” 2021), and this was the 

case for goldfish at Blackwater Creek Koi Farms (Rick Gann, Blackwater Creek Koi Farms Inc., 

personal communication).  

Two size classes were collected for each population: a small size class measuring 20-60mm 

and a larger size class measuring 70-130mm. The small size class was assumed to represent 

young-of-the-year (YOY), based on reported length-at-age information from the literature (Balik 

et al., 2004; Lorenzoni et al., 2007; Mugiya and Tanaka, 1992) and owing to the timing of their 

appearance in the middle of the growing season. The larger size was assumed to represent 

juveniles that are likely age-1, again based on published studies (Balik et al., 2004; Lorenzoni et 

al., 2007).  However, since we did not verify age using otoliths, we will refer to the two groups 

as the small and large size classes. At Cootes Paradise Marsh, only fish in the large size class 

were collected; at the time of sampling in August 2019 no small fish were found, and plans to 

return to collect them from Cootes Paradise Marsh were cancelled in the summer of 2020 owing 

to the COVID-19 pandemic. The pet store goldfish were examined because they offered an 

opportunity to increase the range of the latitudinal gradient in populations. Pet store goldfish also 

represent potential sources of invasions in the Great Lakes-St Lawrence system, and wild-caught 

populations have been established for multiple years in this watershed.  
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We selected one population from each latitude. While it would be beneficial to capture 

variation in growth and feeding from multiple populations within each latitudinal band, we made 

the assumption that variation would be greater across latitudes than within. Previous studies on 

freshwater fish have found significant latitudinal patterns in growth rate both when replication 

within latitudes was included (Power and McKinley, 1997; Rypel, 2012; Weber et al., 2015) and 

when there was no replication between latitudes (Yamahira and Conover, 2002). 

 Ambient temperatures for the growing season were collected for the three wild 

populations using HOBO MX2201 temperature loggers set at 1m depth.  The temperature 

loggers in Blood Indian Creek Reservoir were stolen in May and replaced with new loggers in 

early July; the stolen loggers were returned by the end of the summer, so some data was 

available for May temperatures. As we were unable to obtain temperatures directly from the 

aquaculture facilities for Tampa and Mercersburg, we used temperatures from the closest USGS 

monitoring location. For Mercersburg, data were obtained from site 01563200 on the Rays 

Branch of the Juniata River, where it enters Raystown Lake. For Tampa, data were obtained 

from site 02264000 on Cypress Creek in Orlando, FL, which was chosen because it is the closest 

stream gage to Eustis that measures temperature and most closely matches the annual 

temperature range reported by Blackwater Creek Koi Farm. Annual temperatures taken from 

rivers tend to differ from temperatures taken from lakes and ponds, because they are influenced 

by different hydrological processes. However, both lakes and rivers do reflect changes in 

ambient air temperatures; so in the absence of pond temperature data, river temperatures were 

used as an approximation of seasonality and temperature in these areas.  
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2. Growth experiments  

 Growth experiments were conducted for both size classes to measure performance 

relative to temperature – which is particularly important for the small size class, as they are 

dependent on the vegetated littoral zone for food and shelter and thus less able to seek thermal 

refuge if temperatures range too far outside their optimum. Feeding rate experiments were 

conducted only on the larger size class, as these were expected to have a greater trophic impact. 

For all experiments, 6 replicates were tested for each temperature, for a total of 24 fish tested in 

each population.  Experiments were conducted at four temperatures: 18C, 22C, 25C, and 

28C; the first three of these temperatures were chosen based on projected Tmax surface water 

temperatures for Lake Superior, Lake Huron, Lake Erie, and Lake Ontario, for the period of 

2041-2070 (Trumpickas et al., 2009). The final temperature of 28C is included to account for 

the fact that average summer surface temperatures are likely to be higher in shallow marshes, 

ponds, and the littoral zones of lakes and wetlands – the preferred warm weather habitats for 

goldfish and Prussian carp (Lorenzoni et al., 2007; Petering and Johnson, 1991; Specziár et al., 

1997). Water temperatures for individual tanks varied depending on the position of the tank 

within the temperature-controlled chamber. Temperature within the tanks did not vary greatly on 

a temporal scale, so water temperatures were taken once a week and the average temperature was 

determined from three weekly measurements over the course of the growth period.  

 After collection from the wild, fish were placed in aquaria in one of four temperature-

controlled chambers with a controlled photoperiod (12L:12D). For a minimum of 7 days, the fish 

were held at a temperature close to the ambient temperature they had experienced prior to 

collection, to acclimate them to the new environment. After this initial acclimation period, the 

water temperature was either increased or reduced by 1–2C/day until fish reached their 
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treatment temperature for the experiment; this incremental rate allows fish to acclimate to new 

temperatures with minimal stress and mortality (Cocking, 1959). After the treatment temperature 

was reached, fish were allowed to acclimate for 3 weeks at this temperature before trials began. 

 After acclimation, each fish was weighed (live mass, to the nearest 0.01g) and then 

placed in either an individual 19L tank (small fish) or a 76L tank (large fish). Fish remained in 

their individual tanks for 3 weeks and were fed pellet food at 1% of body weight per day during 

this period. At the end of the 3-week period, mass was recorded again and the specific growth 

rate was calculated following methods in (Froese, 2006).  

 A daily ration of 1% body weight per day was chosen based on previous studies 

indicating that juvenile fish tend to consume about 0.5–3% of their body weight in food per day 

(Du et al., 2006; Rybczyk, 2006; Specziár, 2002). We chose a percentage that was on the lower 

side of this range to account for the fact that a significant portion of wild goldfish and Prussian 

carp diets is made up of detritus, plants and algae (Richardson et al., 1995; Specziár et al., 1997; 

Yalcin Ozdilek and Jones, 2014), which are fairly low in protein compared to the pellet food. A 

small pilot study with Lac des Battures and Cootes Paradise Marsh fish at higher temperatures 

confirmed that growth would occur with this daily ration.  

 

3. Feeding experiments  

 After growth trials were completed, the fish were subjected to feeding trials. Individual 

fish were acclimated to a new 76L tank with no substrate for 48 hours during which they were 

starved for 24 hours to standardize hunger levels, and then presented with chironomid larvae 

(Chironomus spp., stored in a freezer and subsequently thawed in water for 15min prior to use) 

for 1hr. The mean mass of each chironomid larvae was 0.003g. At the end of the trial, fish were 
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removed to a recovery tank and the remaining larvae were counted and subtracted from the 

initial total to determine the number of prey consumed. 

 The number of larvae provided to each population of fish was initially computed based 

on a ratio of larvae consumed to the mass of fish, derived from a pilot study with pet store 

goldfish, where the maximum feeding rate for goldfish at 25C was determined from a functional 

response curve. The largest ratio of larvae to mass of fish (~8 larvae/g of fish) was extracted 

from the functional response experiment. This ratio was multiplied by the mass of the largest fish 

in a population to determine the number of larvae to be offered to all fish undergoing trials; the 

rationale for this method is that the amount of food eaten by a fish relative to its mass declines as 

mass increases, although a linear relationship can be approximated over a small range of mass 

(Elliott, 1975, 1976). The largest ratio of larvae eaten to mass of fish was typically found in 

smaller fish, so when that ratio was applied to larger fish within the population, their maximum 

feeding rate was marginally overestimated. At the same time, since the ratio is multiplied by the 

mass of the largest fish, the number of larvae used also marginally overestimated the maximum 

feeding rate of smaller fish. 

 When this method was applied to the first population tested, the Prussian carp, they were 

given 150 larvae each, and each fish left at least 50 larvae uneaten, so it was assumed that they 

were satiated. However, when the first half of the Pennsylvania pet store population was tested 

with 150 larvae per individual, about one-third of the fish tested consumed all 150 larvae. 

Therefore, fish within the remaining Pennsylvania pet store population were subsequently given 

250 larvae per fish; in this case, each fish left at least 50 larvae uneaten. The first half of this 

population was held in their individual tanks at temperature and they were tested with 250 larvae 

two weeks later. An ANCOVA with mass and date as explanatory variables was used to 
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determine that the fish that were tested twice did not differ significantly in the number of larvae 

eaten relative to the fish that were tested once. 

 The Pennsylvania pet store fish consumed the largest number of larvae at 22C, so a new 

ratio of larvae consumed per gram of fish was derived from the average number of larvae eaten 

and the average mass of the fish tested at 22C. This new ratio (14 larvae /g fish) was used to 

determine the number of larvae offered to the Cootes Paradise, Nun’s Island, and Tampa 

populations. All fish tested in these three populations left at least 50 larvae uneaten, so it was 

assumed that they had eaten to satiation.  

 

4. Statistical analysis 

Variation in growth rate across latitudinally distributed populations (Question 1) and between 

species (Question 2) 

 HGAMs (hierarchical generalized additive models) were fit to the data for questions 1 

and 2, using the “mgcv” function within the R package mgcv.  A Gaussian error distribution with 

identity link function was used to construct models for questions 1 and 2. Mass, temperature, and 

population were initially considered as covariates for both models, and species was also 

considered as a covariate for the model for question 2. Smoothness parameters were estimated 

with restricted maximum likelihood (REML).  

 Models were selected by comparing deviance explained, adjusted R2 and AIC values 

(Akaike, 1987).  
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Relation of growth rate to feeding rate across temperatures and populations (Question 3) 

 A multivariate additive model was constructed with both growth rate and feeding rate as 

the response variables, using the mgcv package and a multivariate Gaussian distribution with 

identity link function. The covariates included for growth rate were temperature and population, 

and for feeding rate they were temperature, population and mass. Models were selected using 

deviance explained, adjusted R2 and AIC values. All analyses were conducted in R (version 

3.6.3).   
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Figure 1. Map of collection sites for wild goldfish (Lac des Battures and Cootes Paradise Marsh), Prussian carp 

(Blood Indian Creek Reservoir) and aquaculture sites for pet store goldfish (Mercersburg, Pennsylvania and Tampa, 

Florida). 
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Results  

1. Variation in growth rate across latitudinally distributed populations 

 For both size classes, population and temperature had significant effects on growth rates 

(Tables 2 & 3, Figs. 2a & b). For the larger size class, mean growth rates for Cootes Paradise 

Marsh, Lac des Battures and Mercersburg did not differ significantly and were higher than that 

of the Tampa population. The effect of temperature on growth rate varied significantly between 

populations and growth was non-linear for all populations except Cootes Paradise Marsh (Table 

2, Fig. 2a).   

 For the smaller size class, mean growth rate was highest in the Mercersburg population 

and lowest in the Lac des Battures population (Table 3, Fig. 2b). Again, the effect of temperature 

on growth rate varied significantly between populations. Temperature had a linear negative 

effect on growth rate for the Mercersburg population, and a non-linear effect on growth rate for 

the Lac des Battures and Tampa populations.  

 

2. Variation in Prussian carp growth rate 

 For the larger size class, species, initial mass and temperature all had significant effects 

on growth rate, with the relationship of growth rate and temperature differing between 

populations (Table 4, Fig. 3a). Goldfish populations had significantly lower mean growth rates 

than Prussian carp (Table 4, Fig. 3a), while the effect of temperature on mass-adjusted growth 

rate varied significantly between populations. Growth was non-linear for all populations except 

Cootes Paradise Marsh.  The highest growth rate within the measured temperature range 

occurred near 18°C for the Prussian carp and for goldfish populations from Cootes Paradise 

Marsh and Mercersburg. Growth rate for the Lac des Battures population was highest at 22°C. 
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The effect of mass on growth rate was non-linear, with intermediate values having a moderately 

higher growth rate.  

 For the smaller size class, the model indicated that population, initial mass and 

temperature all had significant effects on growth rate (Table 5, Fig. 3b). The ‘species’ variable 

was removed from the model because it did not have a significant effect nor improve the AIC 

score. Mean growth rate was highest in the Mercersburg population and lowest in the Prussian 

carp population. The mass-adjusted effect of temperature on growth rate varied significantly 

between populations. Temperature had a linear negative effect on growth rate for the Prussian 

carp and Mercersburg populations, and a non-linear effect on growth rate for the Lac des 

Battures population. Growth rate was highest at 18°C for the Prussian carp and Mercersburg 

populations, while the Lac des Battures population experienced the highest growth rate near 

22°C. The effect of mass on growth rate was non-linear, and fish with lower initial mass had a 

higher growth rate.  

 

 

3.  Relationship between growth and feeding rates across populations and temperatures 

 

 Growth rate was significantly affected by population and by temperature, whereas 

feeding rate was significantly affected by population, temperature and mass (Figure 4, Table 6). 

The correlation between the two response variables, feeding rate and growth rate, was 0.00052. 

Mean growth rate was highest for the Prussian carp population, and lowest for the Tampa 

goldfish population. The relationship of growth rate to temperature varied by population, and 

was non-linear for all populations except that of Cootes Paradise Marsh.  

 Mean feeding rate was highest for the Mercersburg population and lowest for the 

Prussian carp population, and its relationship to temperature varied by population. The Lac des 
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Battures and Prussian carp populations had a positive, linear relationship between feeding rate 

and temperature, whereas the Tampa population had a negative, linear relationship between 

feeding rate and temperature. The relationship was non-linear (and varied greatly) for the 

Mercersburg population, and was not significant for the Cootes Paradise Marsh population. 

Across all populations, feeding rate was positively and linearly related to fish mass.  

 

4. Temperature data 

 Temperature were coolest and the growing season was shortest in Blood Indian Creek 

Reservoir, where the Prussian carp were collected. Growing season length and average 

temperatures increased from north to south (Appendix: Figure A1), with temperatures 18°C and 

above occurring from early July to late August in Blood Indian Creek Reservoir, from late May 

to early September in Lac des Battures, from at least early June to mid-September in Cootes 

Paradise Marsh, and from early June to late October in Mercersburg. In Orlando, temperatures 

above 18°C occurred starting in February and lasting until late November.  
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Figure 2. Growth rate functions and partial residuals for the a) large size class and b) small size class from North 

American goldfish populations across a latitudinal gradient. Shaded regions represent the 95% confidence intervals. 
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Figure 3. Mass-adjusted growth rate functions and partial residuals for the a) large size class and b) small size class 

from the temperate Prussian carp and goldfish populations. Shaded regions represent the 95% confidence intervals.  
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Figure 4. Growth rate and mass-adjusted feeding rate functions for the large size class of all populations. Feeding 

rate units are in number of bloodworms/hour and growth rate units are in %/day. Shaded regions represent the 95% 

confidence intervals for each function. 
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Table 2.  Summary of GAM model (identity link, restricted maximum likelihood, thin plate smoothing splines) 

fitted to latitudinal goldfish population growth rates for the large size class. Adjusted R2 for this model is 0.621. 

Degrees of freedom is abbreviated as df. There are separate smooth terms that describe the relationship of 

temperature to growth rate for each population. The effective degrees of freedom are a measure of how flexible or 

rigid a smooth term is, with 1 representing a perfectly linear relationship and higher numbers representing 

increasingly flexible smooth terms. The p value for each smooth represents a zero effect test and it is <0.05 when the 

relationship between the x and y variable is significantly different from a line with a slope of 0.   

 

 

Parameter Estimate 

Standard 

error t P 

     
Cootes Paradise Marsh (ON) 

(Intercept) 
0.409 0.027 15.344 <0.0001 

Lac des Battures (QC) 0.057 0.038 1.491 0.1397 

Mercersburg (PA) 0.065 0.038 1.718 0.0895 

Tampa (FL) -0.222 0.038 -5.785 <0.0001 

Smooth terms 

Effective 

df Reference df F P 

     

Temp: Cootes Paradise Marsh (ON) 1.000 1.000 7.854 0.006292 

Temp: Lac des Battures (QC) 1.960 2.338 14.305 <0.0001 

Temp: Mercersburg (PA) 2.268 2.627 7.826 <0.000608 

Temp:Tampa (FL) 2.980 2.840 14.803 <0.0001 
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Table 3.  Summary of GAM model (identity link, restricted maximum likelihood, thin plate smoothing splines) 

fitted to latitudinal goldfish population growth rates across temperatures for the small size class. Adjusted R2 for this 

model is 0.625. Degrees of freedom is abbreviated as df. There are separate smooth terms that describe the 

relationship of temperature to growth rate for each population.   

 

Parameter Estimate 

Standard 

error t P 

     

Lac des Battures (QC) (Intercept) 0.195 0.037 5.346 <0.0001 

Mercersburg (PA) 0.371 0.052 7.186 <0.0001 

Tampa (FL) 0.138 0.052 2.680 0.00934 
     

Smooth terms Effective df Reference df F P 

     

Temp: Lac des Battures (QC) 2.229 2.613 2.703 0.04052 

Temp: Mercersburg (PA) 1.000 1.000 45.417 <0.0001 

Temp:Tampa (FL) 1.368 1.633 8.720 0.00322 
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Table 4.  Summary of GAM model (identity link, restricted maximum likelihood, thin plate smoothing splines) 

fitted to growth rates of temperate goldfish and Prussian carp populations for the large size class. Adjusted R2 for 

this model is 0.589. Degrees of freedom is abbreviated as df.  There are separate smooth terms that describe the 

relationship of temperature to growth rate for each population. In addition there is a smooth term for the relationship 

of the mass of the fish to the growth rate, and a smooth term that acts as a random effect for population.  

 

Parameter Estimate Standard error t P 

     

Goldfish (Intercept) 0.450 0.022 20.662 <0.0001 

Prussian carp 0.156 0.045 3.476 0.000813 

     

Smooth terms 

Effective 

df Reference df F P 

     

Temp: Cootes Paradise Marsh (ON) 1.000 1.000 8.251 0.005167 

Temp: Lac des Battures (QC) 2.325 2.678 17.815 <0.0001 

Temp: Mercersburg (PA) 2.460 2.784 7.282 0.000229 

Temp: Prussian carp (AB) 2.022 2.360 5.304 0.003887 

Mass of fish (g) 2.476 2.800 4.488 0.024418 

Population 1.135 2.000 1.361 0.091227 
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Table 5. Summary of GAM model (identity link, restricted maximum likelihood, thin plate smoothing splines) fitted 

to growth rates of temperate goldfish and Prussian carp populations for the small size class. Adjusted R2 for this 

model is 0.589. Degrees of freedom is abbreviated as df.  There are separate smooth terms that describe the 

relationship of temperature to growth rate for each population. In addition, there is a smooth term for the 

relationship of the mass of the fish to the growth rate.  

 

Parameter Estimate 

Standard 

error t P 

     

Prussian carp (AB) (Intercept) 0.031 0.053 0.578 0.566 

Lac des Battures (QC) 0.112 0.061 1.830 0.072 

Mercersburg (PA) 0.690 0.102 6.729 <0.0001 

     

Smooth terms 

Effective 

df Reference df F P 

     

Temp: Prussian carp (AB) 1.000 1.000 13.639 0.000461 

Temp: Lac des Battures (QC) 1.794 2.175 2.469 0.079958 

Temp: Mercersburg (PA) 1.000 1.000 34.761 <0.0001 

Mass of fish (g) 1.489 1.794 3.936 0.018363 
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Table 6.  Summary of multivariate normal GAM model (restricted maximum likelihood) fitted to growth rates and feeding rates across temperature for all 

populations (large size class).  Degrees of freedom is abbreviated as df. This model explains 67.10% of the deviance in the data. There are two response 

variables: growth rate and feeding rate. For each response variable there are separate smooth terms that describe the relationship of temperature to growth rate for 

each population. For the feeding rate response variable there is also a smooth term for the relationship of the mass of the fish to the feeding rate.   

 

  Parametric coefficients   Nonlinear effects 

Parameter Estimate Standar

d error 

z value P   Parameter Effective 

df 

Reference 

df 

𝜒2 P 

           

Growth rate 
          

Blood Indian Creek 

Reservoir (AB) (Intercept) 

0.608 0.025 23.905 <0.0001 
 

Temp: Blood Indian Creek 

Reservoir (AB) 

1.111 1.211 8.664 0.007478 

Cootes Paradise Marsh (ON) -0.197 0.036 -5.482 <0.0001 
 

Temp: Cootes Paradise 

Marsh (ON) 

1.000 1.000 8.624 0.003319 

Lac des Battures (QC) -0.134 0.036 -3.701 0.000215 
 

Temp: Lac des Battures (QC) 1.859 2.251 33.854 <0.0001 

Mercersburg (PA) -0.132 0.036 -3.634 0.000279 
 

Temp: Mercersburg (PA) 2.408 2.818 23.109 0.000112 

Tampa Bay (FL) -0.409 0.039 -10.613 <0.0001 
 

Temp:Tampa Bay (FL) 3.443 4.041 48.510 >0.0001 
           

Feeding rate 
          

Blood Indian Creek 

Reservoir (AB) (Intercept) 

53.437 6.766 7.897 <0.0001 
 

Temp: Blood Indian Creek 

Reservoir (AB) 

1.000 1.000 5.221 0.022323 

Cootes Paradise Marsh (ON) 58.195 8.066 7.214 <0.0001 
 

Temp: Cootes Paradise 

Marsh (ON) 

1.280 1.495 1.511 0.473184 

Lac des Battures (QC) 24.247 8.403 2.886 0.003908 
 

Temp: Lac des Battures (QC) 1.000 1.000 19.196 <0.0001 

Mercersburg (PA) 80.981 8.550 9.472 <0.0001 
 

Temp: Mercersburg (PA) 2.862 2.985 18.899 0.000501 

Tampa Bay (FL) 35.071 12.983 2.701 0.006909 T Temp:Tampa Bay (FL) 1.000 1.000 8.782 0.003044 

            Mass (g) 1.000 1.000 22.466 <0.0001 
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Discussion 

1. Variation in growth rate across latitude 

 Goldfish from high-latitude populations were hypothesized to have either a higher overall 

growth rate or a lower optimal growth temperature than goldfish from low-latitude populations. 

The larger size class from these populations seem to exhibit both patterns. Overall, mean growth 

rate in the larger size class appeared to follow countergradient variation and had a positive 

relationship with latitude.  The three high-latitude populations had higher mean growth rates than 

the Tampa population. Countergradient variation is predicted to occur when populations at high 

latitudes experience a shorter growing season than those at low latitudes (Conover and Present, 

1990).  A higher growth rate at high latitudes is necessary to attain a similar size to fish in lower 

latitudes that have a longer growing season. In juvenile fish, selection pressure to attain a large 

size at the end of the growing season is likely due to size-selected overwinter mortality 

(Conover, 1990) and perhaps also to escape predation by gape-limited predators (Urban, 2007) .  

 The low-latitude Tampa population maintained a high growth rate from 18°C to 25°C, 

but rapidly declined at warmer temperatures. The large-size goldfish from high-latitude 

populations had a higher growth rate at cooler temperatures, but sustained moderate growth at 

warmer temperatures. This indicates some adaptation, or acclimation, to cooler temperatures in 

high-latitude populations. However, high-latitude goldfish likely sustain growth at all 

temperatures in the range measured because temperatures can vary widely during the growing 

season (Appendix: Figure A1) and fish need to be able to maintain growth throughout the entire 

short season. By contrast, the Tampa population experiences temperatures within a range where 

growth is possible for 11 months of the year (Appendix: Figure A1). At Blackwater Creek Koi 

Farms, the annual temperature range that the goldfish experience is between 10°C and 27°C. 
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Based on temperatures from Cypress Creek, there is only short period of the year where 

temperatures are above 25°C, so the goldfish may adapt behaviourally to seek out ideal growing 

temperatures, and avoid these temporary warm temperatures that impose higher metabolic costs.  

 Countergradient variation in growth rate is not immediately evident in the smaller size 

class from these populations. Goldfish from the high-latitude (Lac des Battures) population had 

the lowest mean growth rate, whereas those from the mid-latitude (Mercersburg) population had 

the highest mean growth rate, and the subtropical (Tampa) population fell in between. In the 

field, high-latitude populations have exhibited low growth rates in some studies (Modde and 

Scalet, 1985; Villeneuve et al., 2005), possibly due to lower temperatures or lower food 

availability. In this experiment, although all populations experienced the same temperature and 

food rations, the growth rate was lower for the high-latitude population. At first glance, it would 

appear that younger goldfish from higher latitudes have a lower growth efficiency – that is, they 

are less efficient at converting the energy they consume into somatic tissue. This would be 

surprising, because if this size class exhibits countergradient variation in growth like the larger 

size class, then high-latitude populations would be expected to have a higher growth efficiency 

(Billerbeck et al., 2000). However, this effect could be related to the ration that the fish were 

given; 1% of body weight in food rations is a fairly restricted ration for this size of fish (El-

Shamy, 1978), and fish at higher latitudes may be able to compensate for a low growth efficiency 

during the growing season by increasing their consumption rate. In fact, there may be a trade-off 

occurring here. Billerback et al. (2000) suggest that fish that have high growth efficiency when 

food is abundant would be favoured in the north, where they can take advantage of peak 

phytoplankton blooms in spring and late summer. In southern locations, peaks in productivity are 

less pronounced and temperatures are adequate for growth year-round, so southern fish could be 
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better adapted to food-limited situations. While this hypothesis was not supported in the system 

studied by Billerback et al. (2000), it offers an explanation for the trend in mean growth rate 

being reversed for the two size classes: 1% of body mass per day of a high protein food is a 

reasonable ration for larger juvenile fish, but very limited for small fish (El-Shamy, 1978; Lantry 

and Stewart, 1993). For example, Rodde et al. (2020) found that populations of sea bass that 

grew faster on high rations lost more weight on low rations. In both the Billerback et al. (2000) 

and Rodde et al. (2020) studies, growth efficiency effects were similar across multiple size 

classes. Assuming this relationship of growth efficiency and ration holds true for the goldfish, we 

would expect that if ration was increased for the smaller size class, then the Lac des Battures 

population would have the highest growth rate; similarly, if ration for the larger fish was 

reduced, the Lac des Battures population would have the lowest growth rate.  

 The highest growth rate for the Lac des Battures population occurred at 23-24°C, 

according to our model. Growth rates were fairly high from 18°C to 23°C, before declining and 

becoming negative near 28°C. Growth rate was highest at 18°C and negatively correlated with 

temperature for the Mercersburg and Tampa populations. The negative correlation was steeper in 

the Mercersburg population. It is surprising that the growth rate of the low-latitude Tampa 

population peaked at a cooler temperature than the high-latitude Lac des Battures population, 

since this is contrary to the hypothesis that high-latitude populations will have the highest growth 

rate at low temperatures. This is also the opposite of the trend seen in the larger size class, where 

growth rate peaked at 22°C for Lac des Battures and at 25°C for Tampa. It should be noted that 

young goldfish are less mobile than older juvenile goldfish and tend to remain in the warm 

waters of the littoral zone for most of the growing season, whereas older juvenile goldfish move 

in and out of the littoral zone depending on the conditions (pers. obs.).  
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 The optimal spawning temperature for goldfish is reported as 17–24°C (Gillet et al., 

1977). Goldfish spawning occurs during the spring season in central Florida, and 25–50mm fish 

are available by April (Rick Gann, Blackwater Creek Koi Farms, personal communication). 

Goldfish take about 50 days before fish start to reach a length of 30mm (Mugiya and Tanaka, 

1992), which suggests that spawning begins as early as mid-February. In Lac des Battures, 

spawning likely takes place from May to July; the timing of appearance of 20–30mm YOY 

goldfish in early July corroborates this timeline (personal observations). While goldfish are batch 

spawners, the largest reproductive effort tends to occur during the first spawning event (Becker, 

1983). In Tampa, most fish would hatch in mid-February to March, and young goldfish would 

experience temperatures in the range of 18–24°C for 3 months before temperatures began to 

consistently remain above 25°C in late June. We observed a threshold between 26°C and 28°C, 

where growth was consistently positive at 26°C, but half of the population experienced negative 

growth at 28°C. Blackwater Creek Koi Farms confirmed that water temperatures range between 

10°C and 27°C during the year, so temperatures above 27°C are outside of the range of 

experience and thus could be difficult for these fish to handle. By contrast, in Lac des Battures, 

the largest spawning event would take place in early to mid-May. In May and June, temperatures 

rise rapidly and remain between 22°C and 25°C for most of the short growing season before 

dropping rapidly below 15°C by the end of September (Appendix: Figure A1). It is advantageous 

for the young fish in Lac des Battures to be able to grow more rapidly at warmer temperatures, 

which they experience most frequently in the littoral zone where food is abundant. In 

Mercersburg, peak spawning likely also occurs in May, when temperatures reach 17°C 

(Appendix: Figure A1). Temperatures reach 30°C in Pennsylvania during the summer and do not 

drop below 18°C until the beginning of November. Growth rates in the Pennsylvania population 
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remain high (above 0.5% per day) up to about 24°C. There is a long period of the growing 

season during which temperatures are between 18 and 24°C, allowing an opportunity for rapid 

growth. Moderate growth still occurs during the warmest part of the growing season when 

temperatures are above 25°C.  

 

2. Growth rate of Prussian Carp 

 Prussian carp were hypothesized to have a greater ability to adapt to temperate climates 

than goldfish, and thus would exhibit higher growth rates at cool temperatures. Prussian carp and 

temperate goldfish populations had their highest growth rates at cooler temperatures, suggesting 

that these populations are adjusted to temperate climates, although it is unclear from these 

experiments whether the change in growth rate is due to environmental cues during development 

or to genetic adaptation. Growth rates for the larger size class of Prussian carp remained fairly 

high for all temperatures tested, and the mean growth rate was significantly higher than for the 

temperate goldfish populations, suggesting that the Prussian carp population was more efficient 

in converting the same energy ration into somatic growth. If so, this could translate into an 

advantage in the wild, where faster growing fish would escape gape-limited predators earlier in 

their lifespan.  

 However, our Prussian carp population originated from a location that was 6° higher in 

latitude than the most northern goldfish population we tested (Lac des Battures). This suggests 

the alternate possibility that the observed differences in overall growth rate could be due to 

countergradient variation; the shorter growing season in Blood Indian Creek Reservoir could 

select for a faster growth rate for predator evasion before temperatures drop too low. Further 
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experiments should compare growth rates of sympatric populations of goldfish and Prussian 

carp. 

 For the smaller size class, Prussian carp had the lowest overall mean growth rate, 

followed by Lac des Battures and Mercersburg, respectively, although the difference in growth 

rate between Prussian carp and Lac des Battures was not significant. It might appear that young 

Prussian carp are less efficient in converting a restricted ration of food into somatic growth 

compared to the goldfish populations; however, when factoring in latitudinal differences, mean 

growth rate in the Prussian carp follows the trend seen amongst the smaller size class of goldfish 

populations from different latitudes.  

 Young Prussian carp had their highest growth rate at 18°C, and according to the model 

growth became negative at temperatures warmer than ~26°C. This is not surprising, given that 

temperatures in the littoral zone of Blood Indian Creek Reservoir, the site of the source 

population, exceeded 20°C for only about a month of the growing season and peaked at an 

average daily temperature of 23°C (Appendix: Figure A1). However, it is surprising that the 

larger size class was able to grow well at 28°C, a temperature that they do not experience in the 

reservoir. Overall, there does not seem to be a clear difference between the Prussian carp and 

goldfish populations in either size class that cannot be explained by differences in latitude and 

climate. 

 3.  Relationship between growth and feeding rate across populations and temperatures 

We hypothesized that the peak in feeding rate would occur at a temperature 4–6 degrees 

higher than the peak in growth rate. The rationale is provided by various studies indicating that 

the temperature at which feeding rate is maximal occurs at a higher temperature than that for 
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optimal growth, and growth optimum occurs at a lower temperature when feeding is restricted 

(Cuenco et al., 1985; Jobling, 1993; Oyugi et al., 2012), which should widen the gap between the 

two measurements. The results from some of the populations fit this hypothesis, although the gap 

between the two optima was at least 10°C.  For both the Lac des Battures and Prussian carp 

populations, there was a negative correlation between feeding rate and growth rate, and their 

optimum growth temperature was likely at 18°C or below, whereas the peak for maximum 

feeding rate was at 28°C or higher. However, the hypothesis was not supported by the other 

populations. For the goldfish from Cootes Paradise Marsh, feeding rate did not change 

significantly from 18°C to 28°C, but there was a shallow but significant decline in growth rate, 

suggesting that the Cootes Paradise population was tolerant of a broad range of temperatures.  

Feeding rate for the Tampa population declined from 18°C onward, which suggests that the peak 

maximum feeding rate occurred at 18°C or lower; however, growth rate increased slightly from 

18°C to 25°C before declining sharply, suggesting that the optimal growth temperature would be 

higher than that of the peak feeding rate for this population, contrary to what is typically reported 

in the literature. The lack of a relationship between growth and feeding rates, as well as the 

multiple peaks in feeding rate, for the Pennsylvania population are intriguing and suggest that 

further exploration of how metabolic rate and oxygen demand change with temperature for this 

population is merited.  

 The differing relationships between feeding rate and growth rate in these populations 

could be explained by the length of the growing season and the seasonality of food availability at 

different latitudes. Although fish at higher latitudes are expected to perform best at cooler 

temperatures, they must remain active foragers during the period of peak productivity in late 

spring and summer. The higher temperatures drive increased metabolism and therefore increased 
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feeding rates to maintain growth. The steady feeding rate across all temperatures for the Cootes 

Paradise Marsh population suggests that this population may not experience as large an increase 

in metabolic energy demand with increasing temperatures, likely because they encounter warm 

temperatures more frequently than higher latitude populations and need to be active at those 

temperatures to continue growing throughout the summer.   

 In Florida, temperatures are high enough that growth can occur for 11 months of the year, 

and yet feeding rate for the Tampa population declined from 18°C to 28°C and growth declined 

at temperatures above 25°C. This population comes from an aquaculture facility where the 

maximum temperature reached is 26°C, so the decline in growth at higher temperatures is 

logical. However, it is harder to explain the decrease in feeding rate with temperatures, which 

suggests that the peak feeding rate is at 18°C or lower. The relationship between temperature and 

feeding rate appeared to change with latitude. High-latitude populations like the Prussian carp 

and Lac des Battures experienced a positive relationship between temperature and feeding rate, 

indicating a peak feeding rate at 28°C or higher, the Cootes Paradise population demonstrated no 

significant change in feeding rate, and the Tampa population experienced a negative relationship 

between feeding rate and temperature.   

 Overall mean feeding rate also declined with increasing latitude. The exception to this 

was the Tampa population, which had an intermediate feeding rate. Growth rate at a restricted 

ration increased with increasing latitude, with the exception of a very elevated growth rate in the 

Pennsylvania population. Goldfish at high latitudes appear to require less energy but are able to 

grow faster, implying they have a higher growth efficiency. This implies that they require a 

smaller amount of energy to support metabolic activities, leaving more energy available for 

growth. If this is true, we might expect to see that fish from higher latitudes have a lower 
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standard metabolic rate. This relationship was observed in freshwater walleye populations:  

higher metabolic rate and feeding rates were found in low latitude populations (Galarowicz and 

Wahl, 2003). The opposite trend was found in several marine fish species (Arnott et al., 2006; 

Gardiner et al., 2010).  

 Finally, the Environmental Matching Hypothesis proposes that the per capita effects of an 

invader decline as habitat conditions move further from its physiological (growth) optimum 

(Iacarella et al., 2015). If temperature is the limiting abiotic constraint, we would expect the per 

capita effect, reflected by foraging efficiency, to be correlated with the optimal growth 

temperature. This is not apparent in our results. However, Iacarella et al. (2015) noted that the 

optimal growth temperature is often considered to be overestimated when measured in the lab. 

The optimal growth temperature is dependent on the ration (Jobling, 1993), and in the lab fish 

are fed ad libitum; in the wild, food is more limited and so the optimum is expected to be lower.   

 We used a more restricted feeding regime and indeed found that the highest growth rates 

occurred at much lower temperatures than what was previously reported in the literature. 

However, maximum feeding rate is, by definition, measured under conditions of unrestricted 

food availability. If a fish can consume only 1% of its body weight in prey in a day and we 

assume a Type II functional response (Holling, 1965), then the maximum feeding rate would 

likely rise with temperature until it reached the maximum possible feeding rate of a 1% ration. 

This would create an asymptote in feeding rate across a range of temperatures instead of a single 

peak. This asymptote at lower densities can be observed in previous studies of the effect of 

temperature on functional response (Iacarella et al., 2015; Oyugi et al., 2012). The maximum 

trophic impact would then occur wherever the optimal growth temperature and the asymptote 

coincided. For example, for the Prussian carp population, the average mass of the fish was 
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approximately 15g. The average mass of the bloodworms was 0.003g. At this mass, 50 worms 

comprise 1% of their weight in food, so the maximum trophic impact for this population might 

occur somewhere near 22°C, as feeding rate rises to an asymptote and growth rate is still high. 

As the ration of available food increases, the optimal growth temperature would increase and the 

asymptote in the maximum feeding rate curve would narrow, so the temperature at which 

maximum impact occurred would increase. The optimum growth temperature observed when 

rations are provided ad libitum would therefore represent the highest temperature at which 

maximum impact occurs for that population.  

 

4.  Implications and caveats 

 Overall, goldfish populations seem to follow countergradient variation in growth and a 

latitudinal pattern in which mean feeding rate declined with increasing latitude.  The high-

latitude Prussian carp population appeared to fit within the latitudinal patterns observed in the 

goldfish populations.  

 There were no differences found between Prussian carp and goldfish that cannot be 

explained by the latitudinal provenance of their respective populations. The Prussian carp 

population did not deviate from the growth and feeding patterns observed in the goldfish 

populations. However, to test differences between the species, sympatric populations need to be 

compared. In this case, since Prussian carp appear to be a new introduction to North America and 

have a limited distribution thus far, it would be easier to compare populations across a latitudinal 

gradient in Europe, where they have a longer invasion history and are more likely to have 

acclimated or adapted to the local climate.  
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 Both the Prussian carp population and most of the goldfish populations appear to have 

adjusted to the temperature and seasonality of the area from which they were collected, which is 

perhaps surprising given that some of these populations have very recent introduction histories. 

Prussian carp were discovered in Alberta in 2006, although it is not clear when they were 

introduced. Lac des Battures was created in the 1990s, so the goldfish population became 

established at some point within the past ~25 years; their presence was confirmed as early as 

2005 (Élise Bélanger, Nature-Action Québec, personal communication). The Cootes Paradise 

population was established in the 1960s (Whillans, 1979), and the Pennsylvania goldfish 

breeding farm began operations in 1923. Blackwater Creek Koi Farms in Central Florida closed 

its doors to outside fish in 2002. It is possible that the source populations for these species had a 

similar evolutionary climate history; but it seems likely that all these populations have, to some 

extent, adjusted their growth and feeding patterns to their respective environments. We do not 

know whether these changes are genetic or phenotypic, although the short time period for some 

populations (the Prussian carp and Lac des Battures populations, in particular) suggests a strong 

phenotypic component.  

 One of the caveats to these experiments was that the average mass of the larger size class 

for the Tampa population was much lower than the average mass of the other populations, 

although there was overlap between the Lac des Battures, Cootes Paradise Marsh and Tampa 

populations. This could mean that the effects of population and mass are partially confounded. A 

GAM of the effect of mass and temperature on specific growth rate for all fish of both size 

classes from Tampa indicated that the effect of mass on growth was negative. If the growth of 

larger fish from this population was measured, it is likely that their growth rate would be lower 

and the countergradient variation in growth rate would be more pronounced.  In the multivariate 
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model of growth and feeding rate, Tampa fish consumed an intermediate amount of prey 

compared to the other populations. The amount of food consumed was found to increase with 

size. From the literature we know that while the amount of food consumed increases with size, 

the relative amount of food eaten (consumption/mass) decreases with increasing mass (Cuenco et 

al., 1985). Therefore, if larger Tampa fish were tested, we might expect them to consume less 

after adjusting for mass. However, initial linear additive models with growth rate or feeding rate 

as response variables and with temperature, mass, and population as covariates, found that the 

variance inflation factor was very low for all three variables in both models, indicating that mass 

and population have a low correlation. 

 Another caveat for these experiments was the use of pet store populations to characterize 

growth and feeding rate patterns in southern climates. Since these populations likely experience 

some conditions that are different from wild populations, they may not be truly representative of 

how goldfish respond to climate.  For example, the Pennsylvania population may have an 

unusually high growth rate because high growth rates have been artificially selected for over the 

years. However, in discussion with aquaculture farms and pet store vendors we confirmed that 

these populations experience ambient temperatures year-round, which means they must respond 

to the same constraints of growing season length and extreme temperatures. It is also important 

to characterize these farmed populations because they represent potential source populations for 

introductions around North America. Goldfish from warm climates like Tampa are regularly 

shipped to pet stores and wholesalers in cold climates, and pet release continues to be a main 

source of goldfish introductions (Gertzen et al., 2008; Maceda-Veiga et al., 2013). Although 

these goldfish from warm climates may be poorly adapted to conditions in higher latitudes at 



 53 

 

present, as the climate warms they could have an advantage over native species that are still 

adapted to short growing seasons and cold temperatures.  

 Finally, while we made the assumption that the variation between latitudes would be 

larger than the variation within latitudes, stronger inferences could be made if there was 

replication of populations within a latitudinal band. Unfortunately, time constraints and logistics 

did not allow for this replication to occur in this study. Similar countergradient patterns in 

growth rate have been documented in other freshwater fishes along a latitudinal gradient in 

studies that also lacked replication between populations. Nonetheless, multi-population 

comparisons of thermal metrics should be done across contrasting latitudes. However, for 

Prussian carp, the invasion history in North America is so recent that different populations in 

Alberta and Saskatchewan may not be independent; a study of European populations would be 

necessary to examine latitudinal differences. 

 

General conclusions 

 Goldfish and Prussian carp populations exhibit latitudinal patterns in growth and feeding 

rate, despite recent invasion histories in some populations. The results demonstrate that goldfish 

are a flexible species able to rapidly adapt or acclimate to temperature and seasonality within a 

short period of time after introduction. Prussian carp also have a broad tolerance to a range of 

conditions and seem to have adjusted to the local climate in Alberta; without knowing the source 

of this introduction, we cannot determine the extent to which they had to adjust their growth and 

feeding. Countergradient variation in growth rate indicates that seasonality is an important 

constraint on the life history of juvenile goldfish, although high growth rates at cooler 
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temperatures in high-latitude populations indicate that the range of temperatures experienced in 

the growing season is also important.  

 Future research should examine to what extent the patterns seen in these experiments are 

genetic or environmental.  A useful direction of study would be to examine the rate of adaptation 

and acclimation to changing temperature and growing season length in goldfish, to have a better 

idea of how flexible their response to climate change might be. As Prussian carp continue to 

spread south from Saskatchewan and Alberta, there is also an ideal opportunity to observe how 

the species responds to warmer climates. A reciprocal transplant and common garden experiment 

that included Prussian carp populations along a gradient from the invasion front to the original 

discovery site could help determine whether local adaptation is occurring at each site and how 

quickly this adaptation is occurring relative to time since invasion (cf. Colautti and Barrett, 

2013). 

 The results of this study do not appear to support the Environmental Matching 

Hypothesis (Iacarella et al. 2015). However, an important factor that was not considered in the 

hypothesis (when temperature is the abiotic constraint) was the effect of food availability on the 

relationship of growth and feeding rate to temperature. Future experiments could examine 

whether manipulating prey density as well as temperature affects the temperature at which 

maximum trophic impact would occur. Daily feeding rate could be measured during the period 

of the growth experiment by collecting uneaten food each day. As primary productivity levels 

change with climate change, food availability could play an important role alongside temperature 

in governing the variation in impact of non-native species (Lehman, 2002; O’Beirne et al., 2017).    

 The rapid adaptation or acclimation by goldfish and Prussian carp indicate that 

disturbances caused by ongoing climate change could provide an opportunity for both species to 
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thrive due to reduced competition from more vulnerable native species that are not able to adapt 

as quickly. Both species are currently increasing their abundance (and presumably impacts) on 

ecosystems in North America. It is crucial to continue monitoring these populations to better 

understand how to prevent and mitigate their impacts under climate change.   
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Appendix 

 

 

Figure A1. Temperature profiles for a) Blood Indian Creek Reservoir, b) Lac des Battures, c) Cootes Paradise 

Marsh, d) Juniata River entering Raystown Lake near Mercersburg, PA e) Cypress Creek in Orlando, FL 

 

 

 

 


