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Abstract The bighead (Hypothalmichthys nobilis)

and silver carp (H. molitrix) have invaded much of

the Mississippi River. It is unclear how reproduction

in northern impounded pools of the Upper Missis-

sippi River System (UMRS) compares to unim-

pounded (open) southern reaches. During spring

through summer 2005 and 2006 and once in spring

2007, we quantified larval and juvenile production in

the pooled and open UMRS. We then simulated

population dynamics in pools as a function of

apparent reproductive success. Larvae occurred dur-

ing about 2 weeks each spring. Peak density and

apparent spawn duration were greater in the open

reach. Larval production peaked when discharge was

high plus rising and water temperatures reached

18�C. Most juveniles ([97%) occurred in the open

reach. Low flow during drought years in the pools

may limit reproductive success. The simulation

demonstrated that, by treating dams as barriers to

invasion from the lower open river (i.e., a source),

climatic conditions may interact with flow in pools to

limit populations by creating an isolated sink.

Keywords Asian carp � Mississippi River �
Discharge � Recruitment � Spatially explicit �

Source–sink dynamics � Metapopulation �
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Introduction

During the past half century, the number of fish species

introduced both intentionally and unintentionally in

the United States has increased dramatically (Fuller

et al. 1999; Rahel 2000). As with all invasive species

(Kolar and Lodge 2001), some pose a threat to aquatic

ecosystems by competing with natives for food,

spawning areas, and other limited resources, thus

reducing density of native fish species (Laird and Page

1996). Two Asian carp species, the bighead carp

(Hypothalmichthys nobilis) and silver carp (H. moli-

trix), have invaded much of the Mississippi River basin

in central North America (Chick and Pegg 2001). As

bighead and silver carp increase in population size and

range, they may outcompete native fishes (Tucker et al.

1996; Laird and Page 1996; Sampson 1999).

Although initially appearing in the southern,

unimpounded portion of the Upper Mississippi River

System (UMRS), adult bighead and silver carp now

occur in northern reaches that have been impounded

(i.e., pooled) to allow navigation. This includes the

Illinois River, which is connected to the currently

uninvaded Lake Michigan (Kolar et al. 2005).

Juvenile bighead and silver carp have been found in

the lower and middle unpooled reaches (Burr et al.

1996; Tucker et al. 1996) and in the southernmost
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pools of the UMRS (Koel et al. 2000; Garvey et al.

2003a). However, it is unclear to what extent Asian

carp are able to successfully reproduce in navigation

pools of the UMRS relative to lower, unimpounded

reaches. This disparity may be due, in part, to how

characteristic differences between the reaches affect

reproduction of the bighead and silver carp.

The ability for bighead and silver carp to reproduce

with surviving offspring is fundamental to their

establishment and dispersal in the UMRS and may

depend on patterns of flow and water level. Silver and

bighead carp reproduce similarly. In their native

Asian range, spawning occurs during spring through

early summer (Jennings 1988; Kolar et al. 2005).

Spawning appears to be timed to increased discharge

and rising water levels where water velocity increases

past 0.7 m/s and flooded backwater areas become

available as nursery habitats for drifting larvae

(Nikolsky 1963; Verigin et al. 1978; Schrank et al.

2001). Spawning of Asian carp occurs in large rivers

at the surface of the channel behind islands or gravel

bars (Huet 1970; Jennings 1988; Costa-Pierce 1992;

Kolar et al. 2005). Confluences of large tributaries are

likely spawning areas (Huet 1970). Larvae may

require a contiguous river of at least 100 km for

recruitment (Gorbach and Krykhtin 1980).

Patterns of flow and water levels differ markedly

between the unimpounded and impounded reaches of

the UMRS, with potentially important effects on

Asian carp reproduction. The unimpounded reach

extending from St. Louis, Missouri to the Gulf of

Mexico has been greatly altered but still maintains a

spring rise in water level and discharge. The pooled

reaches north of St. Louis have complex patterns of

flow and water level (Fig. 1). In the middle of each

pool, water level is kept constant by managers. With

increases in river discharge, water is passed through

lower-reach dam gates at a higher rate in each pool

than in the upper reach. Thus, within each pool, water

level increases at the upstream section, remains

relatively constant at the middle, and decreases

downstream. During low flow (typically late spring

through summer), all gates are closed to keep pools

impounded; each pool becomes more lotic upstream

and lentic downstream (Garvey et al. 2003a).

During a drought year, adult Asian carp did not

appear to reproduce in the lower impounded Illinois

River (DeGrandchamp et al. 2007), perhaps due to a

lack of proper flow-related conditions. We

hypothesized that the relatively unnatural flow

regimes and perhaps impeded flow due to dams in

the pooled UMRS, particularly during dry springs,

might reduce Asian carp reproduction relative to

unpooled southern reaches. Thus, we quantified larval

densities and survival to the juvenile stage in four

UMRS pools and the ‘‘open’’ river of the UMRS

(Fig. 1). With this information, we conducted a

computer simulation to determine under what condi-

tions might dry spring conditions reduce reproductive

success and perhaps population abundance in the

pools, if pools became permanently isolated (e.g., via

a species-selective barrier) from the unpooled south-

ern UMRS. In other words, at this large spatial scale,
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Fig. 1 Open river and Pools 20–26 of the Upper Mississippi

River System (UMRS). Pool numbers are associated with the

downstream lock and dam (L&D; black bars). Larval and

juvenile Asian carp were sampled in the open river and Pools

26, 24, 22, and 20 during 2005, 2006, and one date in 2007.

Larval sites (grey symbols) were located in the upstream and

downstream section of the pools about 1.5 km from L&Ds, and

near Chester, Illinois in the open river. Juvenile sites were

located in the downstream section of UMRS pools and near

Chester, Illinois in the open river
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we assessed whether the upper reaches of the UMRS

might act as an occasional sink in a metapopulation

sense (see Schlosser 1998 for example with beaver

dams) and whether management might facilitate this

ecological mechanism.

Methods

Larval data collection

Larval densities were quantified in 2005 and 2006 at

four pools and in the open river. Pooled sites were

located in Pool 20 (river kilometer; RK 586-554),

Pool 22 (RK 521-484), Pool 24 (RK 484-441), and

Pool 26 (RK 388-323) (Fig. 1). The open river was

sampled at RK 175-161 (Fig. 1). In 2005, each pool

contained two sites: one main channel site about

1.5 km below the upstream lock and dam, and

another main channel site about 1.5 km above the

downstream dam. The open river contained one main

channel site at RK 175. In 2006, all the same main

channel sites were sampled, but side channel sites for

larval sampling were added. In the pools, side

channel sites were located within 2 km of the

downstream dam. The side channel site in the open

river was located at RK 161 (Fig. 1).

Larvae were sampled weekly from mid-May

through July during both years with the exception

of 2005 where sampling in the open reach began at

the end of June; larvae were sampled bi-weekly

through August. In addition, larvae were sampled on

May 24th and 25th, 2007 in the open river, Pool 26,

and Pool 24 side-channel sites. All larval samples

were collected using a 1 9 2 m neuston net with

500 lm mesh. A General Oceanics flow meter

(model 2030R) was attached to the neuston net frame

to quantify water volume. Samples were gathered by

towing upstream at the surface for 4 min twice, with

each considered a replicate. Ichthyoplankton samples

were rinsed through a 500 lm sieve and preserved

immediately in 95% ethanol.

Water temperature (�C) and water velocity (m/s)

were measured at each site per sample date. Down-

stream and upstream water velocities in pools were

combined and compared to those in the open river

using one-way ANOVA. Pair-wise comparisons were

Bonferroni corrected. Velocities in pools were com-

bined to compare between downstream and upstream

sections using a t-test. Daily discharge (m3/s) and

stage elevation (m) at Locks and Dams 19-26 and at

Chester, IL (RK 175) were provided by the St. Louis

and Rock Island Districts of the U.S. Army Corps of

Engineers. Discharge values at each site from May

15th to August 28th were related to the other sites

using Pearsons linear correlation (2005 and 2006

separate).

Larval samples were sub-sampled by at least

25% using a Folsom plankton splitter. Meristic and

morphometric characteristics were used to identify

larval Asian carps to genus (Soin and Sukhanova

1972; Murty et al. 1986; Tweb et al. 1990;

Chapman 2006). Voucher specimens were used to

verify identification (D. Snyder, Colorado State

University, Larval Fish Laboratory, Fort Collins).

Larval Asian carp were counted and converted to

density (larvae/m3). Average larval Asian carp

density was calculated for each site per sample

date. Densities from side and main channel sites in

2006 were included in the same average. Larval

densities were compared among sites. When peak

larval Asian carp densities occurred between sites

during the same week, densities were compared

using a t-test. Pair-wise comparisons were Bonfer-

roni corrected. A G-test was used to compare the

number of weeks larvae occurred at sites; expected

values in the UMR pools were set to the number of

weeks larvae occurred in the open river (Sokal and

Rohlf 1995).

Lapilli otoliths were removed from 10 to 15

randomly selected larval Asian carp from each site

per date for aging; otoliths were removed from all

fish in samples with fewer than 10 larvae. Otoliths

were mounted in a drop of mineral oil on microscope

slides and viewed under a compound microscope at

1009 magnification. Two independent readers

counted daily rings. Otoliths with ring counts that

differed more than 10% between readers were

discarded. Ages were averaged between the two

readers. Hatch dates were estimated by subtracting

the ring count from the date of capture. Birth dates

were estimated by subtracting 1 day from the hatch

date (Schrank et al. 2001). Frequency distributions of

birth dates were compared to spatial and temporal

variation of environmental factors such as water

temperature, discharge, and water level. A Kolmogo-

rov–Smirnov test compared spawn duration among

the reaches.
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Juvenile data collection

Each of the pools (RK 325, 444, 489, and 557) and

the open river (RK 161) contained a backwater site

for juvenile sampling. The open river site was

typically disconnected, characterized by muddy ben-

thos with maximum depths ranging from 1 to 2 m.

Pool backwater sites were contiguous backwaters or

island side channels characterized by muddy benthos

and maximum depths ranging from 1 to 2 m.

Juveniles were sampled bi-weekly from mid-July

through the beginning of October in 2005 except in

the open river where sampling began at the end of

September. In 2006, juveniles were sampled bi-

weekly in mid-July and weekly from the beginning of

August to the beginning of September. Juveniles

were sampled from each backwater site using a

3.66-m bag seine with 5-mm mesh. At each site,

three, 20-m transects were performed perpendicular

to shore. Fish were preserved in 95% ethanol.

Juvenile Asian carp were identified to species

using Pflieger (1997). Abundance data from the three

hauls at each site were averaged for the number of

juvenile Asian carp per seine haul for that site and

sample date. Average number of juvenile Asian carp

per seine haul was compared among sites.

Lapilli otoliths were removed from 10 to 20

randomly selected juvenile Asian carp from each site

per date for aging; otoliths were removed from all

fish in samples with fewer than 10 juveniles. Otoliths

were mounted in thermoplastic cement on a micro-

scope slide and sanded lightly using 1,000 grit

sandpaper. Otoliths were viewed under a compound

microscope at 1009 magnification, and two indepen-

dent readers counted daily rings. Otoliths with ring

counts that differed more than 10% between readers

were discarded. Ages were averaged between the two

readers. The methods used to estimate hatch dates

and birth dates were used for juveniles. Birth dates of

juvenile Asian carp were compared with those of

larvae to infer recruitment to the juvenile stage.

Simulation modeling

To assess how variable reproductive success of Asian

carp might translate to population persistence in the

pools (i.e., could pools be sinks?), we built a simple age-

structured model, with recruitment of young to the

population depending on the distribution of dry versus

wet springs (i.e., expected months of low water in

spring). Although the model parameters were largely

heuristic, the maximum age (age 6) and mortality rates

(30% per year) for each simulated population were

derived from empirical data (e.g., Williamson and

Garvey 2005; DeGrandchamp 2006). Each model

population started with an age structure of 1,000,000

age-0, 100,000 age-1, 10,000 age-2, 1,000 age-3, 100

age-4, 100 age-5, and 10 age-6 cohorts. During each

simulated year, if conditions were favorable, recruit

‘‘success’’ added an additional 1,000,000 age-0 individ-

uals to the population. Density declined annually by 30%

within each cohort (see Williamson and Garvey 2005)

and cohorts only persisted until age 6. Based on our

experience with water-level variation in the UMRS, we

assumed that the number of ‘‘dry’’ months during the

spawning season in pools averaged 3 months with a

Poisson distribution. Therefore, dry periods of

B3 months are common and longer periods are uncom-

mon. We then explored how the duration of dry periods

affected the persistence of populations by varying

recruitment success as a function of the extent of

randomly generated dry periods. We ran 100, 100-year

simulations for populations that were drought-tolerant

(C3 months of low discharge caused recruitment failure;

i.e., new age-0s = 0), intermediate (C2 months caused

failure), and drought-prone (C1 months caused failure).

Results

Larvae

Spatial variation

One-hundred ninety and 392 samples were collected in

2005 and 2006. Of these samples, only 25 contained

larval Asian carp. Larval Asian carp occurred in the

open river and the downstream sections of Pools 26, 24,

and 22 (Table 1). No larval Asian carp occurred in

upstream sections of any pools or both sites in Pool 20.

Larval Asian carp density in the open river and

downstream Pool 26 comprised 100% of total larval

carp sampled in 2005 and 99.9% in 2006 (Table 1).

Larval Asian carp density in the open river was six

times greater than in Pool 26 in 2005 and nine times

greater in 2006 (Table 1). Peak density in the open

river and Pool 26 in 2006 occurred during the same

week, and density during the peak was greater in the
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open river than in Pool 26 (t = 2.50, P = 0.05, df = 6;

Table 1). During the single sampling week in 2007,

larval Asian carp occurred in all three side channel sites

sampled (open river, Pool 26, and Pool 24) (Table 1).

Overall, density at sites differed in 2007 (F = 40.23,

P = 0.007, df = 2, 3). Larval density between the

open river and Pool 24 did not differ (t = 0.768,

P = 0.522, df = 2), but both had higher density than

Pool 26 (t = 8.37–9.85, P = 0.014–0.010, df = 2).

Temporal variation

Larval Asian carp occurred during 8 of the 24 weeks

sampled in 2005 and 2006 (Table 1). Larvae occurred

more often in the open river than in the pools

(G = 9.503, P \ 0.025, df = 3). In 2005, the majority

of larval Asian carp density in the open river occurred

[2 months later than the peak density in Pool 26.

However, a low density of larval Asian carp occurred

during our first sampling in the open river (June 30th),

and larvae may have occurred before sampling com-

menced that year (Table 1). In 2006, larval Asian carp

occurred the first 2 weeks of June in the open river and

Pool 26. Larvae continued to occur in open river

samples 1 week later than in Pool 26. In contrast to

2005, no larvae occurred in August 2006 (Table 1).

Spawn duration/cohort trends

Sixteen larval Asian carp were aged in 2005 (with

none discarded due to disagreement between readers)

and 72 in 2006 (plus four discarded). Spawning

duration of surviving larvae in the open river and

Pool 26 was similar in 2005 (Fig. 2): larval Asian

carp were spawned between 2 and 3 days (Table 2).

In 2006, successful spawning duration was longer in

the open river than in Pool 26 (Ksa = 2.09,

P \ 0.001). Larval Asian carp occurring in the open

river and Pool 26 were spawned during 19 and

4 days, respectively (Fig. 2, Table 2). The extended

spawning duration in the open river was, in part, a

result of two closely spawned cohorts. Only one

cohort occurred in Pool 26. Spawning producing the

first larval cohort in the open river was 9 days longer

than the corresponding cohort in Pool 26.

Abiotic conditions

Water temperatures during both years reached 18�C by

the last week of May and stayed below 30�C during the

entire season (except for the last week in July and the

first week in August) (Fig. 2). Larvae occurred within

the range of suitable water temperatures (Table 1).

Discharge among all sites was highly correlated

(r = 0.91–0.99, P \ 0.001) and larval production

occurred during periods of high or increasing discharge

after water temperatures reached 18�C (Fig. 2).

In 2005, back-calculated birth dates of the larvae

occurring in Pool 26 coincided with rising discharge

of 504 m3/s between June 4th and 10th after water

temperatures reached 18�C on May 24th. When late

summer spawning occurred in the open river in 2005,

Table 1 Average density of

larval Asian carp (fish/m3;

n = 2 per site) (SE) in the

open river and Pools 26

(P26), 24 (P24), and 22 (P22)

of the Upper Mississippi

River System (UMRS), and

the associated water

temperature (�C) and velocity

(m/s). All UMRS larvae

occurred at the downstream

section of the pools and no

larvae occurred in Pool 20

Year Date Site Density Water

temperature

Water velocity

2005 6/15 P26 0.045 (0.015) 26 0.52

6/30 Open river 0.004 (0.004) 29 0.87

8/26 Open river 0.260 (0.051) 27 0.93

2006 5/30 P24 0.012 (0.095) 24 0.76

5/31 P22 0.004 (0.004) 24 0.94

6/5 Open river 9.790 (3.400) 26 1.45

6/6 P26 1.143 (0.660) 26 0.46

6/12 Open river 0.507 (0.273) 27 1.32

6/13 P26 0.011 (0.007) 24 0.53

6/19 Open river 0.050 (0.006) 27 1.36

2007 5/23 Open river 12.907 (0.915) 21 0.95

5/24 P26 0.158 (0.022) 22 0.65

5/24 P24 14.564 (1.216) 22 0.80
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larval Asians again appeared with rising discharge

and water level (Fig. 2). Birth dates of larvae

occurring in the open river coincided with an increase

in discharge of 960 m3/s between August 19th and

26th after water temperatures declined from 32�C on

July 25th to 27�C on August 26th (Fig. 2).

In 2006, larval Asian carp in both the open river

and Pool 26 occurred in the late spring/early summer.

While the overall trend in discharge was decreasing

in both the open river and Pool 26, back-calculated

birth dates of larvae in the coincided with small

increases in discharge (Fig. 2). Separate cohorts in

the open river occurred in association with two

increases in discharge: one of 690 m3/s between June

1st and 4th, and another of 360 m3/s between June

11th and 14th after water temperatures reached 18�C

on May 29th (Fig. 2). A single cohort in Pool 26

occurred after discharge increased by 122 m3/s

between May 31st and June 2nd after water temper-

atures reached 18�C on May 29th (Fig. 2). During

2005 and 2006, no surviving larval Asian carp were

spawned below a discharge of 2,972 m3/s or a gage

height below 5.98 m (upstream discharge and gage

height values used in pools).

Water velocities when larval Asian carp occurred

were within the range of purported suitable spawning

conditions (Table 2). Water velocities among all sites

differed (F = 14.65, P \ 0.001, df = 4, 206). Mean

5/
13

6/
12

7/
12

8/
11 5/

13
6/

12
7/

12
8/

115/
13

6/
12

7/
12

8/
11

T
em

pe
ra

tu
re

 (
°C

)

15

20

25

30

S
ta

ge
 (

m
)

105
110
115
120
125
130

D
is

ch
ar

ge
 (

m
3

/s
)

2000

4000

6000

8000

5/
13

6/
12

7/
12

8/
11

%
 F

re
qu

en
cy

20

40

60

80

100

Open River

2005 2006 2005 2006

Pool 26Fig. 2 Back-calculated

birth dates of larval Asian

carp occurring in the open

river and Pool 26 (Pool 26)

of the Upper Mississippi

River System in 2005 and

2006 and water conditions.

Samples were collected in

the time frame illustrated

except for dates prior to the

dashed vertical line. Stage

elevations in Pool 26 are

represented by a solid line

for the upstream section of
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pool. The arrow on the

upper left hand panel

indicates a date when one

larval fish caught in the

open river in July was
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Table 2 Back-calculated

birth dates and ages (days)

(SE) of larval Asian carp

occurring in the open river

and Pools 26 (P26), 24 (P24),

and 22 (P22) of the Upper

Mississippi River System. All

larvae occurred at the

downstream section of the

pools and no larvae occurred

in Pool 20

Year Date

of capture

Site Average

birth dates

Birth date

range

Mean age # Aged

2005 6/15 P26 6/8 6/7 to 6/9 7 (0.33) 6

6/30 Open river 6/6 6/6 24 (0.00) 1

8/26 Open river 8/23 8/22 to 8/23 3 (0.13) 10

2006 5/30 P24 5/29 5/29 1 (0.00) 6

5/31 P22 5/30 5/30 1 (0.00) 1

6/5 Open river 5/30 5/26 to 6/1 6 (0.30) 20

6/6 P26 6/1 5/31 to 6/3 5 (0.29) 9

6/12 Open river 6/1 5/27 to 6/3 11 (0.40) 21

6/13 P26 6/2 6/1 to 6/2 12 (0.50) 2

6/19 Open river 6/9 5/26 to 6/13 10 (1.21) 20
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velocity in the open river (1.30 m/s; n = 23) was

higher than in pools (t = 3.173–8.408, P \ 0.05,

df = 67–69) and never dropped below 0.60 m/s. In

the pools, mean pool velocity generally increased from

the downstream to upstream pools: Pool 26 had the

lowest mean velocity (0.48 m/s; n = 48) and Pool 20

had the highest (0.83 m/s; n = 48). Mean downstream

water velocity in the pools was lower (0.52 m/s) than

upstream (0.78 m/s; t = 4.79, P \ 0.0001, df = 186).

Juveniles

Forty-two juvenile samples were collected in 2005, and

59 samples were collected in 2006. Of these samples,

24 contained juvenile Asian carp (Table 3). Juvenile

Asian carp occurred in the open river and Pool 26.

Juveniles in the open river comprised 100% of total

Asian carp caught in 2005 and 97% in 2006. Juveniles

did not occur in Pools 24, 22, and 20 in either year.

Twenty-eight juvenile Asian carp were aged in

2005 (excluding three discarded due to disagreement

between readers) and 36 in 2006 (excluding five

discarded). Mean estimated birth dates for larval and

juvenile Asian carp overlapped within 2–3 days

(Figs. 3, 4). In 2005, juveniles occurring in the open

river were spawned as late as August 31st while

larvae occurring in the open river were not spawned

past August 23rd (Fig. 3). However, larval sampling

in the open river ceased on August 26th in 2005, and

larval production may have continued after this date.

In 2006, ages of 75% of juveniles occurring in the

open river overlapped with ages of larvae occurring

in the open river (Fig. 4). A small cohort of Asian

carp produced between June 28th and July 3rd

appeared in juvenile samples but not larval samples.

In Pool 26, 25% of juveniles collected were within

the age range of larvae collected; the remainder were

1–3 days older (Fig. 4).

Table 3 Average number of

juvenile Asian carp per seine

haul (SE) occurring in the

open river and Pools 26

(P26), 24 (P24), 22 (P22),

and 20 (P20) of the Upper

Mississippi River System in

2005 and 2006. Average

number of juveniles in seine

haul consists of three samples

per site. N/A not sampled

Year Date Open river Site

P26 P24 P22 P20

2005 7/18 to 7/19 N/A 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

8/8 to 8/10 N/A 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

9/9 to 9/10 N/A 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

9/23 to 9/24 133 (66.7) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

10/7 to 10/8 12 (8.6) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

2006 7/17 to 7/19 44 (25.3) 1.3 (1.3) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

8/1 to 8/4 3 (1.5) 0.3 (0.3) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

8/14 to 8/16 2 (1.5) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

8/24 to 8/26 0.3 (0.3) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

8/31 to 9/1 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Birth Dates

6/1/05 7/1/05 8/1/05 9/1/05 10/1/05

%
 F

re
q

u
en

cy

0

5

10

15

0

20

40

60

80

100
Open River Larvae
Mean = 8/22
n = 10

Open River Juveniles
Mean = 8/25
n = 28

Fig. 3 Back-calculated birth dates of larval and juvenile Asian

carp occurring in the open river of the Upper Mississippi River

System in 2005. Sampling dates are indicated by horizontal

lines
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Simulations

Simulations demonstrated that the response of Asian

carp reproduction to the duration of dry periods

during spawning (and hence low velocities, dis-

charge, and water levels) may affect their persistence

in the pools. Assuming that adults do not spawn or

larvae do not survive during relatively short drought

periods (C1-month, drought prone), then populations

may fluctuate widely (Fig. 5) and go extinct between

10 and 60 years (Fig. 6). Extinction is less likely

under the intermediate (C2 months needed to stop

reproduction) scenario (Figs. 5, 6). Under the drought

tolerant (drought must equal or exceed the average

expected duration) scenario, population density fluc-

tuates (Fig. 5) but extinction is unlikely (Fig. 6).

Discussion

Successful reproduction and survival of non-indige-

nous organisms is a key component to their
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\1 month. The average expectation was 3 months of dry

conditions, with events distributed among years as a Poisson
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establishment and subsequent dispersal within an

ecosystem (Colautti and MacIssac 2004). The success

of invaders needs to be viewed in a spatially explicit

context to determine how rapidly they may spread

through ecosystems (Lodge et al. 1998, Garvey et al.

2003b). In other words, if areas of high survival and

reproductive success are contiguous, then invaders

may spread rapidly. In contrast, sinks can act as

barriers for dispersal.

Only a handful of studies have focused on

reproductive capabilities of Asian carp in natural

waters of the United States. Spatial and temporal

trends in larval production have been described in the

unimpounded sections of the Missouri River

(Schrank et al. 2001), and reproductive status and

larval densities have been quantified in the lower

Illinois River (DeGrandchamp et al. 2007), but no

studies have quantified reproductive ability in the

pools of the UMRS relative to the open river. Given

current concerns of the ability of Asian carp to

establish and disperse within the pools of the UMRS

and adjacent waterways (i.e. the Illinois River and the

Great Lakes), special attention should be given to

spatial components of their reproductive ability and

cues for successful spawning.

As the literature suggests (Nikolsky 1963; Verigin

et al. 1978; Jennings 1988; Costa-Pierce 1992;

Schrank et al. 2001), larval production peaked in

spring when discharge and water level were high or

rising. Within these periods of high water, back-

calculated birth dates coincided with even small

increases in discharge (as little as 122 m3/s) after

water temperatures reached a suitable range. Schrank

et al. (2001) also reported larval production in the

Missouri River in association with similar magni-

tudes of discharge increase (about 100 m3/s). Thus,

even small increases in discharge may cue Asian carp

spawning provided that water levels are high enough

and water temperatures are within the suitable range.

Considerable spatial variation of larval production

occurred, with most larval production occurring in

the open river. While discharge among all sites was

correlated, differences in water level regimes in the

open river versus water level management in

the UMRS pools may affect larval production. In

the open river, changes in water level were consistent

throughout the reach insofar as an increase in water

level upstream generally coincided with an increase

in water level downstream. This likely provided cues

for movement to spawning areas and facilitated

reproduction (DeGrandchamp et al. 2007).

In contrast to the open river, frequently incongru-

ent water levels in pools may have reduced

reproductive success. For instance, DeGrandchamp

et al. (2007) reported limited spawning (as observed

by high fecundity and GSI values, reabsorption of

eggs, and low larval production) in the Illinois River

in 2005 and suggested that it may have been linked to

declining river flow associated with the dry spawning

season. In the pools, regulation at the dams reduces

water velocity by interrupting flow during spring and

summer, particularly in dry years, such as 2005 and
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recruitment depended on the relative duration of a dry spring

through summer spawning period (i.e., affecting water level,
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ant = Asian carp would reproduce if dry period was less

than 3 months; intermediate = reproduce if dry period

\2 months; drought prone = reproduce when dry period

\1 month. The average expectation was 3 months of dry

conditions, with events distributed among years as a Poisson
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2006, when less water was allowed to pass through

gates at the dams. While water velocities at the

upstream section of the pools tend to be adequate

early in the spawning season, water velocities at the

downstream section are often lower than the suitable

limit and may contribute to low larval production in

the pools during dry years. Larval Asian carp

occurring in downstream sections of the pools in

2005 and 2006 may have drifted from upstream

reaches and became entrained at the lower dams.

In 2007, our limited sampling suggested a different

scenario in the pooled UMRS because a substantial

density of larvae occurred in Pool 24. In 2007, a

stronger spring flood pulse occurred (i.e., higher

discharge and open river conditions) relative to the

two previous years. Peak discharge at the upstream

section of Pool 24 during 2007 was 976 m3/s greater

than in 2005 and 1326 m3/s greater than in 2006.

Additionally, gates at lock and dam 24 were open

52 days between mid-March and mid-May in 2007. In

contrast the gates were only open for 6 and 15 days in

April 2005 and 2006, respectively. The higher

discharge and open gates in the spring of 2007 may

have cued movement of adult Asian carp into Pool 24,

and thus caused adult spawning and produced larvae.

Recruitment to juvenile stage

Characteristic differences in river conditions between

the pools and the open river contributed to variation

in larval production. However, these differences may

have less of an effect on recruitment to the juvenile

stage. Reaches that produced relatively high densities

of larvae (i.e., the open river and Pool 26) contained

juveniles from the same cohort. Juvenile birth dates

that did not overlap with larval birth dates were

probably a result of larvae that were present as eggs

(which we did not identify) rather than larvae in tows.

Our results suggest that year-class strength may

depend more on adult production of larvae rather than

survival to the juvenile stage. However, over-winter

survival of juveniles was not quantified, and differ-

ences among reaches may contribute to recruitment

to age-1 (see Garvey et al. 1998). This may be

particularly important for the few larvae produced in

late summer; it is questionable that resulting late-

spawned juveniles would reach sizes by fall that

ensure adequate energy reserves and winter survival

(Garvey et al. 2002).

Implications

During 2005 and 2006, water level management at

the UMRS dams within the range of this study

apparently limited larval production of Asian carp

and subsequent recruitment to the juvenile stage. This

implies that during dry spawning seasons, managers

can anticipate poor year-classes in the pools under

current water level management practices. Asian carp

appear to have particular spawning requirements that

are limited to a relatively short period each spring (or

late summer). If these conditions are not met, adults

may not reproduce and simulations suggest that the

sensitivity of the populations to these dry events

relative to the climatic frequency of dry weather at

pools will affect the persistence of the two invaders.

The same trend of consistently low larval production

during dry spawning seasons cannot be anticipated in

the open river; substantial larval production occurred

in the open river (especially in 2006) despite a dry

spring. So while a series of poor Asian carp year-

classes may occur in the pools, the recruits in the

open river may replenish populations in lower pools

given their propensity for movement (see DeGrand-

champ et al. 2008).

A combination of commercial harvest and species-

selective barriers may help control the Asian carp

populations in the pools. Promotion of commercial

harvest in the UMRS following a series of dry years

and poor year-classes would reduce resident popula-

tions. This would require the development of new

markets and incentives for harvesters (Conover et al.

2007). Emplacing physical or behavioral barriers at

dams (as described in Conover et al. 2007) to reduce

the movement of adults from the open river to the

UMRS pools would limit the Asian carps’ ability to

replenish these purported sink areas.

By comparing larval Asian carp production in the

open river and pools and then inferring recruitment to

the juvenile stage, we have begun to show that viewing

invasive species in a spatial context might hold promise

for limited their spread and persistence in novel or even

currently occupied ecosystems. By targeting the mech-

anism of population growth (i.e., reproduction),

managers can influence the establishment and subse-

quent dispersal of these and other invasive species.
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