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Abstract 

The common carp (Cyprinus carpio) is one of the most widespread and damaging 

invasive fishes in North America, yet little is known about its early life history. This 

paper reports the results of two studies which tested the hypothesis that shallow lakes 

prone to winter hypoxia (i.e. unstable lakes) serve as nurseries for common carp in 

interconnected lake systems while lakes that do not experience winterkill (i.e. stable 

lakes) do not function as nurseries. Six lakes in an interconnected lake system in south-

central Minnesota (four stable and two unstable) were sampled using trap-nets in June-

August of 2009, 2010 and 2011 and in all three years age-0 carp were captured only in 

the two unstable lakes. These surveys also revealed that the fish communities in stable 

lakes were dominated by bluegill sunfish and largemouth bass, species which did not 

occur naturally in the unstable lakes. Mark-recapture and ageing studies conducted in 

2010 in the two carp nurseries indicated that there were ~13,000 age-0 carp in Casey 

Lake and ~35,000 age-0 carp in Markham Lake. Additional mark-recapture efforts the 

following summer indicated that ~33% of those fish survived their first winter in Casey 

Lake while ~4% survived in Markham Lake. Independent trap-net and electro-fishing 

surveys in the nursery lakes in 2010 revealed that their fish communities were dominated 

by shorter length classes of hypoxia-tolerant species. Implications of these results for 

management of nuisance carp populations in interconnected lake systems in North 

America are discussed. 
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The distribution of juvenile fishes in temperate lakes of North America 108	  

Temperate lakes are dynamic environments in which physiochemical and 109	  

biological conditions vary both spatially and temporally. This heterogeneity results in a 110	  

diverse range of potential habitats for juvenile fishes lakes (Schindler and Scheuerell 111	  

2002). However, the distribution of juvenile fishes is often restricted to a narrow subset 112	  

of these habitats, even if other life stages of the same species utilize additional areas. 113	  

Habitats that support relatively high densities of juvenile fishes are often referred to as 114	  

‘rearing’ or ‘nursery’ habitats (Jones et al. 2003) and are generally assumed to ultimately 115	  

contribute disproportionately more individuals to the adult population than are 116	  

contributed by adjacent habitats (Beck et al. 2001).  117	  

Littoral habitats function as nurseries for many lacustrine fishes in North 118	  

America. In a review of nursery habitats used by fishes inhabiting the Laurentian Great 119	  

Lakes, Lane et al. (1996) reported that juveniles of most of the 102 species for which data 120	  

were available were most abundant in water shallower than 2m and were generally 121	  

associated with aquatic vegetation over sandy or silty substrate. The authors suggested 122	  

this pattern was because aquatic vegetation provides a physical refuge from predators and 123	  

also supports invertebrates on which juvenile fishes may feed (Herdendorf et al. 1986; 124	  

Becker, 1983). Similar patterns have also been documented in smaller lakes. Werner and 125	  

Hall (1988) studied habitat use of bluegill sunfish (Lepomis macrochirus) in four 126	  

Michican lakes ranging in area from 50 to 2000 ha and reported an ontogenetic habitat 127	  

shift from the limnetic zone, where bluegill larvae were observed feeding for several 128	  

weeks after hatching, to the vegetated littoral zone, where feeding continued for the rest 129	  

of the juvenile period. The authors hypothesized that this shift, which was consistent 130	  

across all four study lakes, was due to reduced risk of predation for the young fish in 131	  

vegetation compared to open water habitats. Non-vegetated habitats can also function as 132	  

nurseries. Olson et al. (2003) studied habitat use of young-of-the-year smallmouth bass 133	  

(Micropterus dolomeiu) in New York lakes and observed that they were found primarily 134	  

in cobble habitats that lacked vegetation, in spite of the availability of vegetated habitats. 135	  

Based on subsequent lab experiments the authors concluded that juvenile smallmouth 136	  

bass were both less vulnerable to predators and also more efficient at foraging in cobble 137	  
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habitats. This last observation suggests that whether a given habitat functions as a nursery 138	  

or not likely depends on species-specific life history traits and behaviors. 139	  

Interconnected, or drainage lake systems, are common throughout the North 140	  

American Midwest and northern Europe in regions subject to glaciation and subsequent 141	  

glacial retreat (Tonn et al. 1990). Many of the same species that inhabit isolated lakes are 142	  

also found in interconnected lake systems, suggesting that their use of nursery habitats 143	  

might not differ. However, the connectivity found in these systems allows more mobile 144	  

species to take advantage of heterogeneity in the availability of optimal spawning and 145	  

nursery habitat at the landscape scale; a lake with conditions that are generally 146	  

inappropriate for year-round habitation might periodically have ideal conditions for 147	  

reproduction.  For example, Johnson and Moyle (1969) documented a two-mile migration 148	  

of mature pike from a deep, overwintering lake to a shallow lake prone to winterkill that 149	  

subsequently functioned as a productive spawning and rearing area. A radiotelemetry 150	  

study by Weeks and Hanson (2009) suggested that muskellunge (Esox masquinongi) 151	  

might also move between lakes in search of spawning or nursery habitat. Limited 152	  

movement between lakes was also documented in walleye (Rasmussen et al. 2002; 153	  

Weeks and Hansen 2009), but whether that movement was related to reproduction was 154	  

not clear. While additional research is needed to determine to what extent fishes in 155	  

temperate interconnected lake systems utilize nursery habitat at a watershed-scale, these 156	  

studies suggest that any species capable of doing so might be highly successful in such 157	  

systems. 158	  

 159	  

The common carp in temperate systems 160	  

Biogeography 161	  

The common carp (Cyprinus carpio; hereafter ‘the carp’) is native to the Ponto- 162	  

Caspian region of Eurasia, including two major river systems (Danube and Volga) and 163	  

three inland seas (Aral, Black, and Caspian). Over the last two millennia it has achieved a 164	  

cosmopolitan distribution as a result of human introductions for aquaculture and aesthetic 165	  

purposes (Balon 1995). 166	  

 167	  

General Biology 168	  
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The carp is a large-bodied cyprinid that is well-adapted to a wide variety of 169	  

temperate habitats. Individuals can live to 50 years (Banarescu and Coad 1991) and 170	  

tolerate a wide range of temperature, salinity, pH, turbidity, and dissolved oxygen 171	  

(Horoszewicz 1973; Crivelli 1981; Newcombe and Jensen 1996; Koehn 2004 and 172	  

references). This species possesses sensitive olfactory and gustatory systems that enable 173	  

it to locate food buried in sediments as well as a sophisticated palatal organ that allows it 174	  

to retain particles of food while discarding inorganic or unpalatable material (Sibbing 175	  

1988). Studies of carp gut contents indicate that the species has a very broad, flexible diet 176	  

consisting of benthic and pelagic invertebrates, aquatic macrophytes, detritus, seeds, and 177	  

occasionally mollusks and other fish (Sigler 1958; Stein et al. 1975; Crivelli 1981; 178	  

Marsden 1997; Khan 2003). When present at high densities, the carp’s benthivorous 179	  

feeding behaviors can resuspend large quantities of benthic sediments and nutrients and 180	  

destroy aquatic macrophyte beds, further reducing sediment stability (Crivelli 1983; 181	  

Lougheed 1998). 182	  

 183	  

Management 184	  

Nuisance carp populations have been the subject of management efforts in both 185	  

North America and Australia. Most published accounts have focused on removal of 186	  

existing biomass from lakes using relatively crude techniques such as gill-nets (Pinto et 187	  

al. 2005), seines (Ricker and Gottschalk 1940; Cahoon 1953), and rotenone (Buck et al. 188	  

1960; Bajer et al. 2009). More targeted techniques that exploit carp behavior have also 189	  

been developed. Stuart et al. (2006) described a trap that takes advantage of jumping 190	  

behavior of migratory carp in Australia to capture them while allowing native species to 191	  

pass. Johnsen and Hasler (1977) documented the use of fish implanted with ultrasonic 192	  

transmitters to identify under-ice winter aggregations of carp for subsequent removal 193	  

using gill-nets. Bajer et al. (2011) modified this approach by using radiotelemetry 194	  

followed by targeted under-ice seining and labeled it the ‘Judas technique.’ Reproductive 195	  

sabotage using water level manipulation has also been attempted (Shields 1958), but its 196	  

use remains experimental. 197	  

Results of carp removal efforts from lakes have largely been successful in the 198	  

short term, but little data have been collected to indicate if benefits persist for more than a 199	  
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few years. Pinto et al. (2005) documented removal of ~10,000 kg of adult and young-of- 200	  

the-year carp using electrofishing and gill-netting over an eight year period from two 201	  

interconnected lakes in Australia and reported increased water clarity as well as renewed 202	  

growth of macrophytes and reduced frequency of cyanobacteria blooms. Improvements 203	  

in water quality, vegetative cover, and other measures following carp removal have also 204	  

been documented in North American lakes by several researchers (Ricker and Gottschalk 205	  

1940; Cahoon 1953; Bajer et al. 2009). However, only two of the above studies reported 206	  

post-management data. Ricker and Gottschalk (1940) continued observations for an 207	  

additional four years and reported no change in water clarity or other variables, although 208	  

they did speculate as to how long the new conditions might last. In their analyses of a 7- 209	  

year set of monitoring data, Bajer et al. (2009) documented evidence of recovery of the 210	  

targeted carp population to pre-treatment levels as well as loss of aquatic vegetation and 211	  

decreased use of the lake by waterfowl. They speculated that recovery of the carp 212	  

population was probably due to an incomplete kill followed by strong recruitment pulses 213	  

rather than to immigration from other nearby potential sources of carp. 214	  

 215	  

Life history 216	  

Spawning of common carp in temperate lakes and rivers has been well 217	  

documented, although subsequent life history stages remain poorly understood. Common 218	  

carp are highly fecund, with large females producing > 1 million eggs each year (Swee 219	  

and McCrimmon 1966; Sivakumaran et al. 2003). Spawning typically occurs during 220	  

spring or early summer and can begin at water temperatures as low as 14.5-15°C (Sigler 221	  

1958; Swee and McCrimmon 1966), although a temperature threshold of 16.5-18°C is 222	  

also common (Lubinksi et al. 1986; Penne and Pierce 2008). Once started, spawning can 223	  

occur over a period of a few weeks (Bajer and Sorensen 2010) to several months (Smith 224	  

and Walker 2004; Crivelli 1981). Individuals may spawn once or multiple times each 225	  

year (Smith and Walker 2004; Crivelli 1981).  226	  

Spawning generally takes place in shallow, vegetated habitats. In river systems, 227	  

such as the Mississippi in North America and the Murray-Darling in Australia, adults 228	  

leave the main river channel and spawn in backwaters and adjacent marshes and 229	  

floodplains (Lubinski et al. 1986; Stuart and Jones 2006). In North American and 230	  
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European lakes, spawning occurs in the littoral zone, often near the shoreline or in 231	  

adjacent inundated wetlands (Swee and McCrimmon 1966; Crivelli 1981; Penne and 232	  

Pierce 2008). Fertilized eggs adhere to vegetation and hatch in three days at 25°C (Swee 233	  

and McCrimmon 1966), with slower development at cooler temperatures. Exogenous 234	  

feeding, which marks the transition from the larval stage to the juvenile stage, takes place 235	  

between 20 and 30 days after hatching (Vilizzi and Walker 1999). Carp mature between 236	  

1-5 years old depending on food availability and the length of the growing season, and 237	  

males typically mature earlier than females (Crivelli 1981; Swee and McCrimmon 1966).  238	  

Very little is known about the fate of young carp following fertilization. Carp 239	  

eggs are small (<2 mm diameter; Sigler 1958; Fernandez-Delgado 1990, Sivakumaran et 240	  

al 2003) and larvae are sedentary for several days after hatching (Sigler 1958). During 241	  

these periods they are likely vulnerable to predation from native fishes as well as 242	  

invertebrates. Juvenile carp have been reported in the diets of white crappie (Pomoxis 243	  

annularis; Marcy 1954) and northern pike (Sammons et al. 1994). Indeed, Swee and 244	  

McCrimmon (1966) reported a 90% decline in the abundance of yearling carp over a two 245	  

week period following hatching. However, surviving juveniles can grow rapidly (up to 246	  

1.2mm/day; Johnson and Dropkins 1994; Phelps et al 2008b), achieving a total length of 247	  

up to 100-140mm, a size at which they are no longer vulnerable to many temperate 248	  

piscivores, by the end of their first growing season (Sigler 1958, Phelps et al. 2008b). 249	  

 250	  

Distribution of juvenile carp 251	  

Juvenile carp have been reported in high abundances in shallow, vegetated 252	  

habitats in the Upper Mississippi River (Lubinski et al.1986); the St. Lawrence River, 253	  

Ontario, Canada (Swee and McCrimmon 1966); the Juniata River, Pennsylvania, USA 254	  

(Johnson and Dropkins 1994), and the Quadalquivir River, Spain (Fernandez-Delgado 255	  

1990). Floodplain habitats have also been cited as critical rearing areas for carp in the 256	  

Murray River, Australia (Stuart and Jones 2006). A similar preference of juvenile carp 257	  

for shallow, vegetated areas has also been documented in isolated lakes of North America 258	  

(Sigler 1958; Penne and Pierce 2008). Distribution of juvenile carp in interconnected lake 259	  

systems, by contrast, has not been investigated. Knowledge of the abundance and 260	  

distribution of this life stage in interconnected lake systems is limited to ageing studies 261	  
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that suggest that recruitment is sporadic and tends to occur following episodes of severe 262	  

winter hypoxia (Bajer and Sorensen 2010).  263	  

 264	  

Factors contributing to the invasiveness of carp 265	  

Although the mechanisms contributing to the success of common carp in its 266	  

introduced range have not been elucidated, it is speculated to be due to a combination of 267	  

local environmental conditions, geography, and life history characteristics. At higher 268	  

temperate latitudes in North America, snow often accumulates on lake ice during winter, 269	  

which can inhibit photosynthesis by phytoplankton and macrophytes. Any remaining 270	  

oxygen can be depleted by existing biomass if no other sources exist, such as ice-free 271	  

areas or flowing inlet streams. Deep lakes generally hold sufficient oxygen to sustain the 272	  

fish community until ice-out, but in shallow, productive lakes dissolved oxygen 273	  

concentrations can drop to lethal levels, causing mass mortality of sensitive species (i.e. 274	  

‘winterkill’; Johnson and Moyle 1969). Such hypoxic conditions are also found at lower 275	  

latitudes during summer in shallow water bodies (Killgore and Hoover 2001) as well as 276	  

in floodplains. Hypoxia is known to be a key factor structuring the fish communities in 277	  

north-temperate lakes, and those in North America that regularly experience it often lack 278	  

hypoxia-intolerant predators like bluegill sunfish and largemouth bass that otherwise 279	  

dominate lakes of the region (Tonn et al. 1982; Tonn et al. 1990; Magnuson et al. 1998). 280	  

Extirpation or periodic mass mortality of these species, if in fact they prey on the 281	  

youngest life stages of carp, might reduce predation pressure on young carp and permit 282	  

recruitment. 283	  

Hydrologic connectivity between rivers and floodplains and between adjacent 284	  

lakes also likely contributes to the success of carp in non-native habitats. Connectivity 285	  

can provide access to refuges from seasonal stresses (e.g. winter hypoxia) as well as to 286	  

habitats that are unsuitable for year-round living but that have optimal conditions for 287	  

spawning and early development. Seasonal migrations of adult carp from overwintering 288	  

habitats into adjacent connected lakes or into recently flooded areas have been 289	  

documented in North America in Illinois (Richardson 1913), Utah (Sigler 1958) and 290	  

Minnesota (Bajer and Sorensen 2010). Seasonal migration of adult carp from main river 291	  

channels into floodplains is also thought to drive recruitment of this species in Australia 292	  
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(Brown et al. 2005; Jones and Stuart 2009) and of the koi carp variant in New Zealand 293	  

(Daniel et al. 2011).  294	  

The common carp possesses a life history that can result in rapid, though 295	  

potentially infrequent, population growth. Few fishes in North America are capable of 296	  

preying on common carp that have survived their first growing season, so once 297	  

individuals reach maturity their reproductive lives are likely to be long. This longevity, 298	  

combined with indeterminate growth, can promote high fecundity, and because carp are 299	  

iteroparous individual females may produce tens of millions of eggs over their lifetimes. 300	  

With this set of characteristics, conditions favorable to recruitment need only occur once 301	  

within the reproductive life of a few individuals for a population to be maintained. This 302	  

phenomenon is known as the ‘storage effect’ (Warner and Chesson 1985) and might 303	  

account for the persistence of carp in isolated lakes as well as the ability of managed 304	  

populations to recover so rapidly following population reduction. 305	  

 306	  

Study overview 307	  

The set of studies described in my thesis addresses the general hypothesis that 308	  

shallow lakes that are prone to winter hypoxia (unstable lakes) serve as nursery habitat 309	  

for the common carp in interconnected lake systems of the North American Midwest. To 310	  

test this overarching hypothesis, an interconnected lake system in south-central 311	  

Minnesota was sampled during the summers of 2009, 2010 and 2011 to establish the 312	  

distribution of young-of-the-year (age-0) carp in the chain. Mark-recapture studies were 313	  

conducted in summer of 2010 in lakes where age-0 carp were detected to estimate their 314	  

abundance. An additional mark-recapture study was conducted in the nursery lakes in 315	  

spring of 2011 to document the overwinter survival of the carp born in 2010. Finally, 316	  

detailed trap-net and electro-fishing surveys of the nursery lakes were conducted in the 317	  

summer of 2010 to document the community structure of carp nurseries lakes as well as 318	  

the size structure of sympatric species. 319	  

Chapter 2 is written in the style of Transactions of the American Fisheries 320	  

Society, where I intend to submit it. Dr. Christopher J. Chizinski designed Study 1 and 321	  

Justine Koch designed the mark-recapture effort conducted in 2011 for Study 2. Their 322	  
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data are included in this thesis with their approval and they will be co-authors along with 323	  

Dr. Peter W. Sorensen. 324	  

Eight appendices are included in this thesis. The first provides detailed summaries 325	  

of the mark-recapture population estimates reported in Table 5 of Chapter 2. Appendix 2 326	  

provides detailed accounts of mark-recapture population estimates for all other fishes 327	  

present in the nursery lakes in 2010. Appendix 3 reports the results of a comparison of 328	  

the sampling efficiency of three commonly used fisheries techniques (trap-nets, boat 329	  

electro-fishing and beach seining) for capturing age-0 carp in nursery lakes. The data 330	  

presented in that appendix have important implications for monitoring of potential 331	  

nursery habitats for carp recruitment but are insufficient to stand on their own as a 332	  

distinct chapter or publication. Appendices 4 and 5 summarize experiments pertaining to 333	  

the use of food odors and pheromonal attractants, respectively, in the capture of juvenile 334	  

carp. Those experiments summarize my first two years of research and were conducted 335	  

for the Legislative Citizen Commission for Minnesota Resources (LCCMR) grant 336	  

‘Accelerating Integrated Control of the Common Carp’. Appendix 6 reports the results of 337	  

experiments documenting the amounts of amino acids (which may serve as pheromonal 338	  

components) present in the body odors of several fishes found in Midwestern lakes 339	  

(goldfish, black bullhead, common carp [juvenile, male and female], silver carp, bighead 340	  

carp and white sucker). Appendix 7 contains a brief discussion of the potential 341	  

significance of the data presented in Chapter 2 for ecological risk analysis of 342	  

interconnected lake systems in temperate regions. This appendix reflects a perspective 343	  

gained during my experience as a trainee in the National Science Foundation-funded 344	  

Integrated Species and Genotypes (ISG) Integrated Graduate Education and Research 345	  

Traineeship (IGERT). Appendix 8 reports the results of hoop-net sampling downstream 346	  

of one of the carp nursery lakes investigated in Part 1 of Study 2 of Chapter 2 of this 347	  

thesis. These data were collected to test the assumption that movement into and out of 348	  

carp nurseries during Study 2 was negligible. 349	  

 350	  
 351	  

 352	  

 353	  
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Summary 385	  
The common carp (Cyprinus carpio) is one of the most widespread and damaging 386	  

invasive fishes in North America, yet little is known about its early life history. This 387	  

paper reports the results of two studies which tested the hypothesis that shallow lakes 388	  

prone to winter hypoxia (i.e. unstable lakes) serve as nurseries for common carp in 389	  

interconnected lake systems while lakes that do not experience winterkill (i.e. stable 390	  

lakes) do not function as nurseries. Six lakes in an interconnected lake system in south- 391	  

central Minnesota (four stable and two unstable) were sampled using trap-nets in June- 392	  

August of 2009, 2010 and 2011 and in all three years age-0 carp were captured only in 393	  

the two unstable lakes. These surveys also revealed that the fish communities in stable 394	  

lakes were dominated by bluegill sunfish and largemouth bass, species which did not 395	  

occur naturally in the unstable lakes. Mark-recapture and ageing studies conducted in 396	  

2010 in the two carp nurseries indicated that there were ~13,000 age-0 carp in Casey 397	  

Lake and ~35,000 age-0 carp in Markham Lake. Additional mark-recapture efforts the 398	  

following summer indicated that ~33% of those fish survived their first winter in Casey 399	  

Lake while ~4% survived in Markham Lake. Independent trap-net and electro-fishing 400	  

surveys in the nursery lakes in 2010 revealed that their fish communities were dominated 401	  

by shorter length classes of hypoxia-tolerant species. Implications of these results for 402	  

management of nuisance carp populations in interconnected lake systems in North 403	  

America are discussed. 404	  

 405	  

 406	  

 407	  

 408	  

 409	  

 410	  

 411	  

 412	  

 413	  

 414	  

 415	  
 416	  
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Introduction 417	  
Although the common carp, Cyprinus carpio, is one of the most widespread and 418	  

damaging invasive fishes in North America (Weber and Brown 2009), only recently have 419	  

attempts been made to understand its population dynamics and early life history. Ageing 420	  

studies in over a dozen different lakes and lake systems throughout the Midwest have 421	  

demonstrated that recruitment of the carp is highly variable, and that many populations 422	  

are subject to recruitment bottlenecks that are only occasionally overcome. For example, 423	  

Phelps et al. (2008a) studied carp populations in 18 isolated South Dakota lakes and 424	  

documented a regional pattern of recruitment failure during six of the previous 11 years. 425	  

In studies of two interconnected lake systems in south-central Minnesota, Bajer and 426	  

Sorensen (2010) observed that while both systems contained fish older than 15 years old, 427	  

they were dominated by individuals from two or five year classes. Understanding where 428	  

carp recruitment occurs and the context in which it occurs will help understand why this 429	  

species is successful in many temperate habitats and may aid development of population 430	  

models and sustainable management plans. 431	  

Recent research in interconnected lake systems of the Upper Mississippi River 432	  

Basin suggests that the success of carp in the region may result from a combination of 433	  

climate and the carp’s reproductive strategy. Bajer and Sorensen (2010) studied carp 434	  

populations in two Minnesota lake systems and observed that the strongest year-classes in 435	  

each were produced following winters in which at least one lake in each system 436	  

experienced winter dissolved oxygen levels lower than 1.5mg/l. Such conditions are 437	  

associated with mortality of many fishes in Midwestern lakes (INHS 1948; Cooper and 438	  

Washburn 1949) and can result in fishless lakes or distinct hypoxia-intolerant 439	  

assemblages dominated by centrarchids and hypoxia-tolerant assemblages dominated by 440	  

cyprinids (Tonn and Magnuson 1982; Rahel 1984). Bajer and Sorensen (2010) also 441	  

documented spring migrations of adult carp from deep overwintering lakes to adjacent 442	  

shallow lakes, followed by intense spawning in the shallow lakes. They suggested that 443	  

shallow lakes prone to winter hypoxia and winterkill might function as nursery habitats 444	  

for the common carp because the low oxygen conditions alter the fish community 445	  

structure in ways that permit survival of carp eggs and larvae produced by migratory 446	  
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adults. This hypothesis is compelling, but a direct test is needed to substantiate the 447	  

correlations which form its foundation. 448	  

The distribution, abundance and overwinter survival of carp in their first calendar 449	  

year (i.e. age-0 carp) in interconnected lake systems has not been studied. Knowledge of 450	  

any of these aspects of the ecology of age-0 carp is limited to a study conducted by 451	  

Phelps et al. (2008b), who documented overwinter survival of age-0 carp of 0.5- 1.4% in 452	  

two South Dakota lakes. However, as the degree of connectivity and the overwinter 453	  

conditions of their study lakes were not reported, the relevance of their results for our 454	  

understanding of carp ecology and population dynamics in interconnected lake systems is 455	  

unclear. The authors also did not report the distribution or abundance of age-0 carp or the 456	  

structure of the fish communities in their study lakes. Such data would have provided 457	  

valuable context to their observations and could have provided a basis for further studies 458	  

of the factors driving carp population dynamics in isolated as well as interconnected lakes 459	  

in the North American Midwest. 460	  

The purpose of this study was to test the hypothesis of Bajer and Sorensen (2010) 461	  

that shallow, unstable lakes in interconnected lake systems function as nursery habitats 462	  

for common carp and to quantify for the first time the fish communities in such lakes. 463	  

Our objectives were to: 1) determine the distribution of age-0 carp throughout an entire 464	  

interconnected lake system; 2) estimate the abundance and overwinter mortality of age-0 465	  

carp in lakes where they were found (i.e. nursery lakes) and 3) document the general fish 466	  

community structure and the size structures of species inhabiting carp nursery lakes. 467	  

 468	  

Methods 469	  
Overview 470	  

The overarching goal of this project was to determine if unstable lakes in an 471	  

interconnected lake system might function as nursery habitat for common carp and if so 472	  

then what fish communities characterize such lakes. This was addressed by two studies. 473	  

The first study examined the distribution of young carp throughout an interconnected lake 474	  

system for three years to determine if any of the lakes functioned as nurseries. The 475	  

second study then documented the structure of the fish communities in the nurseries 476	  
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identified in Study 1, with an emphasis on the abundance and overwinter survival of age- 477	  

0 carp.  A summary of the study design is presented in Table 1. 478	  

 479	  

Study area and lakes  480	  

This project was conducted in the Phalen Chain of Lakes in south-central 481	  

Minnesota, USA  (Figure 1). This region is known for its abundance of rivers and lakes, 482	  

many of which form complex river-lake networks (Magnuson et al. 1998; Bajer and 483	  

Sorensen 2010).  The Phalen Chain consists of eight lakes with surface areas greater than 484	  

3-ha as well as several smaller water bodies and seasonal wetlands that are connected by 485	  

streams, dredged channels and culverts. Water flows through these connections 486	  

throughout the year except when some perifpheral stream segments freeze during winter 487	  

or dry following extended periods of no precipitation during summer. Lengths of 488	  

connections range from ~10-m to ~3-km. The Phalen Chain ultimately drains into the 489	  

Mississippi River through an underground drainage system at the south end of Lake 490	  

Phalen.  491	  

 492	  

Study 1: Are young carp found only in unstable headwater lakes which might thus 493	  

function as nurseries? 494	  

The fish communities in six lakes in the Phalen Chain (four stable and two 495	  

unstable) were sampled in 2009, 2010 and 2011 to determine the distribution of young 496	  

carp and thus identify possible nurseries. The six lakes sampled (Casey, Markham, 497	  

Kohlman, Gervais, Keller and Phalen) were selected because they were accessible and 498	  

because visual surveys of spawning activity indicated that spawning had occurred in them 499	  

(Chizinski, unpublished). Additional descriptive information about these lakes is 500	  

provided in Table 2.  501	  

Lakes were sampled using trap-nets, a passive sampling gear commonly used to 502	  

sample littoral fishes (Rahel 1984; Hubert and Willis 1996), including carp (Weber et al. 503	  

2010).  Traps consisted of a 10-m long mesh lead extending from a 1.8-m x 0.9-m metal 504	  

entrance frame with two 5.0-cm wide entrance slits, five 0.76-m diameter hoops, two 10- 505	  

cm diameter throats and 13-mm square mesh. Each lake was sampled once each year 506	  

between July 2 and August 20, when age-0 carp were expected to be large enough to be 507	  
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captured. Following established protocols, either four (2009) or five (2010 and 2011) 508	  

trap-nets were set in each lake at locations that were accessible, free of obstructions and 509	  

thought representative of available habitats, Traps were set perpendicular to shore with 510	  

the mesh lead (10-m) stretched towards the shoreline and no closer than 75-m to each 511	  

other to minimize gear competition. After an approximately 24hr soaking period, traps 512	  

were checked and all captured fishes were identified to species, counted and released. All 513	  

carp were also measured (TL; nearest mm). 514	  

 515	  

Study 2: What type(s) of fish communities characterize carp nursery lakes? 516	  

This study characterized the nature of the fish communities in lakes that were 517	  

found to function as carp nurseries.  We were interested in the numbers and sizes of carp 518	  

as well as the general nature of the other fishes found with them because recent research 519	  

indicates that native fishes consume carp eggs and may control carp recruitment (Bajer et 520	  

al. 2012; Silbernagel 2011).  This study was conducted in two parts. Part 1 consisted of 521	  

mark-recapture and ageing efforts in 2010 and 2011 that permitted estimation of the 522	  

abundance and overwinter survival of carp hatched in 2010 in carp nursery lakes (Casey 523	  

and Markham). Part 2 consisted of trap-net and electro-fishing efforts to document the 524	  

community composition and size structure of the species inhabiting carp nursery lakes in 525	  

2010.   526	  

 527	  

Part 1: How many age-0 carp are found in nursery lakes and do they survive their 528	  

first winter? 529	  

This part of Study 2 consisted of two steps. In the first, the abundance of age-0 530	  

carp in lakes Casey and Markham in 2010 was estimated using mark-recapture and 531	  

ageing techniques. These techniques were employed in the same lakes again to 2011 to 532	  

estimate the abundance of age-1 carp and determine the fraction of the 2010 cohort that 533	  

successfully overwintered. Winter oxygen levels were noted and nets were maintained at 534	  

the outflow of Markham Lake to document possible emigration of carp.  535	  

For the first step, the abundance of age-0 carp in lakes Casey and Markham was 536	  

estimated in 2010 using a mark-recapture study which used trap-nets and boat electro- 537	  

fishing to maximize capture rates and reduce gear bias. All sampling occurred between 538	  
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August 4 and October 21, 2010. Both lakes were first sampled using five trap-nets per 539	  

day for three consecutive days, during which time all captured carp were measured, given 540	  

a mark and released. Carp shorter than 250mm were given a pelvic fin clip, while larger 541	  

carp were given a pelvic fin clip and an individually-numbered plastic tag (model TBA-1; 542	  

Hallprint Australia) was injected just below the dorsal fin. Following a minimum three- 543	  

day sampling hiatus to allow marked fish to mix freely within the unmarked population, 544	  

both lakes were sampled again using five trap-nets per day for two (Casey) or three 545	  

(Markham) consecutive days, and all captured carp were measured, examined for 546	  

previous marks and released. Both lakes were subsequently sampled on a further three 547	  

(Casey) or four (Markham) occasions using a boat electro-fisher (Midwest Lake 548	  

Management, pulsed DC, 100v, 8A; Smith-Root Type VI-A, pulsed DC, 500V, 5A). 549	  

Each electro-fishing sampling occasion consisted of one to three days of transects 550	  

conducted within 10-m of the shoreline in a zig-zag fashion. All electro-fishing sampling 551	  

periods were separated by a minimum of three days to allow dispersal of marked carp 552	  

within the unmarked population. Captured carp were measured, marked, examined for 553	  

previous marks as described above and released. On the last day of sampling in each lake 554	  

a representative sample of carp was collected for ageing (see below). 555	  

In 2011 a second set of mark-recapture efforts was conducted in lakes Casey and 556	  

Markham to estimate the abundance of carp in their second calendar (hereafter termed 557	  

‘age-1 carp’) and calculate the percent of carp hatched during 2010 that successfully 558	  

overwintered. This study was conducted between July 26 and October 21, 2011 and used 559	  

both trap-nets and boat electro-fishing. Casey and Markham were first sampled using 560	  

boat electrofishing, which consisted of one day of shoreline transects conducted as 561	  

described above. Both lakes were next sampled using trap-nets (five nets per day) for one 562	  

day and then on an additional four occasions using boat electro-fishing. Each sampling 563	  

occasion was separated from the others by at least nine days. All captured carp were 564	  

measured, marked as described above and released. Only marks from 2011, which could 565	  

be differentiated from those given in 2010 based on regrowth of fins clipped in 2010, 566	  

were counted as recaptures. Any fish bearing fin clips from 2010 were remarked as 567	  

described above. A representative sample of carp collected on the last day of electro- 568	  

fishing in each lake was collected for ageing. 569	  
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For the first step of data analysis in each year, length distributions (10-mm length 570	  

bins) of the carp inhabiting nursery lakes were generated for both lakes. The 2010 dataset 571	  

used only the fish captured during the final electro-fishing sampling effort in each lake 572	  

while the 2011 dataset pooled data from the final three electro-fishing sampling events in 573	  

each lake because catch rates were lower in 2011 than in 2010. Results of ageing analyses 574	  

(see below) were then compared with these distributions so that the range of lengths 575	  

corresponding to the age of interest (age-0 carp in 2010 and age-1 carp in 2011) could be 576	  

determined. All previously captured carp were then retroactively assigned to the 577	  

appropriate age-class and the abundance of the age-class of interest was estimated 578	  

independently of the other ages present. We took this approach because fish size can 579	  

affect catchability (Beukema and Vos 1974; Bayley and Austen 2002), and failing to take 580	  

this into account would violate a key assumption of mark-recapture methodologies. 581	  

Our analyses required several assumptions. First, during 2010 we assumed that 582	  

recruitment was negligible because the mark-recapture effort commenced two months 583	  

after spawning ended (Chizinksi, unpublished). We also assumed that immigration to and 584	  

emigration from lakes Casey and Markham during the 2010 mark-recapture effort were 585	  

negligible. To test that assumption, two hoop-nets (three 0.6-m diameter hoops covered 586	  

by 9.5mm mesh) were set downstream of the Markham Lake outlet (one facing upstream, 587	  

the other downstream) and checked every one to eight days between August 9 and 588	  

November 9, 2010. These hoop-nets were also checked every one to seventeen days 589	  

between March 9 and June 8, 2011 to determine if any juvenile carp emigrated from or 590	  

immigrated to Markham between ice-out and early summer. Captured fishes were 591	  

identified to species and released. Hoop nets were not maintained in the stream between 592	  

Casey and Markham because previous monitoring efforts had not captured any fish 593	  

(Chizinski, unpublished). We assumed that natural mortality during the 2010 and 2011 594	  

mark-recapture efforts was negligible because we saw no evidence of mortality in either 595	  

lake (dead fish floating on the surface or lying on the lake bed) and did not observe any 596	  

avian predation. We also assumed that all marks remained visible during their respective 597	  

years, that marking did not change the vulnerability of marked fish to capture, and that 598	  

marked fish mixed freely with unmarked individuals. 599	  
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 We estimated the abundance in each lake of age-0 carp in 2010 and age-1 carp in 600	  

2011 using the Chapman-modified Schnabel estimator as described by Ricker (1975) 601	  

because fish were marked on multiple occasions. During both years, data collected using 602	  

trap-nets and electro-fishing were pooled. Confidence intervals (95%) were generated for 603	  

each estimate by treating the total number of recaptures as a Poisson variable and 604	  

substituting the corresponding upper and lower limits into the estimator (Ricker 1975). 605	  

Overwinter survival was calculated in each lake by dividing the estimated abundance of 606	  

age-1 carp in 2011 by the estimated abundance of age-0 carp in 2010. 607	  

 608	  

Part 2: What is the species composition of the fish communities in carp nursery 609	  

lakes? 610	  

 Lakes Casey and Markham were sampled in 2010 independently of the mark- 611	  

recapture efforts to get more detailed information on overall fish community structure.  612	  

Both trap-netting and electro-fishing were used. Casey Lake was sampled with trap-nets 613	  

from July 23-25, 2010 (two nets per day; six total) and on October 15 using boat electro- 614	  

fishing (four 10-minute transects within 10m of shore). Markham Lake was sampled 615	  

using trap-nets from July 22-24 (two nets per day; six total) and on September 21 using 616	  

boat electro-fishing (four 10-min transects within 10m of shore). All fish were identified 617	  

to species and measured (TL; nearest mm). Carp were later classified as age-0 or age-1+ 618	  

based on the results of the ageing analyses in 2010 (see Study 2, Part 1 above).  Length 619	  

distributions were generated for each species in each lake by counting and then plotting 620	  

in 5-mm length increments the number of individuals captured by each gear. 621	  

 622	  

Ageing analyses 623	  

Carp were aged used asterisci otoliths, the only growth structure that has been 624	  

validated for use in ageing studies of the common carp (Brown et al. 2004; Bajer et al. 625	  

2010). Otoliths were extracted and read following established protocols for this species 626	  

(Phelps et al. 2007; Bajer et al. 2010). Briefly, fish were measured (TL; nearest mm) and 627	  

their asterisci otoliths removed, cleaned with tap water, blotted dry, and allowed to air 628	  

dry for two weeks in numbered plastic vials. After drying, otoliths were embedded in 629	  

epoxy (EpoFix Cold-setting Embedding Resin; Electron Microscopy Sciences) and 630	  
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sectioned transversely through the primordium region using a low-speed isomet saw. 631	  

Three 300-micron sections were then cut and glued to microscope slides. Mounted 632	  

otoliths were examined under a compound microscope (40X) using transmitted light and 633	  

the number of opaque bands along the main ventral plane was counted. All otoliths were 634	  

aged by three readers, and only those otoliths for which two readers agreed on an age 635	  

were used in additional analyses. 636	  

 637	  

Results 638	  

Small carp (total length less than <100mm) were found only in lakes Casey and 639	  

Markham during the 3-year study period, indicating that these two lakes were carp 640	  

nurseries (Figure 2).  Capture rates of these small carp ranged from ~100 per trap-net in 641	  

Markham Lake in 2009 to less than one per trap-net in Markham Lake in 2011. Catch 642	  

rates were higher in Markham than in Casey in 2009 and 2010 but were lower in 2011.  643	  

In addition to carp, 16 other species of fish were captured (Table 3). Bluegill sunfish, 644	  

largemouth bass, black crappie and black bullhead were the most widespread species in 645	  

the Phalen Chain and were found in all of the larger, stable lakes (Table 4). Black 646	  

bullhead were also captured in both nursery lakes, while black crappie were captured in 647	  

Casey Lake. Bluegill and largemouth bass were generally the most abundant species, 648	  

respectively, in the stable lakes during the study period but were not captured in either of 649	  

the nursery lakes, with the exception of a stocked population of bluegill in Casey Lake in 650	  

2011. 651	  

A total of 1017 carp of all ages were captured and marked using trap-nets (n= 652	  

104) and electro-fishing (n= 913) in Casey Lake in 2010. A length-distribution of the 653	  

carp population in Casey Lake was generated based on measurements of 339 fish and 654	  

consisted of three distinct length ranges (Figure 3). Otoliths from 43 individuals (TL: 655	  

115mm-438mm) were aged and agreement was reached by at least two readers for 34 656	  

fish. Those analyses indicated that carp shorter than 144mm were age-0 (Figure 3), so all 657	  

previously captured carp in that length range were retroactively classified as age-0. Mark- 658	  

recapture estimates using the data for only age-0 carp indicated that their abundance was 659	  

~12,700 individuals (~2,700/ha) (Table 5).  660	  
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A total of 1,194 carp of all ages were captured and marked using trap-nets (n= 661	  

783) and electro-fishing (n= 411) in Markham Lake in 2010. A length-distribution of the 662	  

carp population in Markham Lake was generated based on measurements of 492 fish and 663	  

also consisted of three distinct length ranges. Otoliths from 35 individuals (TL: 101mm- 664	  

540mm) were aged and agreement was reached by at least two readers for 30 of these 665	  

carp. The ageing data indicated that carp shorter than 161mm were age-0, so all 666	  

previously captured carp in that length range were retroactively classified as age-0.  667	  

Mark-recapture estimates using the data for only age-0 carp indicated that their 668	  

abundance was ~34,800 individuals (~5,400/ha) (Table 5).  669	  

In 2011 a total of 354 carp of all ages were captured and marked in Casey Lake 670	  

using trap-nets (n=10) and electro-fishing (n=344). In Markham Lake a total of 122 carp 671	  

were captured and marked (trap-nets: n= 4; electro-fishing: n=118). As in 2010, the 672	  

length distribution of carp in Casey Lake in 2011 consisted of three length ranges (Figure 673	  

5), while in Markham only a single length range was observed (Figure 6). Eleven carp 674	  

were aged in Casey Lake and seven in Markham Lake and agreement on an age was 675	  

reached for all fish. Results of the ageing analyses indicated that carp in both lakes that 676	  

were longer than 140-mm but shorter than 260-mm were age-1. Mark-recapture estimates 677	  

using data of fish in that size range suggested that Casey Lake contained ~4,200 age-1 678	  

carp (~900/ha) while Markham Lake contained ~1,400 (~200/ha) (Table 5).  679	  

Survival to age-l of the carp hatched in 2010 was estimated as ~33% in Casey 680	  

Lake and ~4% in Markham Lake. The hoop-nets set below the outlet of Markham Lake 681	  

captured only 15 carp between August 9 and November 9, 2010 (12 in the upstream- 682	  

facing net and 3 in the downstream-facing net) and only nine carp between March 9 and 683	  

June 8, 2011 (all in the upstream-facing net), suggesting that the survival estimates were 684	  

probably not confounded by emigration. 685	  

Trap-net catches in Casey Lake were dominated by black bullhead, green sunfish, 686	  

and age-0 carp in 2010. Black crappie, fathead minnow, age-1+ carp and golden shiner 687	  

were also captured (Figure 7a), but combined represented less than 2% of the total catch. 688	  

Length distributions generated from these data indicated that the populations of carp, 689	  

green sunfish, black bullhead and black crappie had at least two peaks and consisted 690	  

mostly of smaller individuals (Figure 8), while fathead minnow in only one length range 691	  
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were captured. Electro-fishing transects in Casey captured only age-0 carp, age-1+ carp 692	  

and green sunfish. Length distributions generated for both species, like those generated 693	  

previously using trap-net data, exhibited at least two peaks and were composed primarily 694	  

of smaller individuals (Figure 9),  695	  

Trap-net catches in Markham Lake in 2010 were dominated by age-0 carp, green 696	  

sunfish, goldfish, black bullhead and fathead minnow. Brook stickleback and golden 697	  

shiner were also captured, but together comprised less than 2% of the total catch (Figure 698	  

7b). Length distributions of black bullhead and green sunfish exhibited at least two peaks 699	  

and consisted primarily of smaller individuals, while the distributions of goldfish and 700	  

carp consisted of only one peak each (Figure 10). Electro-fishing catches were dominated 701	  

by goldfish, age-0 carp, age-1+ carp and green sunfish. In addition to capturing larger 702	  

carp than were caught by trap-nets, electro-fishing also captured larger goldfish (up to 703	  

169mm) (Figure 11). The range of lengths of black bullhead and green sunfish captured 704	  

by electro-fishing were both narrower than that captured in trap-nets. 705	  

 706	  
Discussion 707	  

This set of studies provides strong support for the hypothesis that lakes prone to 708	  

winter hypoxia function as common carp nursery habitat in interconnected lake systems 709	  

in temperate North America (Bajer and Sorensen 2010). Age-0 carp were found in all 710	  

three years only in the two lakes in which severe winter hypoxia was noted (lakes Casey 711	  

and Markham), indicating that those lakes functioned as nurseries. In 2010 these lakes 712	  

contained a combined total of at least 47,000 age-0 carp, indicating that production of this 713	  

life stage in unstable lakes can be high. At least 4% of these carp survived their first 714	  

winter, suggesting that these lakes might function as sources of juveniles for the rest of 715	  

the watershed, provided that emigration occurs. The fish communities of carp nursery 716	  

lakes were dominated by species with relatively high tolerance of hypoxia (green sunfish, 717	  

black bullhead and goldfish) while more sensitive species such as bluegill sunfish and 718	  

largemouth bass were absent except when stocked. Length structures of most species in 719	  

carp nurseries typically exhibited two peaks and were comprised primarily of smaller 720	  

individuals. These results enhance our understanding of carp ecology in highly- 721	  

interconnected temperate systems such as the North American Midwest and also have 722	  

important implications for management of this highly invasive and damaging species. 723	  
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Carp shorter than 100mm were captured only in lakes Casey and Markham during 724	  

Study 1, indicating that these lakes consistently functioned as carp nurseries. Detailed 725	  

ageing analyses to confirm that this range of lengths corresponded to age-0 were not 726	  

conducted in 2009 and few fish of that size were aged in 2011, but all individuals shorter 727	  

than 100-mm that were aged in 2010 were determined to be age-0. Furthermore, the 728	  

smallest carp verified by ageing to be age-1 in 2010 were at least 205mm long in Casey 729	  

Lake and 291mm long in Markham Lake when collected at the end of the growing 730	  

season. Catches of age-0 carp were highest in nursery lakes in 2009 and then dropped 731	  

precipitously in subsequent years, suggesting that recruitment of carp in unstable nursery 732	  

lakes may be highly variable year to year. This pattern is common among freshwater 733	  

fishes in highly variable environments (Van Den Avyle and Hayward 1999) and is also 734	  

consistent with previous studies documenting significant variation in year-class strength 735	  

in over a dozen carp populations in North America (Coulter et al. 2008; Phelps et al. 736	  

2008a; Bajer et al. 2009; Bajer and Sorensen 2010). 737	  

Study 1 documented marked differences in fish community structure between 738	  

carp nursery lakes and those lakes in which age-0 carp were not found. Fish communities 739	  

in stable lakes were consistently dominated by bluegill sunfish and largemouth bass, 740	  

while these species were absent in the nursery lakes with the exception of a stocked 741	  

population of bluegill in Casey Lake in 2011. This observation is consistent with 742	  

accounts of fish community structure in lakes of northern Wisconsin that experienced 743	  

winter hypoxia (Tonn and Magnuson 1982; Rahel 1984). The absence of naturally 744	  

occurring bluegill in the nursery lakes may be particularly important because recent 745	  

studies indicate that this species readily feeds on carp eggs under natural conditions and 746	  

on carp larvae in a controlled laboratory setting (Silbernagel 2011).  The alternative 747	  

mechanism that might explain the distribution of age-0 carp in the Phalen Chain, that it 748	  

matches the distribution of carp spawning activity, is unlikely because of visual 749	  

observations of intense spawning in all study lakes during 2009, 2010 and 2011 750	  

(Chizinski, unpublished). 751	  

 More age-0 carp survived their first winter in Casey Lake (~33%) than in 752	  

Markham Lake (~4%), but in both lakes survival was greater than that documented by 753	  

Phelps et al. (2008b) in two South Dakota lakes (.6%-1.4%). The difference in survival 754	  
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rates between our study lakes might be attributed to at least two different mechanisms. 755	  

First, growth of age-0 carp in 2010 was greater in Casey Lake (mean=104.1-mm; sd= 756	  

15.7; n= 244) than in Markham Lake (mean= 94.7-mm; sd= 17.3; n= 457), and Phelps et 757	  

al. (2008b) have previously demonstrated that overwinter survival of age-0 carp is size- 758	  

dependent. Second, dissolved oxygen surveys in during the winter of 2010-2011 revealed 759	  

a small area near a seasonal inlet in Casey Lake where the minimum oxygen content 760	  

exceeded 1.0 mg/L, suggesting that it may have functioned as a refuge, while in 761	  

Markham dissolved oxygen remained below 1.0 mg/L in all sampling locations. Since 762	  

samples of carp spawned in 2010 were not collected during winter, we could not 763	  

determine if the mortality that occurred was due to starvation or hypoxia.  An alternative 764	  

hypothesis to explain the decline in abundance of the 2010 year-class, that the fish 765	  

emigrated from their nurseries before or after winter, is unlikely because the total number 766	  

of juvenile carp captured in the hoop-nets set below the outlet of Markham Lake 767	  

represented less than 0.1% of the age-0 carp estimated to be in Markham in 2010. 768	  

  This study is the first to characterize the fish community composition in carp 769	  

nursery lakes as well as the length structures of sympatric fishes. The additional electro- 770	  

fishing and trap-net surveys conducted in lakes Casey and Markham in 2010 confirmed 771	  

previous observations in Study 1 that the fish communities in carp nursery lakes were 772	  

composed primarily of oxygen-tolerant species while species sensitive to hypoxia, 773	  

notably important regional predators like bluegill sunfish and largemouth bass, were 774	  

absent. These sampling efforts also indicated that the populations of most fishes 775	  

inhabiting carp nurseries were composed primarily of smaller individuals, an observation 776	  

also made in an Illinois lake following a winterkill (INHS 1948). Interestingly, these 777	  

smaller individuals were not captured during routine beach seine monitoring conducted in 778	  

the nursery lakes in June, 2010, prior to the trap-netting for this study (Bajer, 779	  

unpublished).  This suggests that individuals in the shortest length classes documented in 780	  

Part 2 of Study 2 were probably age-0 and therefore not able to feed on carp eggs 781	  

spawned in 2010. That native fish older than age-0 were present at relatively low 782	  

numbers in both lakes suggests that survival of carp eggs in lakes Casey and Markham 783	  

may be due to low predation rates, although this was not tested. This pattern also suggests 784	  

the possibility of competition between age-0 carp and sympatric species, for example 785	  
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between carp and goldfish in Markham Lake, that might ultimately affect carp year-class 786	  

strength. However, as no attempt was made to determine the availability of different food 787	  

items or their use by different species, this hypothesis is speculative. 788	  

 The results presented here have important implications for future attempts to 789	  

manage common carp in the Phalen Chain or similar watersheds. First, lakes Casey and 790	  

Markham comprise only 6.8% of the lake surface area upstream of Phalen Lake yet 791	  

contained four times as many age-0 carp in 2010 as there were adult carp in lakes 792	  

Kohlman, Gervais, and Keller combined (Bajer et al 2011). Moreover, the fact that so 793	  

many age-1 carp were present in the nursery lakes in 2011 indicated that nursery lakes 794	  

may ultimately function as population sources in the watershed. These two observations 795	  

suggest that even small water bodies need to be included in the scope of carp 796	  

management plans in interconnected lake systems. Second, trap-net and electro-fishing 797	  

surveys in lakes Casey and Markham in 2010 indicated that while both sampling 798	  

techniques effectively catch age-0 carp, trap-nets generally failed to catch carp larger 799	  

than ~200mm. This observation suggests that while trap-nets may be adequate for 800	  

identifying carp nursery habitats, any efforts to document the presence and abundance of 801	  

older carp should use boat electro-fishing. Third, that so many carp larger than 200-mm 802	  

were captured in the nursery lakes at the end of the growing season (Figure 3, Figure 4) 803	  

suggests that those individuals may have been residents. If that is the case, and if the 804	  

majority of recruitment in the Phalen Chain is derived from those individuals, removal of 805	  

adults from the stable lakes in the Phalen Chain may have no effect on recruitment 806	  

dynamics in the system. Efforts to remove adult fish should therefore not be limited to 807	  

deep, stable lakes.  808	  

 Successful long-term management of invasive populations of carp in highly 809	  

interconnected temperate systems may ultimately require an approach integrating 810	  

multiple strategies that target specific vulnerabilities in the species’ life history and 811	  

behavior (Bajer and Sorensen 2010). Examples of existing management methods include 812	  

poisoning of whole lakes (Weier and Starr 1950), targeted removal of winter 813	  

aggregations of adults in deep, stable lakes using radiotelemetry and seines (Bajer et al. 814	  

2011) and water draw-downs to increase the likelihood of winterkill (Verrill and Berry 815	  

1995). The abundance and overwinter survival of age-0 carp that we report here illustrate 816	  
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the importance of including in management plans provisions for sabotaging carp 817	  

reproduction or monitoring potential nursery habitats so that if reproduction occurs 818	  

appropriate steps can be taken. Proposed options for preventing carp recruitment in 819	  

interconnected systems have included placing barriers in connecting streams to prevent 820	  

adults from completing spawning migrations and aerating lakes with a history of 821	  

instability to prevent die-offs of native predators (Bajer and Sorensen 2010). 822	  

Alternatively, native predators of carp eggs and larvae such as bluegill sunfish 823	  

(Silbernagel 2011) could be stocked in lakes following winterkill to ensure that predation 824	  

pressure remains high. Together these techniques might reduce existing biomass to below 825	  

damaging thresholds while preventing or slowing the rate of population growth. 826	  

  827	  



	  

26	  

 Tables 828	  

TABLE 1. Organization of the studies described in this paper. Entries in the ‘Gear’ 829	  

column indicate the kind of sampling gear that was used (TN= trap-net; EF= boat 830	  

electro-fishing). Entries in the ‘Lake(s)’ column indicate the lake in which sampling 831	  

occurred (C= Casey; M= Markham; Ko= Kohlman; G= Gervais; Ke= Keller; P= 832	  

Phalen).  833	  

Study Part Objective Year Lake(s) Gear Dates 
2009 July 14-Aug 20 
2010 July 2-Aug 19 1 n/a 

Identify common carp 
nurseries in the Phalen 
Chain  2011 

C, M, 
Ko, G, 
Ke, P 

TN 
Aug 3-Aug 10 

TN Aug 4- 6 
TN Aug 11-12 
EF Aug 25-26 
EF Sept 9-10 

C 

EF Sept 14 
TN Aug 13-15 
TN Aug 19-21 
EF Sept 21-22 
EF Sept 27-28 
EF Oct 4-5 

2010 

M 

EF Oct 19-21 
EF July 26 
TN Aug 9 
EF Aug 30 
EF Sept 14 
EF Sept 28 

C 

EF Oct 21 
EF July 29 
TN Aug 8 
EF Sept 2 
EF Sept 21 
EF Sept 30 

1 

Estimate the abundance 
and overwinter survival 
of age-0 carp in nursery 
lakes 

2011 

M 

EF Oct 18 
TN July 24-26 C 
EF Oct 15 
TN July 22-24 

2 

2 

Document the species 
composition and length 
structures of the fish 
communities in carp 
nursery lakes 

2010 
M 

EF Sept 21 
834	  
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TABLE  2. Descriptive information about the study lakes in the Phalen Chain.  834	  
 Phalen Keller Gervais Kohlman Markham Casey 

Area (ha) 80 29.1 94.7 29.9 6.5 4.8 
Maximum depth (m) 27.7 2.4 12.5 2.7 1.8 1.1 
Mean depth (m) 7.3 2.1 6.7 1.2 0.9 0.7 
Winter dissolved oxygen 
minimum in 2009-10 / 
2010-11 (mg/l)a  

12.5 / NAb 3.2 / 8.3 10.4 / 10.5 5.4 / 7.6 0.0b / 0.3 0.5 / 1.4 

Spawning observed in 
2009c/2010c / 2011c? Y / Y / Y Y / Y / Y Y / Y / Y Y / Y / Y Y / Y / Y Y / Y / Y 

Density of age-1+ carp 
(#/ha) 21c ------------------------ 43.8d ---------------------- 63e 481e 

Aquatic vegetation  
(%-benthic cover)e n/a 53 n/a 23 54 10 

Macrophyte communityf  Myriophyllum spp. 
Typha spp. 
Nymphaea spp. 
Ceratophyllum spp. 
Utricularia spp. 
Elodea spp 
Potamogeton spp. 

 Myriophyllum spp. 
Nymphaea spp. 
Potamogeton spp 
Ceratophyllum spp. 
Utricularia spp.  

 Elodea spp.  
Ceratophyllum spp. 

Typha spp. 

a‘Dissolved oxygen minimum’ refers to the highest minimum oxygen content documented in monthly samples collected using a YSI 835	  

multiprobe at the ice-water interface and at depths of 0.5m 1.0m at three locations in each lake between ice-on and ice-out in each 836	  

winter. Values are from Bajer et al (2012). bDissolved oxygen was not monitored in Lake Phalen during the winter of 2010-2011 and 837	  

an accurate reading for Markham Lake was not obtained because the water column froze to the lake bed in sampling locations. cValues 838	  

are from Chizinski, unpublished. dValue is based on the combined abundance of carp in lakes Keller, Gervais and Kohlman in 2010 839	  

reported in Bajer et al. 2011. eValues are from Appendix 2 in Chapter 2, this thesis. fValues for aquatic vegetation are the average %- 840	  

cover of the bottom  in 20 randomly-selected 1m2 quadrats in 2010. No vegetation data were available for lakes Phalen or Gervais. 841	  
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TABLE  3. Common and scientific names of fishes 842	  

collected in lakes of the Phalen Chain during trap-net 843	  

surveys in 2010. 844	  

Common name Scientific name 
black bullhead Ameiurus melas 
black crappie Pomoxis nigromaculatus 
bluegill sunfish Lepomis macrochirus 
brook stickleback Culaea inconstans 
brown bullhead Ameiurus nebulosus 
common carp Cyprinus carpio 
fathead minnow Pimephales promelas 
golden shiner Notemigonus crysoleucas 
goldfish Carassius auratus 
green sunfish Lepomis cyanellus 
hybrid sunfish Lepomis spp. X Lepomis spp. 
largemouth bass Micropterus salmoides 
northern pike Esox lucius 
pumpkinseed Lepomis gibbosus 
walleye Sander vitreus 
white sucker Catostomus commersoni 
yellow perch Perca flavescens 
 845	  

 846	  

 847	  
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TABLE  4. Mean trap-net catch rates (number per net) of fishes in study lakes in the Phalen Chain in 2009a (n=4 nets per 848	  

lake), 2010a (n=5 nets per lake) and 2011 (n= 5 nets per lake). A ‘-‘ indicates a species that was not captured.  849	  

 850	  

 * 851	  

 852	  

 853	  

 855	  

 857	  

 858	  

 859	  

 860	  

 861	  

 862	  

 863	  

 864	  
aCatch rates of A. melas, C. carpio (age-0), L. cyanellus, L. macrochirus, and P. nigromaculatus in 2009 in lakes 865	  

Kohlman, Gervais, Keller and Phalen are from Bajer et al. (2012). Data for the same fishes in 2010 in all lakes are also 866	  

from Bajer et al. (2012).  867	  
bBluegill sunfish were stocked in Casey Lake in 2011 prior to sampling. 868	  

 
C. carpio (<100mm) 
C. carpio (>100mm) 

b 
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TABLE 5. Schnabel mark-recapture estimates of the abundance of age-0 carp in 869	  

nursery lakes in 2010 and age-1 carp in nursery lakes in 2011.  870	  

Lake Year Age Marked Recaptured N 95% CI 

Casey 2010 0 626 21 12,703 8,469-19,961 

Casey 2011 1 218 8 4,222 2,468-8,636 

Markham 2010 0 1122 31 34,782 24,734-50,591 

Markham 2011 1 110 3 1360 555-3,400 

 871	  
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Figures 872	  

 873	  
FIGURE 1. Map of the Phalen Chain near St. Paul, MN. The image on the right shows 874	  

the study region (star) on an outline of North America (modified from a NASA satellite 875	  

image). Only the study lakes are labeled. Arrows at the north and northeast parts of the 876	  

watershed indicate connections to additional peripheral lakes and wetlands that were not 877	  

studied due to limited accessibility. 878	  

 879	  

 880	  

 881	  

 882	  

 883	  
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 884	  

 885	  

 886	  

 887	  

 888	  
 889	  
 890	  
 891	  
 892	  
 893	  
 894	  
 895	  
 896	  
 897	  
 898	  
 899	  
 900	  
FIGURE 2. Mean trap-net catch rates (+/- 1 SE) of common carp shorter than 100mm 901	  

throughout the Phalen Chain in 2009 (n=4 nets/lake), 2010 (n=5 nets/lake) and 2011 (n=5 902	  

nets/lake). 903	  
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FIGURE 3.  Length distribution of carp captured using boat electro-fishing 

in Casey Lake in 2010 (n=339 carp). Vertical lines connect ages verified 

through otolith analysis (numbers) with the 10mm length bin of the 

examined fish. Commas separate the ages of multiple fish of different ages 

within the same length bin. A ´*´indicates an additional fish in the same 

length bin with the same age. 
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FIGURE 4.  Length distribution of carp captured using boat electro-fishing in Markham 936	  

Lake in 2010 (n=492 carp). Vertical lines connect ages verified through otolith analysis 937	  

(numbers) with the 10mm length bin of the examined fish. Commas separate the ages of 938	  

multiple fish of different ages within the same length bin. A ´*´indicates an additional 939	  

fish in the same length bin with the same age. 940	  
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 946	  
FIGURE 5. Length-frequency distribution of carp captured in Casey Lake using boat 947	  

electro-fishing in 2011 (n=304). Vertical lines connect ages verified through otolith 948	  

analysis (numbers) with the 10mm length bin of the examined fish. A ´*´indicates an 949	  

additional fish in the same length bin with the same age. 950	  
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 961	  
FIGURE 6. Length-frequency distribution of carp captured using boat electro-fishing in 962	  

Markham Lake in 2011 (n=90). Vertical lines connect ages verified through otolith 963	  

analysis (numbers) with the 10mm length bin of the examined fish. A ´*´indicates an 964	  

additional fish in the same length bin with the same age. 965	  
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FIGURE 7. Composition of the fish communities (mean catch rates +/- 1 SE) in lakes 987	  

Casey (A) and Markham (B) in 2010. Trap-nets in Casey Lake July 23-25 (n=6 nets); 988	  

electro-fishing in Casey Lake October 15 (n=4 10-minute transects). Trap-nets in 989	  

Markham Lake July 22-24 (n=6 nets); electro-fishing in Markham Lake September 21 990	  

(n=4 10-minute transects). 991	  
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FIGURE 8. Length distributions of A) common carp (n=103), B) green sunfish (n= 220), 1015	  

C) black bullhead (n=162), D) fathead minnow (n=8), and E) black crappie (n=13) caught 1016	  

in trap-nets in Casey Lake on July 23-25, 2010. An additional 904 black bullhead <80mm 1017	  

(visual estimate) were captured but not measured. 1018	  
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FIGURE 9. Length distributions of A) common carp (n= 79) and B) green sunfish (n= 1035	  

98) captured in Casey Lake during 10-minute electro-fishing transects on October 15, 1036	  

2010. 1037	  
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FIGURE 10. Length distributions of A) common carp (n= 195), B) goldfish (n= 106), C) 1079	  

black bullhead (n=31), D) green sunfish (n= 136), and E) fathead minnow (n=8) caught 1080	  

in trap-nets in Markham Lake on July 22-24, 2010. Golden shiner (n=2) and brook 1081	  

stickleback (n=1) were also caught but are not shown. 1082	  
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FIGURE 11. Length distributions of A) carp (n= 45), B) green sunfish (n= 37), C) black 1106	  

bullhead (n=2), and goldfish D) (n=218) captured in Markham Lake during 10-minute 1107	  

electro-fishing transects on September 21, 2010. 1108	  
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Appendix 1 1420	  
 1421	  
Tabular summaries of mark-recapture data and the population estimates reported in 1422	  
Chapter 2. 1423	  
 1424	  

This appendix contains tabular summaries of the mark-recapture data and abundance 1425	  
estimates reported in Table 5 in Part 2 of Study 2 in Chapter 2 of this thesis. All estimates and 1426	  
confidence intervals have been rounded to the next highest integer value.  1427	  

Several abbreviations are used in the tables found in this appendix to refer to the kind of 1428	  
mark given to fish during different marking periods. ‘RFC’ refers to a right pelvic fin clip, ‘LFC’ 1429	  
to a left pelvic fin clip, ‘AFC’ to an anal fin clip, and ‘TCFC’ to a clip of the top lobe of the 1430	  
caudal fin. Some marks also included injection of a coded wire tag (CWT) or plastic anchor tag 1431	  
(FLOY) into musculature near the base of the dorsal fin in addition to a fin clip. These 1432	  
combination marks are indicated by a ‘+’ (e.g. LFC+CWT). 1433	  

Confidence intervals were calculated by treating the total number of recaptures (ΣR) as a 1434	  
Poisson variable following the approach used by Ricker (1975). In the tables below ‘RU’ is the 1435	  
upper-limit Poisson value of ΣR and ‘RL’ is the lower-limit Poisson value of ΣR. When 1436	  
substituted into the estimator, because the recapture term is in the denominator, these values 1437	  
generate the lower and upper limits, respectively, of the confidence interval for the estimate of the 1438	  
population of interest. All values of RU and RL are taken from or calculated using the equations 1439	  
found in Appendix 2 of Ricker (1975). 1440	  
 1441	  
 1442	  
 1443	  
 1444	  
 1445	  
 1446	  
 1447	  
 1448	  
 1449	  
 1450	  
 1451	  
 1452	  
 1453	  
 1454	  
 1455	  
 1456	  
 1457	  
 1458	  
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Table 1. Summary of mark-recapture data and the Chapman-modified Schnabel estimate of age-0 carp in Casey Lake. 1459	  
 1460	  

Mark Given Sampling 
Period 

Total 
examined (Ci) RFC AFC TCF

C LFC LFC+CWT 
Marked in the 
population (Mi) 

Mi*Ci 

8/4-8/6 102 99 0 0 0 0 0 0 
8/11-8/12 22 0 21 0 0 0 99 2,178 
8/25-8/26 264 0 0 122 140 0 120 31,680 
9/9-9/10 248 0 0 0 221 45 382 94,736 
9/14 241 0 0 0 0 0 626 150,866 
       Σ(MiCi)= 279,460 

 1461	  
Mark Observed Sampling 

Period AFC TCFC RFC LFC LFC+CWT 
Recaptured (Ri) 

8/4-8/6 0 0 0 0 0 0 
8/11-8/12 0 0 0 0 0 0 
8/25-8/26 0 0 2 0 0 2 
9/9-9/10 0 3 0 2 0 5 
9/14 0 3 3 5 3 14 
      Σ(Ri)= 21 
      RL=17  
      RU=38 

 1462	  
N= Σ(MiCi)/[Σ(Ri)+1]= 279,460/27=12,703 1463	  
95%-interval (low)= Σ(MiCi)/[RU+1]= 279,460/32=8,469 1464	  
95%-interval (high)= Σ(MiCi)/[RL+1]= 279,460/13=19,961 1465	  
 1466	  
 1467	  
 1468	  
 1469	  
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Table 2. Summary of mark-recapture data and the Chapman-modified Schnabel estimate of age-1 carp in Casey Lake in 2011.  1470	  
 1471	  

Mark Given Marked in the 
population (Mi) 

Mi*Ci Sampling 
Period Total examined (Ci) 

RFC RFC+CWT RFC+FLOY   
7/26 75 74 0 0 0 0 
8/9 0 0 0 0 74 0 
8/30 61 0 60 1 74 4,514 
9/14 36 1 34 2 135 4,860 
9/28 46 1 44 1 172 7,912 
10/21 95 0 0 0 218 20,710 
      Σ(MiCi)= 37,996 

 1472	  
Mark Observed Sampling 

Period RFC RFC+CWT RFC+FLOY 
Recaptured (Ri) 

7/26 0 0 0 0 
8/9 0 0 0 0 
8/30 0 1 0 1 
9/14 1 0 0 1 
9/28 3 1 0 4 
10/21 2 0 0 2 
    Σ(R)=8 
    RL= 3.4  
    RU= 15.8 

 1473	  
N= Σ(MiCi)/[Σ(Ri)+1]= 37,996/9=4,222 1474	  
95%-interval (low)= Σ(MiCi)/[RU+1]= 37,996/16.8= 2,262 1475	  
95%-interval (high)= Σ(MiCi)/[RL+1]= 37,996/4.4= 8,636 1476	  
 1477	  
 1478	  
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Table 3. Summary of mark-recapture data and the Chapman-modified Schnabel estimate of age- 1479	  
0 carp in Markham Pond. 1480	  
 1481	  

Mark Given Sampling 
Period 

Total 
examined (Ci) RFC LFC LFC+CWT 

Marked in the 
population (Mi) 

Mi*Ci 

8/13-8/15 860 782 - 0 0 0 
8/19-8/21 149 0 - 0 782 116,518 
9/21-9/22 215 0 37 176 782 168,130 
9/27-9/28 125 0 0 124 997 123,380 
10/4-10/5 171 0 0 0 1,122 191,349 
10/19-10/21 459 - - - 1,122 513,621 
    Σ(MiCi)= 1,112,998 

 1482	  
 1483	  

Mark Observed Sampling 
Period RFC LFC LFC+CWT 

Total Recaptured (Ri) 

8/13-8/15 - - - 0 
8/19-8/21 5 - - 5 
9/21-9/22 2 - - 2 
9/27-9/28 0 0 0 0 
10/4-10/5 5 1 0 6 
10/19-10/21 14 4 0 18 
    Σ(Ri)= 31 
    RL=21  
    RU=44 

 1484	  
N= Σ(MiCi)/[Σ(Ri)+1]= 1,112,998/32=34,782 1485	  
95%-interval (low)= Σ(MiCi)/[RU+1]= 1,112,998/45=24,734 1486	  
95%-interval (high)= Σ(MiCi)/[RL+1]= 1,112,998/22= 50,591 1487	  
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Table 4. Summary of mark-recapture data and the Chapman-modified Schnabel estimate of age-1 carp in Markham Lake in 2011.  1488	  
Mark Given Marked in the 

population (Mi) 
Mi*Ci Sampling 

Period Total examined (Ci) 
LFC LFC+CWT LFC+FLOY   

7/29 18 0 18 0 0 0 
8/10 1 0 1 0 18 18 
9/2 15 0 15 0 19 285 
9/21 42 3 1 3 34 1,428 
9/30 31 0 28 0 76 2,356 
10/18 13 6 0 6 104 1,352 
      Σ(MiCi)= 5,439 

 1489	  
Mark Observed Sampling 

Period LFC LFC+CWT LFC+FLOY 
Recaptured (Ri) 

7/29 0 0 0 0 
8/10 0 0 0 0 
9/2 0 1 0 1 
9/21 0 1 0 1 
9/30 0 1 0 1 
10/18 0 0 0 0 
    Σ(R)=3 
    RL= 0.6  
    RU= 8.8  

N= Σ(MiCi)/[Σ(Ri)+1]= 5,439/4= 1,360 1490	  
95%-interval (low)= Σ(MiCi)/[RU+1]= 5,439/9.8= 555 1491	  
95%-interval (high)= Σ(MiCi)/[RL+1]= 5,439/1.6= 3,400 1492	  
 1493	  
REFERENCE 1494	  
Ricker, W. 1975. Computation and interpretation of biological studies of fish populations. Fisheries Research Board of Canada 1495	  
Bulletin. 181. 1496	  
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Appendix 2 1497	  
 1498	  

Tabular summaries mark-recapture data and population estimates of age-1+ carp and 1499	  
other fish species inhabiting carp nursery lakes in 2010. 1500	  
 1501	  

This appendix reports mark-recapture estimates of the abundance of age-1+ carp and 1502	  
other species of fishes found in carp nursery lakes in 2010. Data were collected in conjunction 1503	  
with trap-net and electro-fishing sampling for carp described in Part 1 of Study 2 in Chapter 2, 1504	  
above.  1505	  

Trap-net sampling in carp nursery lakes (Casey and Markham) in late July of 2010 (see 1506	  
Part 2 of Study 2 in Chapter 2 of this thesis) indicated that the length distributions of populations 1507	  
of most fish species contained at least two well-defined length groupings. When this occurred the 1508	  
abundance of the smallest length group was estimated independently of the larger group (multiple 1509	  
larger groups were pooled). This was done because of the likelihood of differential mortality and 1510	  
catchability between fish in the smallest length group, which may have been young-of-the-year, 1511	  
and larger, older individuals. If a distribution contained only one mode I defined a single length 1512	  
class for that species by locating the longest measurement and rounding up to the next 5mm 1513	  
block. For example, if the longest individual for a species was 51mm, I defined the length class as 1514	  
‘<55mm.’ If two or more length groups were present I defined a short length class by identifying 1515	  
the longest fish in the first group and then rounding up to the next 5mm block. I then defined a 1516	  
second length class of fish as those outside of the shorter length class. For example, if the longest 1517	  
fish in the first length group was 51mm, the length classes were defined as ‘<55mm’ and 1518	  
‘>55mm’.  Captured fish were assigned to the appropriate length class at the time of capture 1519	  
based on a visual assessment of their length and then marked and released. All individuals in 1520	  
larger length classes were marked while in some cases many smaller individuals were released 1521	  
without a mark due to catch rates and time constraints. The Chapman-modified Petersen model as 1522	  
described by Ricker (1975) was used to estimate the abundance of species marked on only one 1523	  
occasion while the Chapman-modified Schnabel estimator was used to estimate the abundance of 1524	  
species marked on multiple occasions. 1525	  

Several abbreviations are used in the tables found in this appendix to refer to the kind of 1526	  
mark given to fish during different marking periods. The abbreviation ‘RFC’ refers to a right 1527	  
pelvic fin clip and ‘LFC’ to a left pelvic fin clip. Some age-1+ carp were marked using a 1528	  
combination of a fin clip and a plastic anchor tag injected near the base of the dorsal fin (FLOY). 1529	  
Such combinations are indicated by a ‘+’ (e.g. LFC+FLOY). 1530	  
 1531	  
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Confidence intervals were calculated by treating the total number of recaptures (ΣR) as a 1532	  
Poisson variable following the approach used by Ricker (1975). In the tables below ‘RU’ is the 1533	  
upper-limit Poisson value of ΣR and ‘RL’ is the lower-limit Poisson value of ΣR. When 1534	  
substituted into the estimator, because the recapture term is in the denominator, these values 1535	  
generate the lower and upper limits, respectively, of the confidence interval for the estimate of the 1536	  
population of interest. All values of RU and RL are taken from or calculated using the equations 1537	  
found in Appendix 2 of Ricker (1975). 1538	  
 1539	  
CASEY 1540	  
Table 1. Summary of the abundance estimates of age-1+ carp and other fishes inhabiting Casey 1541	  
Lake in 2010. The abundance of age-0 carp from the same period is reported in Table 5 of 1542	  
Chapter 2 of this thesis. An entry of ‘NE’ indicates a length class for which an estimate could 1543	  
not be generated due to insufficient marks given and/or recaptures observed. An entry of ‘N/A’ 1544	  
indicates a species for which insufficient individuals were captured to determine distinct length 1545	  
classes. Detailed tabular summaries for each species-length class are provided below in Tables 1546	  
2-9. 1547	  
 1548	  
Species Length Class M R N 95% CI 
Common carp (age-1+) N/A 391 31 2,307 1,641-3,355 
Black bullhead <80 mm 624 13 47,500 28,541-84,177 
 >80 mm 0 0 NE NE 
Green sunfish <60 mm 3,289 52 130,856 100,221 - 170,401 
 >60 mm 225 26 1,340 928 - 2,009 
Golden shiner N/A 0 0 NE NE 
Fathead minnow N/A 16 0 NE NE 
Black crappie <95 mm 24 0 NE NE 
 >95 mm 1 0 NE NE 
 1549	  
 1550	  
 1551	  
 1552	  
 1553	  
 1554	  
 1555	  
 1556	  
 1557	  
 1558	  
 1559	  
 1560	  
 1561	  
 1562	  
 1563	  
 1564	  
 1565	  
 1566	  
 1567	  
 1568	  



	  

59	  

Table 2. Summary of mark-recapture data and the Chapman-modified Schnabel estimate of age-1+ carp in 1569	  
Casey Lake. 1570	  
 1571	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC LFC+FLOY 

Marked in the 
population (Mi) 

Mi*Ci 

8/4-8/6 5 5 0 0 0 
8/11-8/12 1 0 0 5 5 
8/25-8/26 263 0 254 5 1,315 
9/9-9/10 147 0 132 259 38,073 
9/14 88 0 0 391 34,408 
    Σ(MiCi)= 73,801 

 1572	  
Mark Observed Sampling 

Period RFC LFC+FLOY 
Total Recaptured (Ri) 

8/4-8/6 0 0 0 
8/11-8/12 0 0 0 
8/25-8/26 2 5 7 
9/9-9/10 0 14 14 
9/14/10 0 10 10 
   Σ(Ri)= 31 
   RU=21  
   RL=44 

N= Σ(MiCi)/[Σ(Ri)+1]= 73,801/31=2,307 1573	  
95%-interval (low)= Σ(MiCi)/[Rl+1]= 292,102/45=3,355 1574	  
95%-interval (high)= Σ(MiCi)/[Rh+1]= 292,102/22=1,641 1575	  
 1576	  
 1577	  
Table 3. Summary of mark-recapture and Chapman-modified Peterson estimates for black 1578	  
bullhead <80mm in Casey Lake.  1579	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/4-8/6 - 624 0 0 
8/11-8/12 1,063 0 624 13 
    RL=6.9 
    RU=22.3 

 1580	  
N= [(M+1)*(C+1)]/(R+1)= (625*1,064)/14=47,500 1581	  
95%-interval (low)= [(M+1)*(C+1)]/(RU+1)= (625*1,064)/23.3= 84,177 1582	  
95%-interval (high)= [(M+1)*(C+1)]/(RL+1)= (625*1,064)/7.9= 28,541 1583	  
 1584	  
 1585	  
 1586	  
 1587	  
 1588	  
 1589	  
 1590	  
 1591	  
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Table 4.  Summary of mark-recapture data for black bullhead >80mm in Casey Lake. A 1592	  
Chapman-modified Peterson estimate could not be generated due to insufficient numbers of 1593	  
marked and recaptured fish. 1594	  

Mark Given Sampling 
Period 

Total examined 
(Ci) AFC 

Marked in the 
population (M) Recaptures (R) 

8/4-8/6 - 1 0 0 
8/11-8/12 10 - 1 0 
    - 
    - 

 1595	  
 1596	  
 1597	  
Table 5. Summary of mark-recapture data and the Chapman-modified Peterson estimate for 1598	  
green sunfish <60mm in Casey Lake. 1599	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/4-8/6 - 3,289 0 0 
8/11-8/12 2,107 0 3,289 52 
    RL=39.7 
    RU=68.2 

 1600	  
N= [(M+1)*(C+1)]/(R+1)= (3,290*2,108)/53=130,856 1601	  
95%-interval (low)= [(M+1)*(C+1)]/(RU+1)= (3,290*2,108)/68.2= 100,221 1602	  
95%-interval (high)= [(M+1)*(C+1)]/(RL+1)= (3,290*2,108)/39.7= 170,401 1603	  
 1604	  
 1605	  
Table 6. Summary of mark-recapture data and Chapman-modified Peterson estimates for green 1606	  
sunfish >60mm in Casey Lake. 1607	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/4-8/6 - 225 0 - 
8/11-8/12 159 - 225 26 
    RL=17 
    RU=38 

 1608	  
N= [(M+1)*(C+1)]/(R+1)= (226*160)/27=1,340 1609	  
95%-interval (low)= [(M+1)*(C+1)]/(RH+1)= (226*160)/39= 928 1610	  
95%-interval (high)= [(M+1)*(C+1)]/(RL+1)= (226*160)/18= 2,009 1611	  
 1612	  
 1613	  
 1614	  
 1615	  
 1616	  
 1617	  
 1618	  
 1619	  
 1620	  
 1621	  
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Table 7. Summary of mark-recapture data for fathead minnows in Casey Lake. A Chapman- 1622	  
modified Peterson estimate could not be generated due to insufficient numbers of marked and 1623	  
recaptured fish. 1624	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/4-8/6 - 16 0 0 
8/11-8/12 51 - 16 0 
    - 
    - 

 1625	  
 1626	  
 1627	  
Table 8. Summary of mark-recapture data for black crappie <95mm in Casey Lake. A Chapman- 1628	  
modified Peterson estimate could not be generated due to insufficient numbers of marked and 1629	  
recaptured fish. 1630	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/4-8/6 - 24 0 - 
8/11-8/12 16 - 24 0 
    - 
    - 

 1631	  
 1632	  
 1633	  
Table 9. Summary of mark-recapture data for black crappie >95mm in Casey Lake. A Chapman- 1634	  
modified Peterson estimate could not be generated due to insufficient numbers of marked and 1635	  
recaptured fish. 1636	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/4-8/6 - 1 0 - 
8/11-8/12 6 - 1 0 

 1637	  
 1638	  
 1639	  
 1640	  
 1641	  
 1642	  
 1643	  
 1644	  
 1645	  
 1646	  
 1647	  
 1648	  
 1649	  
 1650	  
 1651	  
 1652	  
 1653	  



	  

62	  

MARKHAM 1654	  
 1655	  
Table 10. Summary of the abundance estimates of age-1+ carp and other fishes inhabiting 1656	  
Markham Lake in 2010. The abundance of age-0 carp from the same period is reported in Table 1657	  
5 of Chapter 2 of this thesis. An entry of ‘NE’ indicates a length class for which an estimate 1658	  
could not be generated due to insufficient marks given and/or recaptures observed. An entry of 1659	  
‘N/A’ indicates a species for which insufficient individuals were captured to determine distinct 1660	  
length classes. Detailed tabular summaries for each species-length class are provided below in 1661	  
Tables 11-20. 1662	  
 1663	  

Species Length Class M R N 95% CI 
Common carp (age-1+) N/A 72 11 407 236-763 
Black bullhead < 90 mm 1,255 25 3,479 2,392 - 5,258 
 >90 mm 21 2 278 102 - 694 
Goldfish <80 mm 573 11 20,856 12,091 - 39,104 
 >80 mm 31 15 361 224 - 614 
Green sunfish <65 mm 2,302 53 42,649 32,760 - 55,494 
 >65 mm 49 6 150 75 - 329 
Largemouth bass N/A 6 5 16 8 - 13 
Golden shiner N/A 1 0 NE NE 
Fathead minnow N/A 1 0 NE NE 
 1664	  
 1665	  
 1666	  
 1667	  
 1668	  
 1669	  
 1670	  
 1671	  
 1672	  
 1673	  
 1674	  
 1675	  
 1676	  
 1677	  
 1678	  
 1679	  
 1680	  
 1681	  
 1682	  
 1683	  
 1684	  
 1685	  
 1686	  
 1687	  
 1688	  
 1689	  
 1690	  
 1691	  
 1692	  
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Table  11. Summary of mark-recapture data and the Chapman-modified Schnabel estimate of age-1+ carp 1693	  
in Markham Pond. 1694	  
 1695	  

Mark Given Sampling 
Period Total examined (Ci) 

RFC LFC+Floy 
Marked in the 
population (Mi) 

Mi*Ci 

8/13-8/15 1 1 0 0 0 
8/19-8/21 0 0 0 1 0 
9/21-9/22 23 0 23 1 23 
9/27-9/28 23 0 20 24 552 
10/4-10/5 34 0 28 44 1,496 
10/19-10/21 39 - - 72 2,808 
    Σ(MiCi)= 4,879 

 1696	  
Mark Observed Sampling 

Period RFC LFC+FLOY 
Total Recaptured (Ri) 

8/13-8/15 - - - 
8/19-8/21 0 0 0 
9/21-9/22 0 0 0 
9/27-9/28 0 3 3 
10/4-10/5 0 3 3 

10/19-10/21 0 5 5 
   Σ(Ri)= 11 
   RL=5.4 
   RU=19.7 

 1697	  
N= Σ(MiCi)/[Σ(Ri)+1]= 4,879/12= 407 1698	  
95%-interval (low)= Σ(MiCi)/[Rl+1]= 4,879/20.7= 236 1699	  
95%-interval (high)= Σ(MiCi)/[Rh+1]= 4,879/6.4= 763 1700	  
 1701	  
 1702	  
Table 12. Summary of mark-recapture data and the Chapman-modified Peterson estimate for 1703	  
black bullhead <90mm in Markham Lake. 1704	  
 1705	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/13-8/15 - 1,255 0 - 
8/19-8/21 71 - 1,255 25 
    Rl=16.2 
    RU=36.8 

N= [(M+1)*(C+1)]/(R+1)= (1,256*72)/26=3,479 1706	  
95%-interval (low)= [(M+1)*(C+1)]/(RU+1)= (1,256*72)/37.8= 2,392 1707	  
95%-interval (high)= [(M+1)*(C+1)]/(RL+1)= (1,256*72)/17.2= 5,258 1708	  
 1709	  
 1710	  
 1711	  
 1712	  
 1713	  
 1714	  
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Table 13. Summary of mark-recapture data and the Chapman-modified Schnabel estimate for 1715	  
black bullhead >90mm in Markham Lake in 2010 1716	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC LFC 

Marked in the 
population (Mi) 

Mi*Ci 

8/13-8/15 14 14 0 0 0 
9/27-9/28 7 0 7 14 98 
10/4-10/5 5 0 0 21 105 
10/19=10/21 30 0 0 21 630 
     Σ(MiCi)= 833 

 1717	  
Mark Observed Sampling 

Period RFC LFC 
Total Recaptured (Ri) 

8/13-8/15 - - - 
9/27-9/28 0 - 0 
10/4-10/5 1 1 2 
10/19=10/21 0 0 0 
  Σ(Ri)=2 
  RL=.2 
  RU=7.2 

 1718	  
N= Σ(MiCi)/[Σ(Ri)+1]= 833/3= 278 1719	  
95%-interval (low)= Σ(MiCi)/[RU+1]= 833/8.2= 102 1720	  
95%-interval (high)= Σ(MiCi)/[RL+1]= 833/1.2= 694 1721	  
 1722	  
 1723	  
Table 14. Summary of mark-recapture data and the Chapman-modified Peterson estimate for 1724	  
goldfish <80mm in Markham Lake in 2010. 1725	  
 1726	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/13-8/15 - 573 0 - 
8/19-8/21 435 - 573 11 
    RL=5.4 
    RU=19.7 

N= [(M+1)*(C+1)]/(R+1)= (574*436)/12=20,856 1727	  
95%-interval (low)= [(M+1)*(C+1)]/(RU+1)= (574*436)/20.7=12,091 1728	  
95%-interval (high)= [(M+1)*(C+1)]/(RL+1)= (574*436)/6.4=39,104 1729	  
 1730	  
 1731	  
 1732	  
 1733	  
 1734	  
 1735	  
 1736	  
 1737	  
 1738	  
 1739	  
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Table 15. Summary of mark-recapture data and the Chapman-modified Schnabel estimate for 1740	  
goldfish >80mm in Markham Lake in 2010. 1741	  
 1742	  

Mark Given Sampling 
Period 

Total examined 
(Ci) LFC 

Marked in the 
population (Mi) 

Mi*Ci 

9/27-9/28 31 31 0 0 
10/4-10/5 51 0 31 1,581 
10/19-10/21 135 0 31 4,185 
    Σ(MiCi)= 5,766 

 1743	  
Mark Observed Sampling 

Period LFC 
Total Recaptured (Ri) 

10/4-10/5 3 3 
10/19-10/21 12 12 
  Σ(Ri)= 15 
  RL=8.4 
  RU=24.8 

 1744	  
N= Σ(MiCi)/[Σ(Ri)+1]= 5766/16= 361 1745	  
95%-interval (low)= Σ(MiCi)/[RU+1]= 4,879/25.8= 224 1746	  
95%-interval (high)= Σ(MiCi)/[RL+1]= 4,879/9.4= 614 1747	  
 1748	  
 1749	  
 1750	  
Table 16. Summary of mark-recapture data and the Chapman-modified Peterson estimates for 1751	  
green sunfish <65mm in Markham Lake in 2010. 1752	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/13-8/15 - 2,302 0 - 
8/19-8/21 999 - 2,302 53 
    RL=40.5 
    RU=69.3 

N= [(M+1)*(C+1)]/(R+1)= (2,303*1,000)/54=42,649 1753	  
95%-interval (low)= [(M+1)*(C+1)]/(RU+1)= (2,303*1,000)/41.5=55,494 1754	  
95%-interval (high)= [(M+1)*(C+1)]/(RL+1)= (2,303*1,000)/70.3=32,760 1755	  
 1756	  
 1757	  
 1758	  
 1759	  
 1760	  
 1761	  
 1762	  
 1763	  
 1764	  
 1765	  
 1766	  
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Table 17. Summary of mark-recapture data and Chapman-modified Peterson estimates for green 1767	  
sunfish >65mm in Markham Lake in 2010. 1768	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/13-8/15 - 49 0 - 
8/19-8/21 20 - 49 6 
    RL=2.2 
    RU=13.1 

N= [(M+1)*(C+1)]/(R+1)= (50*21)/7=150 1769	  
95%-interval (low)= [(M+1)*(C+1)]/(RU+1)= (50*21)/14.1=75 1770	  
95%-interval (high)= [(M+1)*(C+1)]/(RL+1)= (50*21)/3.2=329 1771	  
 1772	  
 1773	  
 1774	  
Table 18. Summary of mark-recapture data and the Chapman-modified Schnabel estimate for 1775	  
largemouth bass in Markham Lake in 2010. 1776	  

Mark Given 
Sampling Period Total 

examined (Ci) RFC LFC 
Marked in the 

population (Mi) 
Mi*Ci 

8/15 1 1 0 0 0 
9/22 3 0 3 1 3 
9/27-9/28 2 0 2 4 8 
10/4-10/5 0 0 0 6 0 
10/19-10/21 14 - - 6 84 
     Σ(MiCi)= 95 

 1777	  
Mark Observed Sampling 

Period RFC LFC 
Recaptured (Ri) 

8/15 - - - 
9/22 0 0 0 
9/27-9/28 0 0 0 
10/4-10/5 0 0 0 
10/19-10/21 1 4 5 
  Σ(Ri)=5 
  RU=11.7 
  RL=1.6 

 1778	  
N= Σ(MiCi)/[Σ(Ri)+1]= 95/6= ~15.8= 16 1779	  
95%-interval (lower)= Σ(MiCi)/[RU+1]= 95/12.7= 7.5 = 8 1780	  
95%-interval (upper)= Σ(MiCi)/[RL+1]= 95/2.6= 36.5= 37 1781	  
 1782	  
 1783	  
 1784	  
 1785	  
 1786	  
 1787	  
 1788	  
 1789	  
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 1790	  
Table 19. Summary of mark-recapture data for golden shiner in Markham Lake in 2010. A 1791	  
Chapman-modified Peterson estimate could not be generated due to insufficient numbers of 1792	  
marked and recaptured fish. 1793	  
 1794	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/13-8/14 - 1 0 - 
8/19-8/21 0 - 1 0 
     
     

 1795	  
 1796	  
 1797	  
Table 20. Summary of mark-recapture data for fathead minnow in Markham Lake in 2010. A 1798	  
Chapman-modified Peterson estimate could not be generated due to insufficient numbers of 1799	  
marked and recaptured fish. 1800	  
 1801	  

Mark Given Sampling 
Period 

Total examined 
(Ci) RFC 

Marked in the 
population (M) Recaptures (R) 

8/13-8/14 - 1 0 - 
8/19-8/21 3 - 1 0 
     
     

 1802	  
 1803	  
REFERENCE 1804	  
Ricker, W. 1975. Computation and interpretation of biological studies of fish 1805	  
populations. Fisheries Research Board of Canada Bulletin. 181. 1806	  
 1807	  
 1808	  
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Appendix 3 
 
Comparison of the efficiency of three survey techniques for sampling age-0 carp in nursery lakes. 
 
Introduction 

It is well established that trap-nets, gill-nets and other sampling gears used by fisheries 

managers can be highly selective regarding the species and sizes of fish that they capture (Hubert 

1996). This is a critical consideration for management of common carp because the effectiveness 

of standard fisheries survey techniques for sampling this highly invasive and damaging species 

are largely unknown. Of particular concern, given the rarity yet potential magnitude of carp 

recruitment in lake systems (see Chapter 2, this thesis), is the effectiveness of standard sampling 

techniques for capturing age-0 carp for purposes of census and removal. The purpose of this study 

was to compare the efficiency (catch rate) of trap-nets, boat electro-fishing, and a beach seine for 

sampling age-0 carp in unstable nursery lakes. 

 
Methods 

This study was conducted in two shallow lakes in the Phalen Chain that are prone to 

winter hypoxia (i.e. unstable) and that function as common carp nurseries (lakes Casey and 

Markham; see Chapter 2, this thesis). Both basins were sampled with trap-nets nets (10m lead; 

1.8m X 0.9m metal entrance frame with two 5.0cm wide entrance slits; five 0.76m diameter 

hoops per net, two 10cm-diameter throats, 13mm square mesh) a beach seine (10m long, 9mm 

mesh, 52m2 sampling area) and a boat electro-fishing unit (Smith-Root Type VI-A, pulsed DC, 

400V, 6A; 10-minute transect). Sampling was conducted during August-October, 2010 in 

locations suitable for all three techniques, although each gear was used on a different day and 

separated from the previous sampling effort by at least three days. Each lake was sampled with 

five trap-nets, four 10-minute electrofishing transects and four 52m2 beach seine hauls. Carp 

measured and later classified as age-0 or age-1+ based on the results of ageing studies reported in 

Chapter 2 of this thesis. 

 

Results 
Trap-nets were the most efficient sampling technique in Markham, but were the least 

efficient in Casey, while beach seines were the least efficient in Markham and middle efficiency 

in Casey. Boat electrofishing was the most efficient sampling technique in Casey but was second 

most efficient in Markham (Figure 1).   
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Figure 1. Efficiency (mean catch rate +/- 1 SE) of trap-nets (n=5), boat electro-fishing (n=(4) 10-
minute transects), and beach seines (n=(4) 52m2 hauls) for catching age-0 carp in two nursery 
lakes. 
 
Discussion 

These data indicate that the efficiency of standard fisheries sampling techniques varies 

markedly for age-0 carp. The effectiveness in Casey of boat electro-fishing (and the relative 

ineffectiveness of trap-nets and beach seines) may be due to the presence in Casey of fringing cat-

tails around the edge of the lake, with submerged aquatic vegetation absent entirely. Trap-nets 

require that fish move and encounter the mesh leads of the net, which in some cases in Casey had 

to be placed at the edge of the cat-tails because the stands were too thick to anchor the lead on 

shore. Presence of age-0 carp mostly in close association with cat-tails might explain the low 

catch rate of them in trap-nets as well as the high catch rates of boat electro-fishing (i.e. the fish 

were concentrated at the edges of the lake). Beach seining proved difficult due to the presence of 

a deep organic layer on the bottom of Casey. This material often accumulated in the bag, in some 

cases causing the seine to roll and allowing fish to escape (such efforts were excluded from 

analyses). 

The high efficiency of trap-nets and relatively low efficiency of boat electro-fishing and 

beach seines in Markham may be related to the quantity of submerged aquatic vegetation, which 

averaged 54% across the lake. Under such conditions, piloting the electro-fishing boat was 

difficult due to vegetation wrapping around the prop and in general limiting the mobility of the 

boat. More importantly, any fish that were hidden in thick vegetation may not have been apparent 

from the surface even when shocked. However, it should be noted that electro-fishing catch rates 

are for 10-minute transects, and that catch rates of young carp in transects lasting as long as the 
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time taken to process a trap-net would be considerably higher. The efficiency of electro-fishing in 

Markham was also reduced by the difficulty of distinguishing age-0 carp from a population of 

goldfish composed primarily of individuals in the same size range as the age-0 carp. This not only 

made identifying carp from the boat difficult, but it also slowed processing as any goldfish that 

were taken incidentally had to be removed from the live well. In lakes where carp are the only 

cyprinid, efficiency of electro-fishing might be higher. Seining in Markham was complicated by 

the tendency of the bag to accumulate vegetation, which slowed collection as well as processing 

of the sample. 

 These data suggest that the most efficient gear for sampling age-0 carp depends on local 

conditions. In Casey boat electro-fishing was most efficient, probably due to concentration of 

young carp in fringing cat-tails. Conversely, the presence of abundant submerged macrophytes 

may have reduced efficiency of electro-fishing in Markham by allowing fish to spread out and by 

obscuring fish that were shocked. Ultimately, the kind of sampling gear used also depends on the 

kinds of questions being asked. For example, all three of these techniques are capable of 

establishing presence or absence of juvenile carp, although the generally low efficiency of seines 

likely precludes their use in mark-recapture studies.  

Fisheries managers require knowledge of the abundance of managed species for purposes 

of setting harvest, conservation and control targets. Mark-recapture studies permit estimation of 

the absolute abundance of a targeted fish population, but such studies are often impossible due to 

resource constraints. Additional research should be conducted to determine the efficiency of these 

techniques (or at least boat electro-fishing) across a range of lakes and population abundances 

because such data would permit the generation of catch curves that would provide a relatively 

simple means of estimating densities of age-0 carp in potential nursery habitats. 

 

REFERENCES 

Hubert, W. A. 1983. Passive fish capture techniques. Pages 95-111 in L. A. Nielsen and D. L. 

Johnson, editors. Fisheries Techniques. American Fisheries Society, Bethesda, Maryland. 
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Appendix 4 
 
Experiments investigating the potential use of food to facilitate trapping of young-of-the-year and 
juvenile common carp 
 
Summary 

Currently there are no sampling techniques capable of selectively capturing age-0 or 

juvenile carp for census or removal, a critical gap in knowledge given the previously documented 

infrequency of recruitment in lake populations and the potential magnitude of recruitment in 

nursery habitats. In this series of studies we investigated the potential of exploiting the common 

carp’s powerful chemosensory systems and foraging behaviors in an effort to develop such 

techniques. Diet analysis indicated that age-0 carp eat a variety of foods, including benthic 

invertebrates, plant material, and even other fish. Laboratory experiments indicated that age-0 

carp forage most actively at night, and that response to food odors encountered in flows were 

greater than that to food odors in still water. Field tests designed to implement these findings 

provided mixed results, with trap-nets modified to produce artificial odor plumes being largely 

ineffective and minnow traps baited with canned sweet corn exhibiting variable effectiveness 

between the two lakes sampled. Additional field tests comparing the effectiveness of canned 

sweet corn and commercial pelleted fish food in one lake indicated that the latter is more effective 

as a carp attractant. Subsequent lab experiments aimed at determining the general chemical nature 

of the attractants in pelleted fish food indicated that the polar fraction, which contains amino 

acids (potent olfactory and gustatory stimulants in fishes) is attractive, and amino acid analyses of 

both pellets and corn revealed differences in amino acid content that may account for the 

differences in their effectiveness. Based on these results we conclude that using baits to increase 

the effectiveness of efforts to sample age-0 and juvenile common carp in lake systems holds 

promise, but we caution that much work is still needed to develop protocols that perform 

consistently across a wider variety of lakes. 

 

Introduction 

Bajer and Sorensen (2010) have proposed that the most effective means of managing the 

invasive common carp in North America is through development of an integrated approach 

targeting multiple aspects of its life history. Methods for assessing the abundance of and 

removing adults are well established and currently being refined, but little attention has been paid 

to the younger life stages. As a result, no techniques for capturing juvenile carp have been 

developed that are particularly efficient (for census or removal) or sensitive (for detection of 

recruitment). It is possible that the efficiency and specificity of existing techniques might be 



	  

72	  

enhanced by exploiting the sophisticated chemosenses of carp through the use of feeding 

attractants.  

A series of experiments was designed to test the overall hypothesis that feeding stimuli 

can be used to attract and trap age-0 carp for population census or removal. Several different 

aspects of juvenile and age-0 carp ecology were explored, including food habits of age-0 carp in 

the field, daily patterns of swimming and foraging activity, the ability of carp to locate attractive 

odors encountered across a range of water velocities, and the significance of amino acids as 

attractants in baits. In the process a number of novel techniques, including modified trap-nets and 

baited minnow traps, were tested as means of sampling juvenile and age-0 carp in the 

environment. 

 

Experiment 1: Food habits of juvenile carp 

Objective 

Determine food items preferred by juvenile carp so they might be developed as bait 

attractants.   

 

Methods 

Whole digestive tracts of juvenile common carp (median length= 81mm; n=61) taken 

from three representative shallow lakes in the greater Minneapolis-St. Paul metro area were 

removed and the contents categorized as either benthic invertebrates (chironomid larvae, daphnia 

resting stages), pelagic invertebrates (adult daphnia, copepods, and amphipods), unidentified 

invertebrates, plant material, or vertebrate tissues.  Diet of juvenile carp was quantified by noting 

both the fraction of stomachs in which a food item was found (occurrence method) as well as the 

fraction of stomachs in which a food item was the most abundant (dominance method) (Hyslop 

1980). These two approaches combined demonstrate both the range of food items consumed as 

well as a measure of preference (what young carp eat most). 

 

Results 

Analysis of the digestive tracts from collected fish suggests that carp in Minnesota, as 

elsewhere, feed on a wide variety of taxa, although invertebrates appear to constitute the bulk of 

their diet (Fig. 1A). The high frequency of occurrence and dominance of benthic invertebrates 

suggests that young-of-the-year carp feed off the bottom, which may have implications for 

trapping procedures. Within the benthic invertebrates category, larval chironomid larvae 

(commonly marketed as bloodworms), were dominant 35% of the time, more than any of the 
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other food items in that group. Plants were also found in many guts, but were dominant 

infrequently. 

 
Fig. 1. Occurrence and dominance of different food items found in the digestive tracts of juvenile 

common carp in several shallow Minnesota lakes (n= 61). 

 

Conclusions 

These results are significant because published food habits in Minnesota lakes of the two 

most common sympatric species observed during collections, black bullhead (Ameiurus melas) 

and bluegill sunfish (Lepomis macrochirus), were different from those documented here for carp; 

stomachs of demersal bullhead contained mostly crustacea and bivalves, while those of bluegill 

contained mostly pelagic or terrestrial insects (Seaburg and Moyle 1964). This means that there is 

a possibility of finding a food possessing an aroma that will attract only carp. Unfortunately, no 

data were collected on the environmental availability of the different food items observed in carp 

digestive tracts, so preferences cannot be quantified using traditional techniques, such as 

selectivity indices. 

 

Experiment 2: Daily swimming and foraging activity patterns of age-0 common carp 

Objective 

Determine the relationship between time of day and food search. 

Methods 

To document daily swimming patterns in activity of age-0-year carp, groups of five wild-

caught fish were studied in two 110-L aquaria situated in front of an infrared camera. These fish 
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were kept for 6 days (1 day of acclimation and 5 of behavioral observation) and fed at random 

times throughout each day. The aquaria were exposed to a photoperiod consisting of 16 hours of 

light and 8 hours of dark, and an infrared light was also trained on the tanks at all times so that 

activity could be monitored following lights-off. Activity was quantified as the number of times 

fish crossed two equally spaced vertical lines drawn on the viewing monitor during a 10 minute 

period of each hour. The values for each time period in each tank were pooled at the end of the 

experiment.  

To document foraging behaviors, groups of four wild-caught carp were kept in 110-L 

tanks under the light and feeding conditions described above, and on the sixth day their behavior 

was recorded using infrared cameras. Analysis consisted of noting the number of times that all 

fish sampled (snapped at) either the surface and sides of the aquarium or the gravel at the bottom 

during a five minute period of each hour. Fewer fish were used during the foraging experiment 

than during the swimming activity experiment because of the difficulty associated with visually 

assessing fish sampling in the video (accuracy decreased with more fish).  

 

Results 

Data collected from these experiments indicate that the majority of swimming activity 

occurs during the day (Figure 2) while the opposite is true of foraging activity (Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Swimming activity (5-day pooled mean +/- 1 SE) occurring during each hour of the day 

in observation tanks (n=2 tanks). Overhead lights were turned on at 0730 and turned off at 2330, 

and the shaded bars indicate “night time.” 
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Figure 3.  Foraging activity (bite rate; mean +/- 1 SE) of juvenile carp by time of day (N=3 

tanks).  The shaded bars indicate ‘night time’ (lights-off; 23:30h-07:30h). 

 

Conclusions 

While limited by small sample size, these experiments appear to describe defined daily 

patterns in both general swimming and foraging activities. Data from the swimming experiment 

indicate that yearling carp are most active during the day, which suggests that some passive 

sampling techniques may be most effective during the day. Foraging activity, by contrast, peaked 

in the first few hours of darkness, suggesting that baits might be more effective at night. 

Understanding the nature of these behaviors is critical to the long-term success of any trap-based 

monitoring plan because such knowledge would permit the deployment of attractants and labor 

hours during times of day when catch per unit effort (CPUE) is likely to be highest.  

 

Experiment 3: Using water flows to create attractive odor plumes 
 

Objective 

Determine the effects of water flow on the ability of carp to locate bait. 

Methods 

Two different experiments were designed to address this objective. In the first of these, 

the distribution of groups of five juvenile carp was observed in modified circular mazes that 

presented the fish with different combinations of current and test odor (Figure 4). Mazes were 
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surrounded by curtains to reduce ambient light and illuminated by infrared lights. Experiments 

were conducted after a 2-hour acclimation period and consisted of a 10-minute pre-test that 

established a baseline distribution of fish in the tank under odor-free conditions followed by an 

odor test (10g flake food incubated for 1 hr and then filtered to remove particulates) of the same 

duration. One maze used low flow [3 cm/sec] at both odor input sites to test the effects of odor 

(“low flow tank”) whereas the other tested the attractiveness of carp to low [3cm/s] vs. high flow 

[17 cm/ sec] during the pre-test period and tested for an interaction between flow and odor during 

the odor test period (“high flow tank”). This design permitted testing the effects of flow alone 

(time spent in the high-flow sub-area [sub-area 5] vs. the matched low-flow sub-area [sub-area 4] 

during pre-test periods in the high flow tank), the effect of odor alone (time spent in sub-area 5 of 

the low-flow tank during the pre-test period vs. time spent in the same area after odor was added 

to that sub-area), and the interaction of flow and odor (time spent in sub-area 5 of the high-flow 

tank during the control period vs. time spent in same sub-area following addition of odor). Data 

for these experiments were analyzed separately using t-tests. 

 
Figure 4. Schematic of the mazes used to test flow, odor, and the interaction between the two.  

Groups of 5 fish were allowed to swim in the central rectangular region of the maze (i.e. between 

sub-areas #1, #2, #3, #4, #5, #6) while water was introduced via nozzles located at the “upstream” 

ends of sub-areas #4 and #5.  Water flowed through the mazes and exited via the drains while 

producing variable flows.  
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In the second experiment, the effect of different water velocities on the attraction of food 

odor to age-0-year carp to food odors was tested. This experiment was conducted in a laminar 

flow tank (“fluviarium”) that was supplied by water from storage tanks using large pumps, and 

permitted fine control over and consistency of flows. The observation arena consisted of a 1.2m x 

1.2m open area situated between a series of collimators (“upstream”) that laminarized flows and 

plastic egg-crate light diffuser (“downstream”) that prevented fish from being washed out of the 

tank. Odors were introduced to the maze at the middle of the upstream end of the behavior arena 

through a pipette using a peristaltic pump and connected to the odor source by medical tubing. A 

small plastic shelf (cover) was mounted at the water’s surface at the middle of the downstream 

end of the behavior arena to facilitate aggregation of fish and ensure they encountered odors 

added to the tank. The entire apparatus was surrounded by dark plastic to block ambient light, so 

observations were made using infrared lights and an infrared camera at a nearby monitoring 

station. One transverse and two longitudinal lines were drawn on the monitor to divide the 

behavior arena into 6 equal-sized subareas so that the distribution of fish could be quantified. 

Trials consisted of a 15-minute pretest, during which blank water was added to the fluviarium and 

the number of fish in each sub-area was recorded every 15 seconds, followed by a 15-minute test 

in which food odor (10g flake food incubated in 1L of water for 1hr) was added to the tank and 

the same observations repeated. Attraction was tested at four different velocities (0cm/s, 1.5cm/s, 

3.0cm/s, 5.5 cm/s). Analyses consisted of calculating the difference in time spent in the subarea 

containing the odor inflow between the pre-test period and the subsequent test period and 

comparing that value for each velocity >0cm/s to that of the 0cm/s treatment.   

 

Results 

Data from the first experiment indicate that food odor and flow alone are modestly 

attractive to juvenile carp and that they may synergize each other’s actions. Examination of the 

positions of fish within mazes that offered a choice of high and low flow, revealed that the higher 

flow was preferred (n=7, p=0.10 matched t-test; Figure 5). When the food odor was tested in low 

flow, it was no more attractive than well-water controls (n=3, p=.80, unpaired t-test; Figure 5b).  

However, the response to food odor was greater (though not significantly) in the presence of flow 

(n=3, p=.2787, unpaired t-test; Figure 5c).   
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Figure 5.  Reponses (mean +/- standard error) of groups of juvenile carp to:  a) flow alone (n=7), 

b) food odor alone (n=3), and c) food odor plus flow (n=3).  In each case, time spent in the 

stimulus area (shaded) is shown along with the matched control (clear).   

 

In the second experiment, responses of juvenile carp to food odor were stronger 

compared to the 0cm/s control (though not significantly) in the 1.5cm/s (1-tailed t-test: n=10, 

p=.1382) and 3.0cm/s (1-tailed t-test, n=9, p=.1332) treatments (Figure 6).  

 
 

Figure 6. Responses of groups of juvenile carp (mean +/- 1 SE) to food odor presented in still 

water and three different current velocities. 
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Conclusions 

These results suggest that food odors are more attractive to juvenile common carp when 

encountered in a flow than in still water, although caution should be exercised given the small 

sample size and corresponding lack of statistical significance. In practical terms, this suggests that 

presentation of bait odors in a current in the field, perhaps by exploiting natural currents at lake 

inflows or by creating artificial flows using pumps, might enhance the efficiency of efforts to trap 

juvenile carp. 

 

Experiment 4: Use of baits and artificial flows to enhance the capture of juvenile carp in the 

field 
 

Objective 

Determine the effects of bait and flow conditions on the catch rates of juvenile carp in the 

field. 

 

Methods 

Trapping was conducted in Lake St. Catherine (Scott County, MN) using standard 

Minnesota Department of Natural Resources trap-nets sets that were modified to produce odor 

plumes using a battery-powered bilge pump connected to a PVC-pipe assembly into which bait (a 

1-1 mixture of commercial pellet fish food and canned sweet corn) was placed. Traps were set 

after sunset (because results from experiment 2 showed carp to nocturnal foragers) at four 

locations known to have juvenile carp and checked four hours later. Four treatments (no flow and 

no bait [control], flow alone, bait alone, flow and bait) were tested each night, and treatment 

location was rotated between sites over a period of four nights. The entire experiment was 

repeated three times for a total sample size of 12 sampling nights/treatment. 

 

Results 

All treatments caught large numbers of fish, particularly black bullhead, with no obvious 

or significant difference between them (Figure 7). Analysis of the carp captures showed that there 

was a non-significant bias for the food plus flow treatment (p>0.05; Figure 8).  
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Figure 7.  Nightly catch rates (mean of log-transformed +/- 1 standard error) of fishes caught in 

trap-nets using different combinations of bait and flow conditions.  
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Figure 8. Catch rates (median and interquartile range) of carp in trap-nets with different 

treatments.  

 

Conclusions 

Baited trap-nets generally caught more juvenile carp than unbaited trap-nets, but catch 

rates were nonetheless low, even in the food+flow treatment. In addition, traps caught high 

numbers of other species in addition to carp. Unfortunately the true relative abundance of the 

different fish species in St. Catherine is not known, so it is impossible to tell if the observed catch 

rates are characteristic of the fish community structure in the lake or if there were any biases for 

any species. In addition, it should be noted that sampling occurred before the 2010 carp cohort 

had recruited to the sampling gear (larvae and juveniles <2cm were observed visually in the 

water). It is possible that this configuration might work for age-0-year carp but not for older, 

perhaps more experienced yearlings.  

Based on these results, it appears that this implementation of creating artificial bait 

plumes is impractical as a means of capturing juvenile carp. However, catch rates of juvenile carp 

in baited traps were fairly consistent (if low), and it is possible that modification of this design, 

perhaps through removal of the central wing that guides fish into the mouth of the trap-net, would 

emphasize odor attraction and therefore reduce bycatch. Since lack of specificity is one of the 

principle drawbacks of existing carp-removal methods (e.g. seines, rotenone), improving the 

specificity of the technique described here yet make it a useful addition to the fisheries 

management toolbox. 

 

Experiment 6: Use of baits to enhance the capture of age-0 carp in a nursery lake. 

 

Objective 

Determine the effect of adding bait to a passive sampling gear (minnow traps) on catch 

rates of age-0 carp in nursery lakes. 

 

Methods 

Traps were set once in each of two carp nursery lakes in July, 2010. Gear used in this 

study were commercially available minnow traps (Frabill, Inc) consisting of two entrance funnels 

and ¼”, plastic-coated mesh (Figure 9). Canned sweet corn (Butter Kernel) was chosen as bait 

because it is readily available and frequently used by carp anglers. Baiting traps consisted of 

opening a can of corn, draining the fluids, and pouring ~100g (half of a can) into the trap. Loss of 
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corn through the mesh of the trap was minimal. In both lakes, traps were set at a depth of ~60cm 

in the afternoon (~1400) and checked the following morning (~0900). 

The first test was conducted in Markham Lake, a small (6.5 ha), shallow (<1.5m mean 

depth) basin in the Phalen Chain of Lake in Maplewood, MN that earlier sampling efforts 

revealed contained age-0 carp in a size range (~25-100mm) that this gear can sample. A total of 

14 traps (7 baited, 7 unbaited) were set along the eastern edge of the lake.  

A second trapping effort was conducted in Casey Lake, another small (4.8 ha) and 

shallow (<1m mean depth) lake that is connected to Markham via a small stream and was also 

known to contain age-0 carp in a catchable size range. A total of 12 traps (6 baited, 6 unbaited) 

were set around the perimeter of the lake. 

 

 

 

 
Figure 9. Diagram of the minnow traps used to test the effects of baiting on age-0 carp catch rates 

in Markham Lake. 

 

Results:  

The effect of baiting on the catch rate of age-0 carp varied between lakes. In Markham, 

baited traps caught significantly more carp than unbaited traps (Figure 10, t-test, p<.01). In 

Casey, none of the baited traps caught any carp recruits, while an unbaited trap caught one fish 

(data not shown). 
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Figure 10. Catch rate (mean +/- 1 SE) of age-0 carp in baited and unbaited minnow traps in 

Markham Lake.  

 

Conclusion 

Baiting minnow traps with corn can significantly increase the catch rates of this gear for 

age-0 common carp, although the inconsistency in results we documented limits the strength of 

these conclusions. Casey and Markham are similar with regard to area, depth, and density of age-

0 carp (~1600-3400/ha in Markham and ~3800-7800 ha in Casey; Chapter 2, this thesis), but 

differ in several ways that may account for the strong variation in trapping efficiencies. First, the 

vegetation community differs dramatically between the two lakes. In Markham submergent 

aquatic vegetation (SAV) is abundant and emergent vegetation (EV) is rare, while in Casey SAV 

is absent and the lake is ringed by dense stands of cat-tails. It could be that age-0 carp in Casey 

confine their activities to vegetated areas and do not venture out to where the traps were set. 

Differences in abundance of adult carp may also be a factor. Mark-recapture estimates indicated 

that Casey contained a high density of adult carp (~750/ha), while in Markham their density was 

lower (~350/ha) (Chapter 2, this thesis). High densities of adult carp in open water may 

discourage movement of recruits away from sheltered areas (i.e. vegetation) due to risks of 

physical trauma from vigorous adult foraging activities, or adults may simply detect the bait and 

move or otherwise disturb traps, preventing recruits from accessing them.  

With such a small sample size (2 lakes) and without a concrete understanding of why the 

traps did not work in Casey, it is difficult to make a firm conclusion as to whether this technique 

is worth pursuing further. Future studies could prevent access of adults to traps in an effort to 
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determine if their presence and behaviors are responsible for the low catch in Casey.  In addition, 

several key aspects of age-0 carp behavior with respect to traps (particularly escape rate) are not 

known. Future studies could derive such information by placing marked fish in traps and 

returning later to recover remaining individuals. 

Until the effectiveness of baited minnow traps for sampling age-0 carp is demonstrated in 

a broad array of lakes, the use of this technique should be considered experimental only, and 

should not be used by fisheries or lake managers as the principle means of capturing age-0 carp 

for census or removal purposes. In addition, while corn appears to hold promise as a potent 

attractant in a field setting, other baits may be more effective in specific settings. 

 

Experiment 7: Identifying the chemical characteristics of an ideal attractant for age-0 
common carp. 

 

Overall Objective 

Identify an optimal bait for use trapping age-0 common carp in the field (high capture 

efficiency with little bycatch) and attempt to identify its behaviorally active chemical 

component(s). 

 
Experiment 7a: Which is the better bait in the field? 

 

Objective 

Identify which of two baits (commercial fish food or canned sweet corn) is the optimal 

bait for sampling juvenile carp in a nursery lake 

 

Methods  

Study area, gear, and baits 

Trapping for the bait comparison was conducted during October, 2010 in the same lake 

(Markham Lake) as Experiment 6. Sampling in this study was conducted using the same traps 

described in Experiment 7 (Figure 9), with the exception that all traps contained a bait bag 

fashioned from two layers of nylon laundry garment bags and suspended from the middle of the 

trap. Double-bagging was done to reduce the size of mesh in the bag and therefore the chances of 

bait falling out of the bags or of fish consuming the bait while in traps. Baits tested in this 

experiment were canned sweet corn (Butter Kernel), which can be a potent attractant of young-of-

the-year carp in the field (Experiment 6, above) and commercial fish food (2.5mm floating 
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extruded steelhead feed, Nelson and Sons Silver Cup Fish Food), which is used in fish care in the 

lab and is known to be at least a learned attractant. Preparation of corn involved opening the can, 

draining the fluids, and filling a bait bag with ~100g of corn (half a can). Pellets were prepared by 

soaking ~100g of dried pellets in lake water inside of a plastic bag for ~10 minutes, at which 

point the contents was mashed to a thick paste within the plastic bag and then extruded as a bolus 

into the bait bag.  

Traps were set at six different locations throughout the lake. The location of the first set 

was determined randomly and the others were placed haphazardly around the rest of the lake with 

at least 50m between sets. Individual traps within each set were placed parallel to shore ~6m 

apart and at a depth of ~60cm. Previous laboratory experiments indicated that age-0 carp forage 

most actively at night (Experiment 2, above), so traps were set immediately prior to sunset and 

checked soon after sunrise. All fish species captured were measured (nearest mm) and counted. 

 

Experimental design 

Trapping was conducted according to a matched triplicates design in which all three 

treatments (empty bait bag control, bait bag with corn, bait bag with pellet mash) were fished 

simultaneously at all six sites. Trapping occurred on two nights (October 4, 2010 and October 13, 

2010) for a sample size of 12 for each treatment. 

 

Analysis 

Catch rate data for each species were first tested for normality using a Kolmogorov-

Smirnov test and then further analyzed using appropriate single or multiple-comparisons. 

 

Results 

Minnow traps captured individuals of three species: green sunfish, common carp, and 

black bullhead (Figure 11). Catch rates for green sunfish were normally distributed (p=.31), while 

those for carp were not (p<.01). Only five black bullhead were captured during the experiment so 

this species was excluded from subsequent analyses. The bait treatment had a significant effect on 

catch rates of carp (Kruskal-Wallis, p<.01) as well as green sunfish (ANOVA, p<.01). Catch rates 

of carp in minnow traps baited with corn were significantly greater than those of control traps (1-

sided Wilcoxon test, p=.03), as were traps baited with pellets (1-sided Wilcoxon test, p<.01). 

Pellet-baited traps also caught more carp than corn traps (1-sided Wilcoxon test, p=.02). 

Compared to controls, catch rates of green sunfish were significantly lower in traps baited with 
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pellets (p<.01) as well as corn (p=.02). Traps baited with pellets also caught fewer green sunfish 

than those baited with corn, but the difference was not significant (p=.06).      

 

 
Figure 11. Catch rates (mean +/- 1 SE) of baited and unbaited minnow traps in Markham Lake. 

All statistical comparisons are to the control treatment. 

 

Conclusions 

This second test provides additional evidence that baiting increases the efficiency of 

minnow traps for sampling age-0 carp, although see Experiment 6 for a discussion of the 

limitations of this technique. Contrary to expectations, traps baited with pelleted fish food 

captured more carp than those baited with corn. Furthermore, pellets appear to be more carp 

specific, although the lower green sunfish catch rates could be attributed to interspecific 

interactions, a hypothesis that could not be tested with these data but should be investigated in the 

future. 

 

Experiment 7b: Is the attraction of juvenile carp to pellet fish food due to the polar 

compounds in pellet odor? 
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Objective 

Determine if the attractive component(s) in pellet fish food is/are (a) polar compound(s). 

 

Methods 

Fish and fish care 

 Age-0 common carp were purchased from Osage Fish Hatchery in 2009 and held in 

groups of 35 fish in 230L flow-through tanks at ~21C in the University of Minnesota Aquaculture 

Facility. All fish were maintained under a 16L:8D photopheriod and fed a commercial fish food 

(2.5mm floating extruded steelhead feed, Nelson and Sons Silver Cup Fish Food) once/day to 

satiation.  

 

Experimental setup 

These experiments used apparatus and testing procedures that have been used previously 

(Sisler and Sorensen, 2008). Testing occurred in circular, two-choice maze tanks (1.5m diameter) 

filled with water from a recirculating system to a depth of 20cm (Figure 12). Plastic dividers 

created two distinctive side areas and a central region that fish could move freely between as well 

as two compartments that fish could not access. Before and after tests, water was supplied to the 

tank (~2L/min) through a vinyl hose in one of the fish-inaccessible side compartments. Test odors 

were added to tanks at the middle of the left and right sides through medical-grade vinyl tubing 

using a peristaltic pump and were spread by an airstone below the odor input. This arrangement 

facilitated creation of a diffuse odor plume that previous dye tests have confirmed are confined to 

the side where the odor is introduced (Sisler 2005). Maze tanks were surrounded by a wooden 

frame supporting several layers of black felt and plastic that blocked ambient light and other 

stimuli and produced a dark environment. Tanks were illuminated from above using infrared 

lights and low-wattage incandescent bulbs, and behaviors were observed on a remote TV monitor 

using an infrared-sensitive camera mounted over each tank.  
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Figure 12. Diagram of the 2-choice maze tanks used in these experiments. The white squares 

show the location of the odor delivery tubes and airstones. Fish move freely between the left and 

right sides. 

 

Odor preparation 

Three different odors were tested in these experiments. The stock solution for all odors 

was whole pellet food odor, which was prepared for each day’s tests by placing 10g of dry pellet 

food in 1L water from the recirculating system for 1hr. The resulting “whole odor” was then 

vacuum filtered to remove particulates that might trigger confounding behaviors and then used 

for trials on the day of preparation. Since we wanted to know the general chemical characteristics 

of the attractive component(s) of the pellet food, we used a chemical fractionation technique to 

separate the whole odor into its polar (water-soluble) and non-polar (water insoluble) 

components. To accomplish this, whole pellet odor was prepared as described above and then 

passed through a reverse-phased C18 cartridge (Sep-Pak Plus, Waters Corp., Millipore Corp., 

Milford, MA) that had been previously “activated” by flushing it with 5mL of DI water, 5mL of 

methanol, and an additional 5mL of DI water (see Figure 13 for the extraction setup). The non-

polar fraction (“extract”), which is retained within the extraction cartridge, was then eluted with 

5mL of methanol and subsequently dried under a jet of N2 gas to a final volume of ~100uL. Non-

polar test odor was prepared by adding this concentrated solution to 1L of water from the 

recirculating system, while the control was produced by adding an equal volume of methanol to 
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1L of water from the same source. The water that passed through the C18 cartridge (filtrate) was 

used directly as the test odor in trials of attraction to the polar component, with 1L of water from 

the recirculating system serving as a control. 

  
Figure 13. Schematic (not to scale) of the setup used during chemical fractionation of whole 

pellet food odor into its polar and non-polar components. The term ‘red on the left’ refers to the 

fact that from this perspective the Sep-Pak cartridge should be oriented so that the red band 

(labeled) is on the left side of the widest part of the cartridge. 

 

Testing procedure 

 To ensure that fish were motivated to explore the test tanks, they were starved for 24 

hours before testing began. On the morning of experiments, groups of 5 size-matched juvenile 

carp were transferred from holding tanks to maze tanks and given >90 minutes to acclimate to the 

maze conditions. After this acclimation period the water input to the maze was turned off and a 

further 30 minute waiting period was allowed so that any established currents that might 

otherwise have affected the shape of test odor plumes dissipated. 

Behavior trials consisted of three different 15-minute periods of observation. In the first 

two periods, raw recirculating system water was added to both sides of the tank and the number 

of fish in the left and right sides of the tank was recorded every 15 seconds. Fish in the middle 

were not counted because previous dye tests indicated that the odor plumes were confined to their 

respective sides and that fish in the middle had therefore not “made a choice” (Sisler 2005). At 

the end of each observation period the total number of fish observed in each side of the tank was 

determined, and a percentage of time spent on each side (total possible= 5 fish initial observation 

at 00:00 + [5 fish/subsequent observation X 4 observations/minute X 15 minutes]= 305) was 

calculated.  
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For these experiments the measured effect was the change in proportion of time fish spent 

on the test odor side during the test period compared to that in the same side of the previous 

period (“relative attraction”). The first two testing periods established a baseline of the magnitude 

of relative attraction that might be observed in the absence of a test odor. During the third 

observation period the test odor was added to the side in which the fish spent the least amount of 

time during the previous period. The distribution of fish in the tank was once again recorded 

every 15 seconds and relative attraction of the test odor calculated.  

Each odor treatment (whole pellet odor, pellet extract, pellet filtrate) was tested 10 times. 

Due to a limited number of fish, some individuals were in test groups twice, but only after at least 

four weeks since their previous test. 

 

Data analysis 

Relative attraction scores for all odor treatments and the control were first checked for 

normality (Kolmogorov-Smirnov test) and then analyzed using a 1-way ANOVA. If a significant 

difference was noted, Tukey’s HSD post-hoc test was performed to identify differences between 

treatments. 

 

Results 

Odor treatment had a significant effect on behavior of juvenile carp (ANOVA; p<.01),  

and most of the activity of the pellet food was found in the polar fraction (Figure 14). The whole 

odor of pellet food was highly active (p<0.01), as was the polar fraction (p<.01), while the non-

polar fraction was not (p=.12) 
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Figure 14. Attraction (mean +/- 1 SE) of juvenile carp to well water controls (n=10), whole pellet 

odor (n=10), and its polar (n=10) and non-polar (n=10) fractions. All statistical comparisons are 

to the control treatment. 

 

Conclusion 

These data suggest that the polar fraction (filtrate) contains the primary attractant(s) 

found in pellet food odor. Fish may be reacting to several different kinds of polar compounds, 

including amino acids, which are known to be potent stimulants of both the carp olfactory and 

gustatory systems. Determining at greater resolution the chemical basis of the attraction of carp to 

this bait may permit further development of baits and trapping strategies that target this species. 
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Appendix 5 
 

Experiments investigating the potential use of pheromones to facilitate trapping of  juvenile 
common carp 
 
Overview 

This set of experiments was designed to test the overall hypothesis that juvenile carp can 

be effectively trapped for census and/or removal using pheromonal cues. Different components 

addressed by these experiments include the general chemical characteristics of the pheromone’s 

primary component(s), the ability of juvenile carp to locate the source of the pheromone under 

different flow conditions, and the potency of the pheromone compared to that of feeding 

stimulants identified in Appendix 4.  

 

Experiment 1: General chemical characteristics of the carp species-identifying pheromone 

 

Objective:  

Determine if the common carp species-identifying pheromone is composed of just polar 

or just non-polar compounds or if it is a mixture. 

 

Methods 

Fish and fish care 

Age-0 common carp were purchased from Osage Fish Hatchery in 2007 and held in 

groups of 100 in 1000L flow-through tanks (3L/min) under a 16:8 L:D photoperiod and fed flake 

food (tropical flake food, Aquatic Ecosystem, Apopka, FL) once each day to satiation. 

 

Experimental setup 

Two-choice maze tests like those described in Experiment 7b, Appendix 4 were used to 

quantify the attraction of age-0 carp to the carp species-identifying pheromone and its polar and 

non-polar components.  

 

Odor preparation 

Test odors were freshly prepared the day of testing. The stock “whole odor” for these 

experiments was prepared fresh for each day of testing by incubating 100g of juvenile carp in 5L 

of well water for one hour in an aerated plastic bucket. Fish were starved for 24 hours before 

incubation to eliminate the influence of residuals of food odor in urine or feces on test odors. 

Whole odor was then vacuum filtered through Whatman paper to remove particulates that could 
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clog odor delivery tubing or otherwise confound behavioral observations. The polar and non-

polar test odors were further processed using C18 reverse-phase extraction as described in 

Experiment 7b, Appendix 4. Whole flake food odor (10g/L/1hr) was also prepared as a positive 

control. 

 

Testing procedure 

Fish used in these experiments were transferred to maze tanks the day before testing to 

allow thorough acclimation to the tanks. Other aspects of the testing procedure were identical to 

those described in Experiment 7b, Appendix 4, except that instead of two pretest periods there 

was one pretest period (well water added to both sides) and one odor test period (test odor added 

to one side and well water to the other side). Separate trials consisting of two pre-test periods 

were conducted previously to determine baseline variation in fish distribution within test tanks in 

response to well water alone and determine if there was a consistent side bias. Attraction was 

quantified as described in Experiment 7b, Appendix 4. 

 

Data analysis 

Relative attraction data were first checked for normality analyzed using ANOVA, 

followed by appropriate individual comparisons between controls and odor treatments.  

 

Results 

A total of 52 trials were conducted during this experiment (12 control, 14 whole odor, 15 

extract, and 11 filtrate). Due to limited numbers of fish some individuals were tested twice after a 

four-week break. Odor treatment had a significant effect on attraction of juvenile carp (ANOVA, 

p<.01). Individual comparisons of odor treatments to controls indicated that whole odor was 

significantly attractive (t-test, n=14, p<.001), as was the non-polar extract (t-test, n=15, p<.05), 

while the polar filtrate was not (t-test, n=11, p=.33) (Figure 1). 
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Figure 1. Behavioral response (mean +/- 1 SE) of groups of juvenile carp to well water controls 
(n=12), whole carp odor (n=14), and its non-polar (extract; n=15) and polar (filtrate; n=11) 
components. 
 
Conclusions 

These data suggest that the carp species-identifying pheromone is complex, with full 

activity found in neither the polar filtrate nor the non-polar extract.  

 

Experiment 2 Determining the effects of water flow on the ability of carp to locate 

conspecifics. 
 

Objective 

Determine the effects of water flow on the ability of carp to locate the source of 

conspecific odor. 

 

Methods 

This experiment used the same fish, apparatus, and testing procedure described in the 

first part of Experiment 3, Appendix 2 (round maze tank experiments), except that the test odor 

used was whole common carp body odor. This was created by using the same procedure 

described in Experiment 1, above. 

 

Results 

Juvenile carp were not attracted to flow alone (n=7, p=.2114 matched t-test test; Figure 

2a) or to the pheromone presented in a 3cm/s flow (n=4, p=.5698; Figure 2b). There was also no 

0	


5	


10	


15	


20	


25	


30	


35	


40	


Control	
 Whole	
 Extract	
 Filtrate	


R
el

at
iv

e A
ttr

ac
tio

n 
(%

)	


Treatment	


p<.05	  
p<.01	  



	  

96	  

evidence that the weak response observed to a higher flow rate (17cm/s) was enhanced by 

addition of the pheromone (n=4, p=.6897; Figure 2c). 

 

 
Figure 2. Reponses of groups of juvenile carp (mean +/- standard error) to:  a) flow alone, b) carp 
whole body odor alone, and c) carp whole body odor plus flow.  In each case, time spent in the 
stimulus area (shaded) is shown along with the matched control (clear).  
 
Conclusions 

These data suggest that juvenile carp are not attracted to areas of high flow compared to 

areas of relatively low flow when given a choice. This experiment also indicates that groups of 

juvenile carp are not attracted to the pheromone by itself in the low flow tested here (3cm/s) and 

that there is no interaction of flow and the pheromone that elicits attraction. However, this 

observation in the common carp may make biological sense because most of the life history of 

this species occurs in lentic, rather than lotic environments. Thus, the function of pheromones 

may be interrupted by changes in plume structure caused by the high turbulence that can be 

encountered in flowing water.  

  

Experiment 3: Direct laboratory comparison of the attraction of juvenile carp to food odor 
and the carp pheromone. 
 
Objective: Determine which odor (pellet food or pheromone) is more attractive under controlled, 

laboratory conditions. 

 

Methods:  
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This experiment was conducted using the tanks, fish, animal care, and testing protocols 

described in Experiment 7b (Appendix 4), with the exception that during the testing period fish 

were presented with both whole carp odor (80g/2L for 1hr) and whole pellet odor (10g/L for 1hr).  

Analysis consisted of direct comparisons of the amount of time spent on each side of the 

tank during the testing period (food or pheromone) using a two-sided t-test.  

 

Results 

When given a choice between washings of pellet food or common carp, juvenile carp 

preferred the side with food (Figure 3; n=10; p<.01)  

  

 
Figure 3.  Percentage of time (mean +/- 1 SE) spent by groups of juvenile carp in different sides 
of maze tanks when offered a choice between pellet odor and common carp washings (n=10). 
 
Conclusions 

These data suggest that pellet food odor is more attractive to juvenile common carp than 

is the common carp species-identifying pheromone. This result is not surprising given that fish 

were starved for ~24hours before testing in the mazes, and this may have provided additional 

motivation to search for food. 

 
Experiment 4: Effect of satiation on attraction of juvenile carp to food odor and the carp 
pheromone 
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Determine whether satiation has an effect on the preference of juvenile carp for pellet 

food odor when given a choice between it and the common carp species-identifying pheromone. 

 

Methods  

This experiment was conducted using the tanks, fish, and animal care and testing 

protocols described in Experiment 3 (above), with the exception that test fish were fed to satiation 

in their holding tanks immediately before being transferred to the test tanks. Testing then began 

after a 1-hour acclimation period. 

Analysis consisted of direct comparisons of the amount of time spent on each side of the 

tank during the testing period (food or pheromone) using a t-test.  

 

Results 

Satiated juvenile common carp did not exhibit a preference for either food odor or the 

pheromone when given a choice (Figure 4; n=10; p=.50)  

  

 
Figure 4.  Percentage of time (mean +/- 1 SE) spent by groups of satiated juvenile carp in 
different sides of maze tanks when offered a choice between pellet odor and common carp 
washings (n=10). 
 

Conclusions 

In the context of Experiment 3 (above), this experiment demonstrates that satiation can 

affect the preference of juvenile carp for food and pheromone odors when given a choice. The 

lack of preference for food exhibited by satiated fish may be because satiation reduces the 

motivation of fish to search for the source of a food odor. More importantly, these results suggest 

0.0	  

10.0	  

20.0	  

30.0	  

40.0	  

50.0	  

60.0	  

70.0	  

Food	   Pheromone	  

%
-o
f-
ti
m
e	  

Odor	  Side	  



	  

99	  

that the pheromone is not likely to serve as an effective attractant in the field, where juvenile carp 

have constant access to food.  
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Appendix 6  
 

Amino acid release profiles of several fishes found in the North American Midwest 
 

Overview 
This appendix summarizes the results of amino acid analyses conducted by Jake Osborne 

(indicated by a superscript ‘J’ in the tables below; e.g. AS1111J) and Dr. Hangkyo Lim (indicated 

by a superscript ‘H’; e.g. AS1111H). This distinction is made because all data collected by Jake 

Osborne reflect the inclusion of a chemical fractionation step using C18 resin while data collected 

by Hangkyo Lim, except where stated, did not include that step.  

The objective of these experiments was to collect data that might ultimately be used to 

determine if the attraction of fish to the odor of conspecifics might be due to species-specific 

differences in the release of amino acids. Except when noted, all fish from which odor samples 

were collected were fed flake food to reduce the risk that differences between species were due to 

differences in diet. The amino acid content of the different foods used in fish care in the Hodson 

Hall Wetlab and the Aquaculture Center was also determined to provide context to the 

experiments described in this appendix as well as those experiments reported in Appendices 4 and 

5 of this thesis. All reported amounts of amino acids (ng) have been rounded to the next higher 

integer value.  
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Table 1. A summary of the experiments described in this appendix. 
Exp # Sample Type Sample IDs 

1 Well water +Nle in 20-L buckets and 2-L 
beakers (controls) 

AS1259-6, AS1263-1, AS1283-1, 
AS1283-2, AS11102-b, AS1114-1, 
AS1126-1, AS1139-1, AS1234-1, 
AS1293-3, AS1327-2, AS1343-1 

2 -8M mixture of 18AAs (standard) 

AS1139-2, AS1132-2, AS1126-2, 
AS1194-1, AS1194-3, AS1283-3, 
AS1290-1, AS1293-1, AS1293-2, 
AS1327-1, AS1335-1, AS1335-6, 
AS1341-3, AS1341-1 

3 C18 Sep-Pak efficiency 

AS1194-1, AS1194-2, AS1194-3, 
AS1335-3, AS1335-2, AS1135-1, 
AS1335-4, AS1335-5, AS1335-6, 
AS1340-1, AS1340-2, AS1340-3, 
AS1341-2, AS1341-1 

4 Juvenile common carp fed pellets 
AS1196-1, AS1196-2, AS1218-2, 
AS1259-3, AS1265-3, AS1279-1, 
AS1279-2 

5 Juvenile common carp fed flakes AS1300-2, AS1300-3, AS1300-4, 
AS1302-5, AS1322-1,  

6 Juvenile goldfish fed flakes 
AS1205-1, AS1205-2, AS1218-1, 
AS1259-2, AS1279-3, AS1301-1, 
AS1283-4 

7 Juvenile black bullhead fed flakes AS1290-2, AS1290-3, AS1341-4, 
AS1363-5 

8 Juvenile white sucker fed flakes AS1322-2, AS1322-3, AS1343-2, 
AS1351-4 

9 Juvenile silver carp fed solid food AS1302-2, AS1302-3, AS1302-4, 
AS1363-3, AS1363-4 

10 Juvenile bighead carp fed solid food AS1298-4, AS1298-5, AS-1302-1, 
AS1363-1, AS1363-2 

11 Spermiating and non-spermiating common 
carp fed flakes 

AS1343-5, AS1343-6, AS1351-3, 
AS1353-3, AS1365-2, AS1343-3, 
AS1343-4, AS1351-2, AS1353-2, 
AS1365-1 

12 Pellet and flake food 
AS1234-4, AS1234-5, AS1259-1, 
AS1265-1, AS1265-2, AS1218-3, 
AS1296-1, AS1296-2, AS1298-1 

13 Canned sweet corn AS1234-2, AS1234-3, AS1298-2, 
AS1298-3, AS1300-1, AS1301-2 

14 Asian carp solid diet AS1329-1, AS1329-2, AS1351-1 
AS1353-1 

15 Asian carp liquid diet AS1334-1, AS1334-2, AS1353-4 
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Equipment List 
Each sample preparation, except when stated otherwise, used the following list of equipment. 
Ustores part numbers are provided for parts likely to need replacement. 
• Vinyl gloves (xsmall: # 19063120; small: # CX40812; medium: # CX40813 large: # 

CX40814) 
• 10% HCl solution (in wash bottle) 
• Soap solution (NoRad75;in wash bottle) 
• Deionized (DI) water (tap in the sink near the Hodson 132 entrance) 
• Methanol 
• (1) Vacuum manifold 
• (3) 2L plastic beakers (# CX10118) 
• (1) ceramic Büchner funnel (# 10356D) 
• (1) 1mL automatic pipette 
• (1) 5mL automatic pipette 
• (1) 2L filter flask, stopper No. 9 (# 10181H) 
• (1) set of rubber stopper, glass tubes, and vinyl tubing 
• (1) 1L evaporating flask (# 05402824) 
• (1) 100ml boiling flask (# 100681B) 
• (1) empty plastic syringe (6ml) 
• (1) airstone and air tubing  
• (1) small green dip-net 
• 1mL Pipette tips (# 02681164) 
• 5mL Pipette tips (# 211953) 
• Whatman paper filter #3; 90mm diameter (# 09820A) 
• C18 columns (Sep-Pak Plus; www.waters.com; search for ‘WAT020515’) 
• Columns ‘activated’ by positioning on a vacuum manifold and flushing with 5ml of DI water, 

then 5ml of methanol, then 5ml of DI water 
• -5M L-Norleucine (odor samples and controls) 
• -5M mixture of 18 amino acids (standards) 

Cleaning protocol 
All of the equipment in the list above (except for the airstone and pipette tips) was 

cleaned after each use using a sequence of soap solution followed by 10% HCl and then a 

thorough rinse using DI water. The airstone was cleaned by bubbling for 10 minutes first in 10% 

HCl solution and then in DI water. Pipette tips were cleaned by taking up and expelling a full 

volume of DI water (1-mL or 5-mL depending on the volume of the pipette tip) five times. Vinyl 

gloves were worn at all times to prevent contamination of equipment resulting from handling. 

 
Preparing the -5M L-Norleucine tracer 

A solution of L-Norleucine, an amino acid that does not occur naturally in fishes or in the 

foods provided, was prepared for use as a tracer in all samples sent for analysis. A -3M stock 

solution was first prepared by carefully measuring out an appropriate amount of  L-Norleucine 



	  

103	  

(see Table 2 for amino acids used, amounts measured out and part numbers for ordering more) on 

weigh paper in the enclosed electronic balance seated on the marble work bench in Hodson 132. 

To avoid contamination of source bottles, dried amino acids were extracted by turning the source 

bottle sideways over the weigh paper and gently tapping the neck of the bottle until the desired 

amount fell onto the weigh paper. If too much dried material fell out, a clean lab spatula was used 

to break apart any large chunks on the weigh paper, a new piece of weigh paper was placed on the 

balance, the first weigh paper was folded into a taco shape and the sides of the paper then tapped 

to gently shake the desired amount of solid material onto the new weigh paper. Any excess solid 

material was discarded to prevent contamination of the source bottle. 

Once the appropriate amount of Norleucine had been measured out, the weigh paper was 

folded and the dried material was then poured into a 125mL narrow-mouthed flask and the flask 

was then filled to the 100ml mark with DI water from the source near the lab sink. If any of the 

solid material stuck to the weigh paper the paper was carefully rolled into a funnel pointing into 

the flask and the outside of the paper funnel tapped rapidly with a clean spatula to dislodge the 

material. A glass stopper was then inserted into the mouth of the flask and the flask was 

transferred to the refrigerator near the sink to allow the solution to diffuse overnight. The 

following day an automatic pipette (1mL; blue tip) was used to transfer 1mL of the -3M solution 

to another 125mL narrow-mouthed flask, which was then filled to the 100mL mark with DI water 

from the source near the lab sink. The second flask was then transferred to the refrigerator near 

the lab sink to allow the diluted Norleucine (-5M) to diffuse overnight. Both stock solutions (-3M 

and -5M) were re-created after a month of use.  

 
Preparing the -5M L-amino acid standard 

A stock solution of 18 amino acids (including L-Norleucine) was prepared for use in 

experiments documenting the efficiency of our sample preparation and the external sample 

analysis protocols. A -3M stock solution was first prepared by carefully measuring out 

appropriate amounts of 18 amino acids (see Table 2 for molecular weights of all amino acids 

used, amounts measured out and part numbers for ordering more). The desired amount of each 

amino acid was measured out individually using the same protocol as that used for Norleucine 

alone (see above) and then poured into a 125mL narrow-mouthed flask. A check-off list was used 

to ensure that amino acids were not accidentally left out of the mixture or added multiple times. 

The flask was then filled to the 100ml mark with DI water from the source near the lab sink. A 

glass stopper was then inserted into the mouth of the flask and the flask was transferred to the 

refrigerator near the sink to allow amino acid mixture to diffuse overnight. The following day an 

automatic pipette (1mL; blue tip) was used to transfer 1mL of the -3M solution to another 125mL 
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narrow-mouthed flask, which was then filled to the 100mL mark with DI water from the source 

near the lab sink. A glass stopper was then inserted into the mouth of the second flask and the 

flask was then transferred to the refrigerator near the lab sink to allow the diluted amino acid 

mixture (-5M) to diffuse overnight. Both stock solutions (-3M and -5M) were re-created after a 

month of use. 

 
Table 2. Names, abbreviations molecular weights, amounts used to create -3M stock solutions 
and part numbers of amino acids used in experiments described in this thesis. 

Amino Acid Abbreviation Mass used in 
standard (g) 

Sigma Part 
number 

L-Asparagine Asp 0.01141 A0884 
L-Serine Ser 0.008708 S4500 
L-Glutamine Glu 0.012313 G3126 
L-Glycine Cly 0.005705 G7126 
L-Histidine His 0.013714 H8000 
L-Arginine-HCl Arg 0.015619 A5131 
L-Threonine Thr 0.010111 T8625 
L-Alanine Ala 0.007108 A7627 
L-Proline Pro 0.009712 P0380 
L-Cysteine Cys 0.010314 C7755 
L-Tyrosine Tyr 0.016318 T3754 
L-Valine Val 0.009913 V0500 
L-Methionine Met 0.01312 M9625 
L-Lysine-HCl Lys 0.012818 L5626 
L-Isoleucine Ile 0.011316 I2752 
L-Leucine Leu 0.011316 L8000 
L-Norleucine Nle 0.011316 N6877 
L-Phenylalanine Phe 0.014718 P2126 
 
Experiment 1: Is our cleaning protocol effective and is there any amino acid contamination 
during sample preparation? 
 
Methods:  

This experiment was conducted using both 2-L plastic beakers and 20-L plastic buckets. 

Both were tested because the plastic beakers can contain only fish that are shorter than ~160mm. 

In both cases, one liter of well water was collected from the same source in which lab fish were 

maintained (19C well water from the vinyl tube for head tank B at the sink in Area A of the 

Hodson Hall Wetlab) and aerated for one hour using a clean airstone. After the 1-hour incubation 

period, the water was poured through a cleaned green aquarium net into a clean 2-L plastic 

beaker. Next, 1-mL of the -5M L-Norleucine stock solution was transferred to a third 2-L beaker 

using a 1mL automatic pipette (blue tip) and the water in the second beaker was poured into the 

beaker containing the Norleucine. This provided a tracer at a concentration of -8M. The spiked 

water was then vacuum filtered (Filter Papers Qualitative # 3; Whatman Ltd, England) to remove 
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any particulates (e.g. iron, fish mucous) and then passed through a C18 column (Sep-Pak Plus, 

Waters Corp., Millipore Corp., Milford, MA). These Sep-Pak cartridges contain a resin that 

removes non-polar compounds from the solvent but allows polar compounds to remain in the 

solvent and thus pass through. For this resin to be efficient such columns needed to be ‘activated.’ 

Activation of a column consisted of mounting it on a vacuum manifold, inserting an empty 6-mL 

syringe in the top and then slowly vacuuming 5-mL of DI water through it, followed by 5-mL of 

methanol and a further 5-mL of DI water. The activated column was then fitted between a vinyl 

tube connected to a glass tube and a vinyl tube connected to a glass tube inserted into a rubber 

stopper (Figure 1). Next, the stopper with protruding glass tube was inserted into the neck of a 2-

L vacuum flask and the vacuum pump turned on. After the entire sample had passed through the 

C18 column, 500mL of the resulting solvent (the ‘filtrate’, which contained amino acids) was 

measured out by slowly pouring it into a cleaned 2L plastic beaker.  The sample was then 

immediately poured into a 1-L evaporating flask and mounted on a roto-evaporator (30C water 

bath for the flask; rotation rate of ~30RPM; bucket of ice-water for the condenser pump) and 

dried to a volume of ~30mL (based on visual assessment of the level of solvent relative to a rings 

drawn on the outside of the flask at heights of known volume; this process took ~2 hours). The 

remaining sample was then transferred to a 100mL boiling flask using a clean 5mm pipette tip 

and dried completely. Dried samples were labeled and held in a freezer prior to shipment to an 

analytical lab (Biosynthesis, Texas) for analysis. Analyses documented the mass of seventeen 

naturally-occurring L-amino acids as well as the L-norleucine tracer (Table 1). All 100-ml boiling 

flasks used in this experiment had been previously used and presumably contained trace amounts 

of amino acids prior to cleaning. Eight samples were incubated in 2-L plastic beakers and four 

samples were incubated in 20-L plastic buckets.  

 
Figure 1. Schematic (not to scale) of the chemical fractionation setup used in these experiments.  
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Results 
The four samples prepared in 20-L buckets showed signs of contamination (Table 3). In 

all eight samples prepared in 2-L plastic beakers, however, the only amino acid found was the L-

Norleucine tracer (Table 4). These results indicated that our cleaning protocols were effective and 

that there was no contamination when samples were prepared in 2-L plastic beakers. They 

furthermore indicated that 20-L plastic buckets could not be adequately cleaned or were prone to 

contamination and were therefore inappropriate for use in subsequent analyses.  

 

Table 3. Mass of amino acids (ng) in samples of well water incubated in 20-
L plastic buckets spiked with 1mL of -5M Norleucine. 
 Sample ID 
AA AS1259-6J AS1263-1J AS1283-1J AS1283-2J 
Asp 0 0 0 0 
Ser 160 251 0 0 
Glu 0 0 0 0 
Gly 135 77 0 704 
His 108 0 0 0 
Arg 229 78 0 0 
Thr 73 42 0 0 
Ala 71 61 0 0 
Pro 299 206 0 0 
Cys 0 0 0 0 
Tyr 197 417 0 112 
Val 77 29 14 29 
Met 20 0 0 0 
Lys 69 0 0 0 
Ile 47 26 8 16 
Leu 73 25 12 36 
Nle 187 213 266 340 
Phe 85 20 9 46 
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Table 4. Mass of amino acids (ng) in samples of well water incubated in 2-L 
plastic beakers and spiked with 1mL of -5M Norleucine. 
 Sample ID 
AA AS11102bH AS1114-1H AS1126-1H AS1139-1H 
Asp 0 0 0 0 
Ser 0 0 0 0 
Glu 0 0 0 0 
Gly 0 0 0 0 
His 0 0 0 0 
Arg 0 0 0 0 
Thr 0 0 0 0 
Ala 0 0 0 0 
Pro 0 0 0 0 
Cys 0 0 0 0 
Tyr 0 0 0 0 
Val 0 0 0 0 
Met 0 0 0 0 
Lys 0 0 0 0 
Ile 0 0 0 0 
Leu 0 0 0 0 
Nle 22 17 1020 533 
Phe 0 0 0 0 

 
 
Table 4 Continued. 
 Sample ID 
AA AS1234-1J AS1293-3J AS1327-2J AS1343-1J 
Asp 0 0 0 0 
Ser 0 0 0 0 
Glu 0 0 0 0 
Gly 0 0 0 0 
His 0 0 0 0 
Arg 0 0 0 0 
Thr 0 0 0 0 
Ala 0 0 0 0 
Pro 0 0 0 0 
Cys 0 0 0 0 
Tyr 0 0 0 0 
Val 0 0 0 0 
Met 0 0 0 0 
Lys 0 0 0 0 
Ile 0 0 0 0 
Leu 0 0 0 0 
Nle 300 203 461 568 
Phe 0 0 0 0 
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Experiment 2: What are the recovery rates of each amino acid from samples sent for analysis? 
 
Methods 

Sample preparation was identical to that described in Experiment 1, above (using 2-L 

plastic beakers), except that instead of adding 1-mL of -5M Nle to the 1L sample of water, 1-mL 

of a mixture of 18 amino acids (each at a concentration of -5M) was added. This created a 

‘standard’ sample consisting of 18 amino acids, each at a concentration of -8M. A total of 14 

samples were produced, although the analysis protocol used by Biosynthesis for the first three 

samples differed from that used for the other 11. 

 

Results 

Fifteen amino acids (including the Norleucine tracer) were consistently found in all of the 

amino acid standards while three amino acids (asparagine, glutamine, and cysteine) were 

undetected in six, 10, and nine samples, respectively. Recovery of each amino acid varied 

between samples. Recovery of amino acids varied substantially between the first three samples 

(possibly due to differences in dilutions or other aspects of the analysis protocol that Biosynthesis 

used while a consistent protocol was being developed) so they are reported separately (Table 5) 

from all samples prepared using the protocol that was ultimately developed (Table 6). 
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Table 5. Mass of acids (ng) in samples of well water containing a mixture of 18 amino acids 
present at -8M. These samples were analyzed before a consistent analysis protocol was developed 
by Biosynthesis. 

Sample ID AA AS1139-2H AS1132-2H AS1126-2H Mean SE 

Asp 306 61 143 306 61 
Ser 405 111 342 405 111 
Glu 0 0 0 0 0 
Gly 191 69 332 191 69 
His 1032 340 1014 1032 340 
Arg 919 282 769 919 282 
Thr 503 121 454 503 121 
Ala 417 112 348 417 112 
Pro 471 116 475 471 116 
Cys 0 0 0 0 0 
Tyr 4103 371 964 4103 371 
Val 552 158 409 552 158 
Met 363 87 410 363 87 
Lys 338 71 289 338 71 
Ile 553 149 505 553 149 
Leu 613 152 556 613 152 
Nle 811 600 1222 811 600 
Phe 1095 360 813 1095 360 

 
 
Table 6.  Mass of acids (ng) in samples of well water containing a mixture of 18 amino acids 
present at -8M that were analyzed after a consistent analysis protocol was developed by 
Biosynthesis. The mean and standard error values reported below include all of the data in Table 
3 (n=11). 

Sample ID AA AS1194-1H AS1194-3H AS1283-3J AS1290-1J AS1293-1J AS1293-2J 
Asp 30 39 0 0 0 0 
Ser 237 356 1039 270 426 767 
Glu 0 0 0 0 0 0 
Gly 152 173 255 85 116 216 
His 623 654 552 225 412 450 
Arg 512 545 569 107 164 268 
Thr 337 366 392 113 137 298 
Ala 206 220 313 145 129 234 
Pro 338 351 537 192 340 370 
Cys 148 251 0 0 0 80 
Tyr 781 912 935 358 573 553 
Val 196 232 345 134 176 218 
Met 228 259 240 111 207 156 
Lys 74 85 166 100 66 128 
Ile 286 348 423 169 191 259 
Leu 294 369 476 162 177 238 
Nle 551 664 404 161 179 283 
Phe 621 706 667 273 463 458 
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Table 6. Continued.  
Sample ID AA 

AS1327-1J AS1335-1J AS1335-6J AS1341-3J AS1341-1J 
Mean SE 

Asp 0 0 61 55 53 22 7 
Ser 685 735 1390 635 608 650 70 
Glu 0 0 0 12 0 1 2 
Gly 250 209 464 189 191 209 7 
His 635 735 746 574 560 561 23 
Arg 545 673 489 577 590 458 20 
Thr 365 495 571 464 396 358 22 
Ala 293 363 502 329 269 273 23 
Pro 398 542 583 819 399 443 67 
Cys 246 0 0 0 0 66 38 
Tyr 821 1027 970 783 776 772 37 
Val 323 378 369 285 279 267 23 
Met 249 305 232 222 221 221 12 
Lys 195 276 217 194 227 157 30 
Ile 408 489 429 390 391 344 25 
Leu 430 498 457 416 408 357 25 
Nle 398 615 444 510 499 428 23 
Phe 646 810 644 594 683 597 28 

 
Experiment 3: Extraction efficiency of the C18 Sep-Pak cartridges 
Methods:  

Standard samples (18AAs at -8M) were prepared as in Experiment 2 (above) but were 

separated after vacuum filtration into two 500-ml subsamples. One of those sub-samples was 

immediately transferred to a 1-L rotovap flask and dried as described above (the ‘whole’ sample). 

The remaining water was passed through an activated C18 column and the resulting filtrate was 

dried as described above (filtrate sample). Material retained within the C18 column (the ‘extract’) 

was then recovered by affixing the column to a vacuum manifold and slowly draining 5mL of 

methanol through it and into a glass test tube below. The methanol was then transferred to a 100-

mL boiling flask using a 1-mL automatic pipette and dried using the rotovap. All three samples 

were sent to Biosynthesis for analysis. Five sets of three samples were analyzed. 

 
Results: 

The first set of matched samples indicated that no amino acids were retained by the C18 
column, while in the other four sets amino acids were recovered from the extract (Table 7). 
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Table 7. Mass of amino acids (ng) in matched whole and filtrate sub-samples derived from the 
same standard (18 amino acids at -8M). 
 Set 1 Set 2 
 Whole Extract Filtrate Whole Extract Filtrate 
AA AS1194-1H AS1194-2H AS1194-3H AS1335-3J AS1335-2J AS1335-1J 

Asp 30 0 39 0 0 0 
Ser 237 0 356 560 114 735 
Glu 0 0 0 0 0 0 
Gly 152 0 173 133 56 209 
His 623 0 654 675 36 735 
Arg 512 0 545 650 62 673 
Thr 337 0 366 414 33 495 
Ala 206 0 220 262 63 363 
Pro 338 0 351 460 894 542 
Cys 148 0 251 0 0 0 
Tyr 781 0 912 962 194 1027 
Val 196 0 232 336 144 378 
Met 228 0 259 302 56 305 
Lys 74 0 85 262 433 276 
Ile 286 0 348 488 28 489 
Leu 294 0 369 487 37 498 
Nle 551 0 664 597 2 615 
Phe 621 0 706 710 18 810 

 
 
 
Table 7. Continued from above. 

 

 Set 3 Set 4 
 Whole Extract Filtrate Whole Extract Filtrate 
AA AS1335-4J AS1335-5J AS1335-6J AS1340-1J AS1340-2J AS1340-3J 
Asp 128 0 61 0 43 0 
Ser 2231 183 1390 394 128 367 
Glu 21 0 0 0 0 0 
Gly 690 61 464 115 46 132 
His 1100 17 746 290 0 246 
Arg 755 8 489 517 15 528 
Thr 876 50 571 319 29 311 
Ala 739 56 502 251 59 256 
Pro 633 120 583 447 0 468 
Cys 0 0 0 0 0 0 
Tyr 1478 41 970 1108 0 1190 
Val 608 31 369 276 0 0 
Met 329 0 232 0 0 0 
Lys 351 77 217 0 0 0 
Ile 638 18 429 352 0 0 
Leu 672 23 457 279 45 265 
Nle 559 2 444 808 5975 820 
Phe 875 16 644 523 16 0 
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Table 7. Continued from above. 
 SET 5 
 Whole Extract Filtrate 
AA AS1341-2 No Sample AS1341-1 
Asp 95 53 
Ser 494 608 
Glu 0 0 
Gly 137 191 
His 523 560 
Arg 538 590 
Thr 372 396 
Ala 252 269 
Pro 378 399 
Cys 0 0 
Tyr 818 776 
Val 248 279 
Met 165 221 
Lys 176 227 
Ile 352 391 
Leu 362 408 
Nle 468 499 
Phe 534 

No Sample 

683 
 
 
Experiment 4: Amino acids released by juvenile carp fed pellet food 
 
Methods 

Age-0 carp used in this experiment were purchased from a fish farm (Osage Fish 

Hatchery; Osage, Missouri). Fish were maintained in the lab under a 16:8 L:D photoperiod in 

flow-through tanks in well water ~19C and fed pellet fish food once per day to satiation. Prior to 

sample preparation, fish were starved for ~24 hours to prevent amino acids from recent feeding 

confounding results.  

Samples of juvenile common carp body odor intended for amino acid analysis were 

prepared by first incubating 80g of juvenile carp (four fish) for one hour in a clean 2-L beaker 

filled with 2-L of well water taken from the same source supplying the tank in which the fish 

were held (19C; vinyl hose for head tank A at the Area A sink). A clean airstone set to a low flow 

rate was placed in the water during incubation to prevent oxygen stress that might affect the 

amino acid profiles of test fish. Following incubation the resulting whole body odor was poured 

through a clean aquarium net and into a second clean 2-L beaker and the fish were returned to 

their holding tank. Half of the whole odor (1-L) was then decanted into a third 2-L beaker, spiked 

with 1-mL of -5M L-Nle, vacuum-filtered through a Whatman Paper filter to remove particulates, 

and passed through an activated C18 Sep-Pak cartridge. Half of the resulting filtrate (500-mL) 
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was then dried as described in Experiment 1, above, and sent for analysis. Seven samples were 

prepared. No gonado-somatic index scores were calculated because the test fish were also 

subjects in ongoing behavior experiments and could not be sacrificed 

 
Results 
Table 8. Amino acids recovered (ng) from samples of the odor of 
juvenile carp fed pellet food. The mean and standard error values 
reported below are based on all of the data in Table 8 (n=7). 
 Sample ID 
AA AS1196-1H AS1196-2H AS1218-2J AS1259-3J 
Asp 107 144 601 125 
Ser 1255 1573 4778 2853 
Glu 495 378 1747 688 
Gly 1035 766 2022 1234 
His 2123 1802 2303 0 
Arg 3365 940 4224 1710 
Thr 1073 1095 2529 777 
Ala 830 979 3217 540 
Pro 678 604 2251 737 
Cys 976 705 3038 0 
Tyr 577 509 3132 583 
Val 1112 1044 2464 553 
Met 220 422 1559 186 
Lys 485 597 2029 313 
Ile 567 611 1575 329 
Leu 1188 1394 4272 636 
Nle 916 1028 298 240 
Phe 778 744 4315 434 
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Table 8. Continued from above. 
Sample ID AA AS1265-3J AS1279-1J AS1279-2J Mean Std.Err 

Asp 2747 402 432 651 356 
Ser 3315 2830 4256 2980 487 
Glu 786 1313 372 825 197 
Gly 1272 1554 2257 1449 202 
His 5762 3821 3536 2764 688 
Arg 5114 1777 1139 2610 615 
Thr 1798 1577 1955 1543 230 
Ala 6074 1653 1989 2183 732 
Pro 10380 1427 460 2362 1357 
Cys 0 0 0 674 423 
Tyr 6442 971 1409 1946 826 
Val 6204 1022 1407 1972 740 
Met 11358 84 311 2020 1568 
Lys 739 464 546 739 221 
Ile 5835 555 796 1467 743 
Leu 11705 1253 1393 3120 1499 
Nle 104 286 323 457 136 
Phe 11311 688 1070 2763 1513 

 
 
Experiment 5: Amino acids released by juvenile carp fed flake food 
Methods 

Juvenile carp used in this experiment were purchased from a fish farm (Osage Fish 

Hatchery; Osage, Missouri). Fish were maintained in the lab under a 16:8 L:D photoperiod in 

flow-through tanks in well water ~19C and fed flake fish food once per day to satiation. Prior to 

sample preparation, fish were starved for ~24 hours to prevent amino acids from recent feeding 

confounding results. Odor samples were prepared following the protocol used in Experiment 4, 

above. 
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Results 
Table 9. Amino acids recovered (ng) from samples of the odor of juvenile carp fed flake food.  
 Sample ID 
AA AS1300-2J AS1300-3J AS1300-4J AS1302-5J AS1322-1J Mean SE 
Asp 83 123 0 0 73 56 27 
Ser 1238 947 815 848 1280 1026 110 
Glu 342 394 119 80 511 289 92 
Gly 851 699 499 555 783 677 74 
His 2284 2084 1236 1315 1780 1740 230 
Arg 992 164 619 649 997 684 171 
Thr 111 388 0 688 0 238 149 
Ala 916 848 261 365 741 626 148 
Pro 816 696 682 381 1338 782 175 
Cys 0 0 0 0 0 0 0 
Tyr 732 732 385 416 356 524 95 
Val 591 630 321 366 505 483 68 
Met 88 230 144 174 195 166 27 
Lys 186 331 66 154 344 216 60 
Ile 388 412 189 227 347 313 50 
Leu 828 854 383 517 710 658 102 
Nle 219 449 234 157 357 283 59 
Phe 537 390 308 426 385 409 42 

 
Experiment 6: Amino acids released by juvenile goldfish fed flake food 
Methods 

Young-of-the-year goldfish used in this experiment were purchased from a fish farm 

(Osage Fish Hatchery; Osage, Missouri). Fish were maintained in the lab under a 16:8 L:D 

photoperiod in flow-through tanks in well water ~19C and fed flake fish food once per day to 

satiation. Prior to sample preparation, fish were starved for ~24 hours to prevent amino acids 

from recent feeding confounding results. Odor samples were prepared following the protocol 

used in Experiment 4, above. Seven samples were prepared. No gonado-somatic index values 

were calculated. 
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Results 
Table 10. Amino acids recovered (ng) from samples of the odor of juvenile goldfish fed flake 

food. The mean and standard error reported below include all data in Table 10 (n=7). 

Sample ID AA 
AS1205-1H AS1205-2H AS1218-1J AS1259-2J 

Asp 1038 178 494 160 
Ser 2556 2165 4310 2235 
Glu 1690 458 3028 250 
Gly 2704 1504 2502 1182 
His 7080 3829 7051 1993 
Arg 3209 3964 4212 997 
Thr 1073 1296 2304 1127 
Ala 3639 3081 5545 1102 
Pro 2668 4671 5297 1345 
Cys 1372 1951 3222 103 
Tyr 2760 3589 6268 1465 
Val 1740 2080 2956 822 
Met 516 602 554 315 
Lys 1380 1307 2339 357 
Ile 1065 1358 1938 525 
Leu 2583 2770 4119 1029 
Nle 846 570 420 184 
Phe 1936 2860 2713 921 

 
Table 10. Continued from above. 

Sample ID AA 
AS1279-3J AS1301-1J AS1283-4J 

Mean SE 

Asp 339 213 367 386 166 
Ser 3162 1596 2427 2343 257 
Glu 1031 915 547 869 250 
Gly 2480 986 1408 1771 347 
His 5265 2145 3812 4062 963 
Arg 1831 805 10573 2161 618 
Thr 2807 1051 4424 1471 337 
Ala 2898 1184 3981 2381 520 
Pro 1634 1441 2428 2352 626 
Cys 0 0 0 685 409 
Tyr 1873 700 8666 2077 503 
Val 2433 882 3144 1591 321 
Met 671 236 1614 468 83 
Lys 1290 504 3638 968 221 
Ile 1580 546 3015 1015 212 
Leu 3194 1191 7438 2153 438 
Nle 256 371 229 446 120 
Phe 1665 469 5866 1570 415 
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Experiment 7: Amino acids released by juvenile black bullhead catfish fed flake food 
Methods 

Juvenile black bullhead catfish used in this experiment were obtained from the field 

(Phalen Chain of Lakes). Fish were maintained in the lab under a 16:8 L:D photoperiod in flow-

through tanks in well water ~19C and fed flake fish food once per day to satiation. Prior to 

sample preparation, fish were starved for ~24 hours to prevent amino acids from recent feeding 

confounding results. Odor samples were prepared following the protocol used in Experiment 4, 

above (80g/2L/1hr). Three samples were prepared. No gonado-somatic index values were 

calculated. 

 
Results 
Table 11. Amino acids recovered (ng) from samples of the odor of juvenile black bullhead fed 

flake food. 

Sample ID AA AS1290-2J AS1290-3J AS1341-4J,a AS1363-5J,a Mean SE 

Asp 248 340 292 143 320 32 
Ser 1354 1091 827 974 1992 711 
Glu 334 328 864 411 536 126 
Gly 644 1146 379 317 871 211 
His 1458 1173 657 1128 1296 274 
Arg 1605 2272 692 0 1271 408 
Thr 579 269 660 569 835 222 
Ala 1130 1036 933 478 1284 272 
Pro 22030 21190 3808 39036 26068 13553 
Cys 0 222 0 175 115 73 
Tyr 1654 1688 557 513 1360 246 
Val 1088 1078 334 283 899 197 
Met 284 407 0 82 214 67 
Lys 937 1002 140 161 637 172 
Ile 807 691 159 167 606 160 
Leu 1517 1620 1133 359 1371 202 
Nle 273 283 563 198 1505 1127 
Phe 1753 1651 206 534 1269 292 

aThis sample was collected from a single fish weighing 75g, while the previous samples were 

obtained from eight fish that collectively weighed 80g. 

 

Experiment 8: Amino acids released by juvenile white sucker fed flake food 
 
Methods 

Juvenile white sucker used in this experiment were obtained from a local bait shop (Joe’s 

Sporting Goods, St. Paul). Fish were maintained in the lab under a 16:8 L:D photoperiod in flow-

through tanks in well water ~19C and fed flake fish food once per day to satiation. Samples were 
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not prepared until after white sucker were observed feeding on flakes in the lab. Fish were starved 

for ~24 hours before samples were collected to reduce the risk that amino acids from recent 

feeding confounded results. Odor samples were prepared following the protocol used in 

Experiment 4, above (80g/2L/1hr). Four samples were prepared. No gonado-somatic index scores 

were calculated. 

 
Results 
Table 12. Amino acids recovered (ng) from samples of the odor of juvenile white sucker fed flake 

food. 

Sample ID AA AS1322-2J AS1322-3J AS1343-2J,a AS1351-4J,a Mean SE 

Asp 170 95 515 0 195 112 
Ser 1695 1356 1100 336 1122 289 
Glu 1173 138 904 0 554 287 
Gly 944 489 401 280 529 145 
His 1798 2151 1676 452 1519 370 
Arg 3736 8930 360 0 3256 2070 
Thr 0 4457 487 488 1358 1039 
Ala 1820 1973 1510 194 1374 405 
Pro 10014 11191 9611 599 7854 2441 
Cys 0 481 0 0 120 120 
Tyr 1598 6693 403 342 2259 1506 
Val 1291 2501 535 299 1156 496 
Met 538 1456 53 104 538 325 
Lys 724 2114 696 137 918 421 
Ile 833 2007 303 170 828 418 

Leu 1851 5406 586 330 2043 1169 
Nle 284 106 687 217 323 127 
Phe 1645 5500 382 311 1960 1219 

a. These samples were collected from a single fish that weighted 20g, while previous 
samples were collected from nine fish weighing a combined 80g. 
 
 
Experiment 9: Amino acids released by juvenile silver carp 
 
Methods 

Juvenile silver carp used in this experiment were obtained from a US Geological Survey 

research lab. Fish were maintained in the lab under a 16:8 L:D photoperiod in flow-through tanks 

in well water ~26C and fed flake fish food once per day to satiation. Prior to sample preparation, 

fish were starved for ~24 hours to reduce the risk that amino acids from recent feeding 

confounded results. Odor samples were prepared following the protocol used in Experiment 4, 

above (80g/2L/1hr). Three samples were prepared. No gonado-somatic index scores were 

calculated. 
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Results 
Table 13. Amino acids recovered (ng) from samples of the odor of juvenile silver carp. 

Sample ID AA AS1302-2J AS1302-3J AS1302-4J AS1363-3J AS1363-4J Mean SE 

Asp 63 97 76 382 63 136 62 
Ser 700 1163 725 1515 1200 1061 155 
Glu 527 362 76 481 71 303 98 
Gly 399 680 358 878 723 608 99 
His 2961 3710 2390 3268 1039 2674 462 
Arg 974 628 695 0 0 460 196 
Thr 896 481 956 1372 671 875 150 
Ala 652 1170 559 1117 405 781 154 
Pro 621 1422 555 1314 283 839 224 
Cys 0 0 0 586 292 175 117 
Tyr 1343 1939 1325 599 481 1138 268 
Val 829 1446 1096 970 476 963 159 
Met 448 661 478 352 178 424 79 
Lys 211 318 217 412 126 257 49 
Ile 529 912 684 406 232 553 116 

Leu 1059 1759 1343 810 435 1081 226 
Nle 124 210 171 464 327 259 61 
Phe 1077 1916 1461 621 457 1106 268 

 

Experiment 10: Amino acids released by juvenile bighead carp 
 
Methods 

Juvenile bighead carp used in this experiment were obtained from a US Geological 

Survey research lab. Fish were maintained in the lab under a 16:8 L:D photoperiod in flow-

through tanks in well water ~26C and fed flake fish food once per day to satiation. Prior to 

sample preparation, fish were starved for ~24 hours to prevent amino acids from recent feeding 

confounding results. Odor samples were prepared following the protocol used in Experiment 4, 

above (80g/2L/1hr). Three samples were prepared. 

 
Results 
(See Table 14 on the next page) 
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Table 14. Amino acids recovered (ng) from samples of the odor of juvenile bighead carp. 

Sample ID AA AS1298-4J AS1298-5J AS-1302-1J AS1363-1J AS1363-2J Mean SE 

Asp 159 260 383 0 466 254 82 
Ser 1032 2507 2889 3748 1956 2427 455 
Glu 215 412 573 1874 474 710 297 
Gly 614 1476 1607 2370 1984 1610 294 
His 1647 2847 4811 0 5151 2891 967 
Arg 682 1231 4113 0 0 1205 763 
Thr 504 926 2107 3609 3868 2203 681 
Ala 427 1433 1541 2017 2391 1562 332 
Pro 1099 2167 1570 2801 2174 1962 291 
Cys 0 0 0 0 490 98 98 
Tyr 880 1768 2502 1468 2090 1742 275 
Val 632 1329 2298 2716 3014 1998 445 
Met 165 444 1136 551 844 628 167 
Lys 203 487 687 1316 1360 811 229 
Ile 337 791 1429 2393 2296 1449 405 

Leu 639 1647 2762 340 3320 1742 580 
Nle 173 261 141 0 257 166 48 
Phe 687 1851 3849 1917 2326 2126 510 

 

 

Experiment 11: Amino acids released by spermiating and non-spermiating common carp 
Methods 

Common carp used in this experiment were purchased from a fish farm (Osage Fish 

Hatchery; Osage, Missouri). Fish were maintained in the lab under a 16:8 L:D photoperiod in 

flow-through tanks in well water ~19C and fed pellet fish food once per day to satiation. Fish 

were kept for two years under those conditions and raised to maturity. A subsample of 

spermiating and non-spermiating carp (determined by gently squeezing their abdomens to see if 

they expressed milt) was then removed from the grow-out tanks, kept in single-sex groups of 

three in 70L flow-through aquaria and fed flake food once per day to satiation. Samples of fish 

odor for amino acid analysis were prepared using the same incubation ratio and protocol 

described in Experiment 4 (80g/2L/1hr) except that in these experiments that weight was 

achieved with a single fish rather than the four per sample used in Experiment 4. Four samples of 

each treatment (spermiating and non-spermiating carp) were prepared. After incubation of each 

sample the odor donor fish was euthanized using an overdose of MS-222 and a gonadosomatic 

index value calculated. 
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Results 
Table 15. Amino acids recovered (ng) from samples of the body odor of spermiating 
common carp. 

Sample ID AA AS1343-5J AS1343-6J AS1351-3J AS1353-3J AS1365-2J Mean SE 

Asp 368 76 72 91 21 126 62 
Ser 6192 1070 960 887 904 2003 1048 
Glu 1856 312 252 518 69 601 322 
Gly 3563 555 522 625 400 1133 609 
His 6076 1140 1012 1931 1076 2247 972 
Arg 4989 18914 0 3906 1255 5813 3395 
Thr 2716 453 592 744 278 957 446 
Ala 1874 468 370 1234 354 860 302 
Pro 2687 862 527 2303 232 1322 493 
Cys 1632 315 0 0 387 467 302 
Tyr 1689 374 370 863 198 699 271 
Val 1250 380 321 734 235 584 187 
Met 411 60 121 339 44 195 75 
Lys 564 175 150 709 105 341 123 
Ile 715 259 188 476 140 356 107 

Leu 1125 495 442 1076 227 673 180 
Nle 438 408 200 244 3748 1007 687 
Phe 998 381 303 697 232 522 143 
GSI 7.5% 8.1% 10.2% 13.0% 7.9% 9.3% 1.0% 

 

Table 16. Amino acids recovered (ng) from samples of the body odor of non-
spermiating common carp. 

Sample ID AA AS1343-3J AS1343-4J AS1351-2J AS1353-2J AS1365-1J Mean SE 

Asp 102 239 42 47.68 1008 288 184 
Ser 2565 2412 964 613.44 4976 2242 800 
Glu 596 756 101 219.84 1494 634 246 
Gly 170 1350 696 442.88 2558 1043 426 
His 3644 3342 664 1080 3021 2350 615 
Arg 413 500 0 1415.68 1376 741 281 
Thr 1217 850 556 564.16 1907 1019 253 
Ala 883 671 358 617.28 1896 885 266 
Pro 361 364 383 1066.56 1072 649 171 
Cys 0 0 0 0 376 75 75 
Tyr 577 421 341 466.88 1116 584 138 
Val 752 685 272 353.28 1485 709 215 
Met 326 179 63 168 95 166 46 
Lys 425 310 63 287.36 443 306 68 
Ile 512 428 162 192.96 971 453 146 

Leu 939 846 306 429.44 1915 887 283 
Nle 492 495 97 221.44 1460 553 240 
Phe 593 425 274 338.24 852 497 103 
GSI 8.1% 2.7% 15.8% 9.5% 10.8% 9.4% 2.1% 
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Experiment 12: Amino acid content of commercial pellet and flake food 
Methods 

This experiment was conducted to determine the amino acid content of commercial pellet 

and flake food fed to common carp, white sucker and black bullhead that were subjects in the 

experiments described above and in the experiments described in Appendices 4 and 5. Odor 

samples were prepared for analyses using the same protocol described in Experiment 1 (above) 

except that 10g of the food of interest was added to the well water prior to aeration. Five samples 

of pellet odor were prepared for analysis while four samples of flake food odor were prepared. 

 

Results 
Table 17. Amino acids recovered (ng) in samples of commercial pellet fish food. 

Sample ID AA AS1234-4J AS1234-5J AS1259-1J AS1265-1J AS1265-2J Mean SE 

Asp 2679 2424 1308 691 1957 1812 365 
Ser 5292 5259 3288 4018 3486 4268 428 
Glu 1434 1400 672 3518 471 1499 540 
Gly 2360 2570 2619 2738 1867 2431 154 
His 9629 9645 9065 8540 7403 8856 417 
Arg 6993 6986 7575 8779 7494 7565 327 
Thr 1437 1608 7887 6356 5054 4468 1284 
Ala 8652 8634 8940 7988 7738 8391 226 
Pro 11621 12849 14351 9205 11566 11919 847 
Cys 9274 6040 0 121 0 3087 1935 
Tyr 9793 9325 8962 3186 5420 7337 1295 
Val 8510 8948 7948 4599 5669 7135 849 
Met 20692 21037 19447 6915 9512 15520 3023 
Lys 2245 2252 1262 2194 881 1767 290 
Ile 8638 9481 7302 3199 4441 6612 1208 

Leu 18287 19344 14283 5750 8433 13219 2674 
Nle 948 1069 102 59 103 456 226 
Phe 19567 18443 12652 3793 6940 12279 3096 
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Table 18. Amino acids recovered (ng) in samples of commercial flake fish food. 

Sample ID AA AS1218-3H AS1296-1J AS1296-2J AS1298-1J Mean SE 

Asp 166300 72608 20736 11136 1812 365 
Ser 141575 106688 107888 88096 4268 428 
Glu 228625 103792 77216 39408 1499 540 
Gly 133150 168784 186288 232464 2431 154 
His 411050 372784 111072 122720 8856 417 
Arg 559300 310688 386848 460160 7565 327 
Thr 155550 96800 358688 47504 4468 1284 
Ala 361575 233696 207888 183936 8391 226 
Pro 645125 374192 383840 570000 11919 847 
Cys 88025 0 0 67456 3087 1935 
Tyr 228500 156048 282624 383888 7337 1295 
Val 205850 120944 119744 153488 7135 849 
Met 87400 56080 141584 204656 15520 3023 
Lys 94800 79920 155840 94240 1767 290 
Ile 151875 80432 65248 84272 6612 1208 

Leu 300275 172864 256912 317584 13219 2674 
Nle 0 0 0 0 456 226 
Phe 245425 172832 191840 326672 12279 3096 

 
 
Experiment 13: Amino acid content of canned sweet corn 
Methods 

This experiment was conducted to determine the amino acid content of canned sweet  

corn (Butter Kernel), which was tested as an attractant for juvenile carp in lab and field 

experiments in Appendix 4.  Odor samples were prepared for analyses using the same protocol 

used in Experiment 12 (above). A total of six samples were prepared and analyzed. 

 

Results 

(See Table 19 on the next page) 
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Table 19. Amino acids recovered (ng) in samples of canned sweet corn. The mean and standard 

error reported below are based on all of the data in Table 19. 

 Sample ID 
AA AS1234-2J* AS1234-3J* AS1298-2J AS1298-3J 
Asp 815 650 3414 3890 
Ser 14273 12956 9267 11277 
Glu 11399 11009 7696 11370 
Gly 4081 3861 3692 4232 
His 2894 2661 2067 2530 
Arg 8007 7448 1871 2372 
Thr 6425 5613 3776 3322 
Ala 31758 29157 24929 31941 
Pro 11993 10316 13539 18082 
Cys 631 254 0 0 
Tyr 14694 15088 8876 10882 
Val 6217 6889 3471 4888 
Met 1565 1511 1374 1350 
Lys 1046 676 841 724 
Ile 3337 3484 1690 1843 

Leu 3334 3558 2261 2411 
Nle 6491 6563 45 47 
Phe 14151 15921 13009 14540 

* These concentration of Nle added to these samples was 
100X higher than added to the other samples. 
 
Table 19. Continued from above. 

Sample ID AA AS1300-1J AS1301-2J Mean SE 

Asp 1935 632 1880 728 
Ser 28385 11221 11799 851 
Glu 26281 11375 10570 722 
Gly 10474 3668 3907 110 
His 6136 2061 2443 165 
Arg 4719 1509 4241 1433 
Thr 8427 3377 4502 637 
Ala 66383 29492 29456 1266 
Pro 23725 13638 13514 1293 
Cys 0 0 177 124 
Tyr 28154 11888 12285 1171 
Val 9689 6198 5533 609 
Met 2451 1408 1442 41 
Lys 1203 710 799 68 
Ile 3757 3046 2680 380 

Leu 5219 3003 2913 253 
Nle 84 52 2640 1587 
Phe 33009 12480 14020 604 
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Experiment 14: Amino acid content of the solid Asian carp diet 
Methods 

This experiment was conducted to determine the amino acid content of the solid diet fed 

to the silver and bighead that were subjects in the amino acid analyses described in Experiments 9 

and 10, respectively (above). Odor samples were prepared for analyses using the same protocol 

used in Experiment 12 (above). Three samples were prepared and analyzed. 

 

Results 

Table 20. Amino acids recovered (ng) in samples of the solid diet fed to silver and bighead carp 
in experiments described in this Appendix. 

Sample ID AA AS1329-1J AS1329-2J AS1351-1J AS1353-1J Mean SE 

Asp 166000 67840 35280 42120 77810 30221 
Ser 195040 246320 80720 77220 149825 42232 
Glu 124000 199120 59900 59220 110560 33199 
Gly 256520 266800 123840 121480 192160 40184 
His 744120 646080 296520 323040 502440 113148 
Arg 1316800 1254920 259600 249420 770185 298000 
Thr 416840 325160 84800 89760 229140 84020 
Ala 236280 330480 122420 130460 204910 49244 
Pro 567920 589760 303860 269340 432720 84773 
Cys 0 0 36760 52820 22395 13339 
Tyr 459680 458000 197420 186400 325375 77090 
Val 201160 292000 108400 112040 178400 43519 
Met 124360 179600 74780 69580 112080 25670 
Lys 66920 272200 28700 33400 100305 57927 
Ile 186840 232120 83060 86380 147100 37188 

Leu 400840 499000 187120 197640 321150 77028 
Nle 0 0 0 0 0 0 
Phe 492320 386120 206180 204500 322280 70911 

 

Experiment 15: Amino acid content of the liquid Asian carp diet 
Methods 

This experiment was conducted to determine the amino acid content of the liquid diet fed 

to the silver and bighead that were subjects in experiments conducted by other researchers. The 

liquid diet was started after the amino acid analyses for Experiments 9 and 10 were conducted. 

These data are presented here as a matter of record. The amount of liquid diet corresponding to 

10g of solid material was first determined by drying a known mass of liquid diet in a drying oven 

(the liquid diet was 3% solid by weight). A pre-experiment trial indicated that vacuum-filtering 1-

L of the incubation used previously for foods (10g/1L/1hr) was impractical because the amount of 

solid material present in the liquid food prevented efficient filtration. As a result, these samples 
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were prepared by incubating 84g of liquid diet (the equivalent of 2.5g when dried) in 0.25L of 

well water for one hour. This resulted in an identical concentration but a smaller volume that 

needed to be filtered. Since a smaller volume of liquid was filtered and extracted, these samples 

were spiked with a smaller volume of L-Norleucine tracer (250-uL rather than 1-mL). 

 

Results 
Table 21. Amino acids recovered (ng) in samples of the liquid diet fed to silver and bighead carp 
in experiments conducted by other researchers. 

Sample ID AA AS1334-1J AS1334-2J AS1353-4J Mean SE 

Asp 53120 29120 0 54827 30716 
Ser 156160 49600 16480 142667 88124 
Glu 436040 390880 965120 872987 52933 
Gly 175640 183160 350800 356133 5095 
His 151720 125760 94880 216613 62685 
Arg 334680 97040 0 287813 198830 
Thr 259800 409680 0 446320 239350 
Ala 507240 571280 1147280 1101440 43501 
Pro 231480 279840 994000 672213 163298 
Cys 0 0 0 0 0 
Tyr 505840 59560 239760 456853 279591 
Val 213920 167200 417360 393200 29555 
Met 291440 231880 386960 477867 56995 
Lys 66880 42800 23200 80853 32004 
Ile 148800 134920 318960 295467 14220 

Leu 456760 356680 663680 763520 76359 
Nle 0 0 0 0 0 
Phe 539320 548360 946400 1040587 47382 
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Appendix 7 
 

Implications of results of Chapter 2 for ecological risk analysis in watersheds containing potential 
common carp nursery habitat 
 

The data described in Chapter 2 of this thesis have broad implications for management of 

established carp populations in interconnected lake systems, but they may also be useful for those 

conducting ecological risk analysis (ERA) in similar systems in which carp have not been 

established but that might be vulnerable to invasion. The ERA process provides a systematic 

framework for identifying potential risks to ecosystems, quantifying the probability of occurrence 

and potential effects of identified risks, and integrating those findings in such a way that 

managers can take appropriate steps to minimize them (EPA, 1998). Stohlgren and Schnase 

(2006) proposed a modification of this framework tailored for invasive species that integrates 

(among other parameters) knowledge of the physiology and ecology of the target species, 

vulnerability of potential habitats to invasion, contemporary and potential distributions, and costs 

of management or the failure to manage. Zambrano et al (2006) used climate and physiological 

tolerance data to model the potential range of common carp in North and South America and 

concluded that the species may still expand its range if given the opportunity.  

Our documentation of unstable lakes as productive common carp nurseries might prompt 

some managers to consider their systems particularly vulnerable to invasion. Of particular 

importance is the fact that the lakes functioning as carp nurseries in the Phalen Chain are 

managed as stormwater collection basins, and had previously received little or no attention from a 

fisheries or invasive species management perspective. Managers in other systems containing 

similar basins may decide to increase allocation of resources to such risk management efforts as 

preventing introductions, monitoring potential nursery habitats, or developing rapid-response as 

well as long-term control plans. 
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Appendix 8 
 

Fishes captured in the stream below Markham Lake. 
 
Overview 

Table 1 in this appendix summarizes daily catches of common carp and other fishes in 

the stream downstream of Markham Lake during 2010 and 2011 while Table 2 provides yearly 

summaries. Two hoop-nets (three 0.6-m diameter hoops covered by 9.5mm mesh) were set 

downstream of the Markham outlet (one facing upstream, the other downstream) and checked 

every one to eight days (mean interval= 2.8 days; SD= 1.8, n=34) between August 9 and 

November 9, 2010 to determine if juvenile carp may have emigrated from or immigrated to 

Markham Lake during the 2010 mark-recapture effort described in Study 2 of Chapter 2 of this 

thesis. These hoop-nets were also checked every one to seventeen days (mean interval= 2.0 days; 

SD= 2.8; n=45) between March 9 and June 8, 2011 to determine if any juvenile carp may have 

emigrated from or immigrated to Markham between ice-out and early summer. Captured fishes 

were identified to species and released.   
 

Table 1. Entries in the ‘Net’ column indicate whether the hoop-net was facing upstream (U) or 
downstream (D). An entry in any column of ‘NC’ indicates that a parameter was not checked. 
Temperature was measured using an electronic meter (YSI 85, Yellow Springs, Ohio, USA). 
Species captured were black bullhead (BHD), common carp (CAP), goldfish (GDF), green 
sunfish (GRN) and largemouth bass (LMB). 

Species Date Net Depth 
(inches) 

Water Temp 
(°C) BHD CAP GDF GRN LMB 

8/9/10 D 23.0 NC 0 0 0 1 0 
8/9/10 U 23.0 NC 2 0 1 1 0 

8/10/10 D 20.0 27.6 0 0 1 0 1 
8/10/10 U 20.0 27.6 0 1 2 1 0 
8/11/10 D 36.0 24.6 0 0 0 0 0 
8/11/10 U 36.0 24.6 0 0 1 0 0 
8/12/10 D 30.5 25.6 0 0 9 2 1 
8/12/10 U 30.5 25.6 0 0 2 0 0 
8/16/10 D 20.0 21.6 0 0 0 2 0 
8/16/10 U 20.0 21.6 0 1 5 0 0 
8/17/10 D 19.0 21.2 0 0 0 3 0 
8/17/10 U 19.0 21.2 0 0 5 0 0 
8/18/10 D 18.5 22.4 1 0 1 0 0 
8/18/10 U 18.5 22.4 0 0 2 2 0 
8/19/10 D 18.0 22.5 0 0 0 0 0 
8/19/10 U 18.0 22.5 0 0 0 0 0 
8/20/10 D 18.0 23.3 0 1 0 0 1 
8/20/10 U 18.0 23.3 0 0 0 1 0 
8/21/10 D 18.0 24.8 0 0 0 0 0 
8/21/10 U 18.0 24.8 0 0 0 1 0 
8/23/10 D 17.5 25.6 0 0 0 1 1 
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8/23/10 U 17.5 25.6 1 0 1 1 1 
8/24/10 D 18.0 25.7 0 0 1 1 0 
8/24/10 U 18.0 25.7 0 1 0 3 0 
8/25/10 D 18.0 22.9 0 0 2 0 0 
8/25/10 U 18.0 22.9 0 0 0 1 0 
8/26/10 D 17.5 21.2 0 0 0 1 2 
8/26/10 U 17.5 21.2 0 0 0 0 1 
8/27/10 D 17.0 22.1 0 0 0 1 2 
8/27/10 U 17.0 22.1 0 0 0 0 0 
8/30/10 D 17.0 23.9 0 2 0 1 1 
8/30/10 U 17.0 23.9 0 0 0 1 0 
9/7/10 D 20.0 17.4 0 0 0 0 0 
9/7/10 U 20.0 17.4 4 1 0 1 2 

9/10/10 D NC NC 0 0 0 0 0 
9/10/10 U NC NC 3 0 0 1 0 
9/14/10 D NC NC 0 0 0 1 0 
9/14/10 U NC NC 3 1 0 5 1 
9/17/10 D NC NC 0 0 0 1 0 
9/17/10 U NC NC 2 2 1 13 1 
9/22/10 D NC NC 0 0 0 0 0 
9/22/10 U NC NC 0 1 1 6 0 
9/28/10 D NC NC 1 0 2 2 0 
9/28/10 U NC NC 0 0 0 0 0 
9/30/10 D NC NC 0 0 1 2 0 
9/30/10 U NC NC 0 3 0 8 1 
10/5/10 D NC NC 0 0 0 0 0 
10/5/10 U NC NC 0 0 0 0 0 
10/7/10 D NC NC 0 0 0 0 1 
10/7/10 U NC NC 0 0 0 0 0 

10/12/10 D NC NC 1 0 1 3 0 
10/12/10 U NC NC 0 1 0 1 0 
10/15/10 D 18.0 NC 0 0 0 1 0 
10/15/10 U 18.0 NC 0 0 0 0 0 
10/19/10 D 18.0 NC 0 0 1 5 0 
10/19/10 U 18.0 NC 0 0 0 0 0 
10/21/10 D 18.0 NC 0 0 2 2 0 
10/21/10 U 18.0 NC 0 0 0 0 0 
10/26/10 D 25.0 NC 1 0 0 1 0 
10/26/10 U 25.0 NC 0 0 0 5 0 
10/29/10 D 21.0 4.5 0 0 0 0 0 
10/29/10 U 21.0 4.5 0 0 0 1 0 
11/2/10 D 18.0 NC 0 0 0 0 0 
11/2/10 U 18.0 NC 0 0 0 1 0 
11/5/10 D 18.0 5.8 0 0 0 2 0 
11/5/10 U 18.0 5.8 0 0 0 0 0 
11/9/10 D NC NC 0 0 0 0 0 
11/9/10 U NC NC 0 0 0 0 0 
3/9/11 D 19.0 0.6 0 0 0 0 0 
3/9/11 U 19.0 0.6 0 0 0 4 0 
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3/18/11 D 27.0 NC 0 0 0 0 0 
3/18/11 U 27.0 NC 0 0 0 0 0 
4/4/11 D 25.0 4.0 0 0 0 0 0 
4/4/11 U 25.0 4.0 0 0 0 0 0 
4/7/11 D 22.0 9.6 0 0 0 0 0 
4/7/11 U 22.0 9.6 0 0 0 2 0 

4/11/11 D 24.0 12.5 0 0 0 0 0 
4/11/11 U 24.0 12.5 0 0 0 0 0 
4/12/11 D 20.0 13.9 0 0 0 2 0 
4/12/11 U 20.0 13.9 0 0 0 0 0 
4/13/11 D NC 15.1 0 0 0 0 0 
4/13/11 U NC 15.1 0 0 0 0 0 
4/14/11 D 18.0 10.2 0 0 0 0 0 
4/14/11 U 18.0 10.2 0 0 0 2 0 
4/15/11 D 20.0 6.5 0 0 0 0 0 
4/15/11 U 20.0 6.5 0 0 0 0 0 
4/16/11 D 21.5 4.9 0 0 0 1 0 
4/16/11 U 21.5 4.9 0 0 1 2 0 
4/17/11 D 21.0 4.3 0 0 0 0 0 
4/17/11 U 21.0 4.3 0 0 0 0 0 
4/18/11 D 20.0 7.2 0 0 0 0 0 
4/18/11 U 20.0 7.2 0 0 0 0 0 
4/19/11 D 20.0 8.1 0 0 0 0 0 
4/19/11 U 20.0 8.1 0 0 0 0 0 
4/20/11 D 20.5 7.1 0 0 0 0 0 
4/20/11 U 20.5 7.1 0 0 0 0 0 
4/21/11 D 21.5 NC 0 0 0 0 0 
4/21/11 U 21.5 NC 0 2 0 0 0 
4/22/11 D 21.0 7.1 0 0 0 0 0 
4/22/11 U 21.0 7.1 0 2 0 0 0 
4/23/11 D 21.0 7.3 0 0 0 0 0 
4/23/11 U 21.0 7.3 0 3 0 0 0 
4/24/11 D 20.5 7.4 0 0 0 0 0 
4/24/11 U 20.5 7.4 0 1 0 3 0 
4/25/11 D 19.8 11.0 0 0 0 0 0 
4/25/11 U 19.8 11.0 0 0 0 0 0 
4/27/11 D 34.0 7.7 0 0 0 0 0 
4/27/11 U 34.0 7.7 0 0 0 0 0 
4/28/11 D 27.0 6.7 0 0 0 0 0 
4/28/11 U 27.0 6.7 0 0 0 0 0 
4/29/11 D 23.8 7.4 0 0 0 0 0 
4/29/11 U 23.8 7.4 0 1 0 0 0 
4/30/11 D 25.3 10.3 0 0 0 2 0 
4/30/11 U 25.3 10.3 0 0 0 0 0 
5/1/11 D 29.0 7.5 0 0 0 0 0 
5/1/11 U 29.0 7.5 0 0 0 0 0 
5/2/11 D 24.0 5.6 0 0 1 6 0 
5/2/11 U 24.0 5.6 0 0 0 0 0 
5/3/11 D 22.0 5.4 0 0 0 0 0 
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5/3/11 U 22.0 5.4 0 0 0 0 0 
5/4/11 D 21.3 10.1 0 0 0 0 0 
5/4/11 U 21.3 10.1 0 0 0 0 0 
5/6/11 D 22.0 12.7 0 0 0 0 0 
5/6/11 U 22.0 12.7 0 0 0 1 0 
5/7/11 D 21.0 15.1 0 0 0 4 0 
5/7/11 U 21.0 15.1 0 0 0 2 0 
5/8/11 D 20.5 15.9 0 0 0 1 0 
5/8/11 U 20.5 15.9 0 0 0 1 0 
5/9/11 D 24.8 13.8 0 0 0 0 0 
5/9/11 U 24.8 13.8 0 0 0 0 0 

5/10/11 D 24.0 15.1 0 0 0 1 0 
5/10/11 U 24.0 15.1 0 0 0 0 0 
5/11/11 D 23.0 19.1 0 0 0 11 0 
5/11/11 U 23.0 19.1 0 0 0 4 0 
5/12/11 D 22.0 18.4 0 0 0 11 0 
5/12/11 U 22.0 18.4 0 0 7 1 0 
5/13/11 D 21.5 14.4 0 0 0 0 0 
5/13/11 U 21.5 14.4 0 0 0 0 0 
5/14/11 D 21.0 12.1 0 0 0 0 0 
5/14/11 U 21.0 12.1 0 0 0 0 0 
5/15/11 D 20.8 10.3 0 0 0 1 0 
5/15/11 U 20.8 10.3 0 0 0 0 0 
5/16/11 D 20.0 12.5 0 0 0 0 0 
5/16/11 U 20.0 12.5 0 0 0 0 0 
5/20/11 D 19.0 18.8 0 0 1 0 0 
5/20/11 U 19.0 18.8 0 0 1 5 0 
5/24/11 D 25.0 18.9 0 0 1 4 0 
5/24/11 U 25.0 18.9 0 0 4 12 0 
5/27/11 D 20.5 15.5 0 0 0 10 0 
5/27/11 U 20.5 15.5 0 0 0 1 0 
5/29/11 D 22.0 15.7 0 0 0 1 0 
5/29/11 U 22.0 15.7 0 0 0 1 0 
6/1/11 D 19.5 17.1 0 0 0 0 0 
6/1/11 U 19.5 17.1 0 0 0 0 0 
6/2/11 D 19.0 17.2 0 0 0 0 0 
6/2/11 U 19.0 17.2 0 0 0 0 0 
6/7/11 D 18.8 23.9 0 0 0 0 0 
6/7/11 U 18.8 23.9 0 0 0 0 0 

 
 

Table 2. Annual summaries of carp captured by hoop-nets downstream of Markham Lake. 

 Year 
Net 2010 2011 
Up 12 9 
Down 3 0 
Total 15 9 
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