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Abstract New Zealand mud snails (Potamopyrgus

antipodarum) were first introduced to the United

States in 1987 and have subsequently invaded water

bodies across the United States. At high densities, P.

antipodarum can outcompete native fauna, disrupt

community interactions, and alter ecosystem function,

making them a threat to aquatic habitats worldwide. In

this paper, we detail the invasion, population dynam-

ics, and secondary production of P. antipodarum at

seven sites in the Green River below Flaming Gorge

Dam (0.8–49 km below the dam). New Zealand mud

snails were first detected in the Green River in 2001.

For more than a decade, densities of P. antipodarum in

the Green River remained relatively low (\ 1200

individuals m-2) at all sites. However, in 2015

densities started to increase dramatically at three sites

below the dam, eventually reaching[ 19,000 indi-

viduals m-2. Annual secondary production estimates

of P. antipodarum for the year 2016 ranged

from\ 0.1 g m-2 yr-1 to 14.2 g m-2 yr-1. Further-

more, in terms of production, P. antipodarum was one

of the dominant invertebrate taxa at six of the seven

sites. Why densities dramatically increased after 2015

at only three of the seven sites remains unclear.

Moreover, it is currently unknown whether popula-

tions of P. antipodarum in the Green River will

undergo a ‘‘bust’’ period following their dramatic

increase in density like populations of P. antipodarum

in other river systems. Nevertheless, given the recent

increases in densities of P. antipodarum and the

relatively high rates of production at several sites, we

recommend continued monitoring and suggest that

attention be brought to the potential effects of New

Zealand mud snails on the structure and function of the

Green River ecosystem.

Keywords Dam � Green River � Invasion � New
Zealand mud snail � Potamopyrgus antipodarum �
Secondary production

Introduction

Invasion by non-native species is one of the greatest

threats to freshwater biodiversity and ecosystem

functioning (Gallardo et al. 2016). The establishment

and spread of non-native species can disrupt the

structure and functioning of freshwater ecosystems via

direct (e.g., predation, competition with native spe-

cies) and indirect (e.g., changes in habitat structure,

water quality) pathways (Crooks 2002; Gallardo et al.
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2016). Moreover, human activities have increased the

rates of introductions and distances of spread by non-

native species in freshwater ecosystems (Kolar and

Lodge 2001). One such human activity, dam con-

struction, has facilitated the invasion and spread of

non-native species worldwide (Ruhi et al. 2019). By

altering flow and temperature regimes of rivers, dams

can negatively affect native species adapted to histor-

ical conditions and create niche opportunities for non-

native species to establish and spread (Bunn and

Arthington 2002; Ruhi et al. 2019). Furthermore,

many regulated rivers have been exposed to repeated

deliberate or accidental introductions of non-native

species through recreational activities (e.g., boating,

angling), contributing to the proliferation of non-

native species below dams.

The New Zealand mud snail (Potamopyrgus

antipodarum) has been introduced to freshwater

habitats throughout the world, including regulated

river systems (Alonso and Castro-Dı́ez 2008). The

New Zealand mud snail is a highly fecund, partheno-

genic and ovoviviparous snail common in lakes and

streams throughout New Zealand, where it is endemic

(Winterbourn 1970; Alonso and Castro-Dı́ez 2008).

Over the last 150 years, P. antipodarum has become

invasive in freshwater ecosystems of Europe, Aus-

tralia, Asia, South America, and North America

(Alonso and Castro-Dı́ez 2008; Collado 2014). New

Zealand mud snails first arrived in the United States in

1987 and have since spread rapidly throughout the

western United States and the Great Lakes region. To

date, all western states have confirmed populations

(Benson et al. 2020).

At extremely high densities, P. antipodarum has the

ability to profoundly alter freshwater communities and

ecosystems. New Zealand mud snails can reach

densities of 800,000 individuals m-2 outside of their

native range (Dorgelo 1987) and can be responsible

for up to 95% of total invertebrate production in

streams (Hall et al. 2006). As a result of their high

densities and production, P. antipodarum is able to

disrupt community interactions by competitively

excluding other primary consumers (Kerans et al.

2005; Riley et al. 2008). In addition, they can consume

vast quantities of primary production (up to 75% of

gross primary production; Hall et al. 2006), and alter

biogeochemical cycling in streams (Hall et al. 2003).

Although they are often consumed by fish such as

trout, New Zealand mud snails can survive passage

through the intestinal tracts of native trout (Bruce et al.

2009) and offer very little nutritional value to fish due

to their hard, undigestible shells (McCarter 1986;

Vinson and Baker 2008; Butkus and Višinskien _e
2020). However, like many other non-native species,

populations of P. antipodarum often exhibit boom-

bust dynamics (i.e. the rapid increase of a population

followed by a dramatic decline), suggesting that such

strong effects of P. antipodarum on community

structure and ecosystem processes may be attenuated

over time (Simberloff and Gibbons 2004; Strayer et al.

2017).

Potamopyrgus antipodarum was first discovered in

the Green River in 2001, approximately 36 km below

Flaming Gorge Dam (Utah, USA). Here, we present a

time series of invasion by P. antipodarum and

examine changes in its abundance over time at seven

sites in the Green River below Flaming Gorge Dam. In

addition, we estimate annual secondary production of

P. antipodarum from monthly samples collected from

2015–2016 at the same seven sites below the dam. One

of our goals was to bring attention to the invasion,

spread, and potential impacts of P. antipodarum in the

Green River and other rivers in the western United

States. Improved documentation andmonitoring of the

distribution and densities of P. antipodarum in west-

ern rivers will enable scientists and managers to better

understand what drives New Zealand mud snail

population dynamics and their potential impacts on

freshwater communities and ecosystem processes. We

compare the invasion timeline and production esti-

mates from the Green River with results of other

studies from rivers in the western United States.

Methods

Study site

We studied seven sites along a 49 km reach of the

Green River below Flaming Gorge Dam

(40�54054.0‘‘N, 109�25018.4’’W) near Dutch John,

Utah, USA (Fig. 1). The Green River is the largest

tributary of the Colorado River, originating in the

Wind River Range in Wyoming and flowing south to

its confluence with the Colorado River in southern

Utah. Construction of Flaming Gorge Dam began in

1959 and was completed in 1962. The dam is used

primarily for hydroelectric power generation and flood
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control. Two small perennial tributaries and a larger

intermittent tributary (Red Creek) enter the Green

River 2.4, 12, and 18 km downstream from the dam.

Upstream of Red Creek, the Green River flows

through a deep bed-rock canyon and substrate consists

of coarse gravel, cobbles and boulders (Vinson 2001).

In this section of the Green River above Red Creek,

channel width ranges from 70 to 150 m while water

depth ranges from 1 to 10 m (Vinson 2001). The

bryophyte Amblystegium and the green algae Chara

and Cladophora are the dominant primary producers

covering most cobbles and boulders while the macro-

phytes Elodea and Potamogeton are common in sand

deposits and eddies. Downstream of Red Creek, the

Green River leaves the canyon and substrate consists

primarily of gravel and cobble overlain by deposits of

sand and silt (Vinson 2001). River width increases to

200 m and depth decreases from 0.5 to 2 m (Vinson

2001). In this section, macrophytes and bryophytes are

less abundant and primary producers are dominated by

Chara (Vinson 2001).

River temperature and discharge data were

obtained from USGS stream gage 09234500 (Green

River near Greendale, UT). This gage is near site GR1

(* 0.8 km below the dam) and best characterizes the

temperature and flow regimes at that site. Small

tributary inputs along the length of our study reach

likely attenuate the influence of the dam on the

temperature and flow regimes at sites further down-

stream. The tailwater section of the Green River can be

characterized by cold (dam release temperatures of

2–14 �C), clear water with deep runs and pools. Mean

annual temperature at the gage during our study was

8.8 �C and ranged from 7.8 to 12.4 �C (Fig. 2a). Over

the course of our study, mean annual discharge below

the dam ranged from 26.9 m3/s to 116.8 m3/s with a

mean of 53.8 m3/s (Fig. 2b). Mean annual discharge

has not changed appreciably since dam closure.

Fig. 1 Map of the 49 km study segment of the Green River below Flaming Gorge Dam showing the seven monitoring sites sampled

from January 1994–July 2020
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However, dam regulation has resulted in a reduction of

flows from April through July and an increase in flows

from August through March (Vinson 2001). To

characterize the annual thermal regimes at each site,

water temperature was measured at each site from 28

April 2015 to 10 May 2016 at 30 min intervals using

HOBO Pendant Temperature Data Loggers (Hobo

UA-001–64, Onset Computer Corporation, Bourne,

MA USA). Temperature data for each site are

presented in the Supplementary Material (Table S1).

The fish community below the dam is dominated by

brown (Salmo trutta) and rainbow trout (On-

corhynchus mykiss) and trout biomass can exceed

800 kg wet mass ha-1 (Filbert and Hawkins 1995).

The tailwater section of Flaming Gorge Dam is one of

the most productive and popular trout fisheries in

North America.

P. antipodarum sampling

We compiled data on the abundance of P. antipo-

darum from seven locations downstream of Flaming

Gorge Dam (Fig. 1) between 1994 and 2020 from a

database at the National Aquatic Monitoring Center,

Utah State University. Benthic macroinvertebrates

were collected as part of a long-term monitoring

project evaluating the effects of flow releases on

macroinvertebrate assemblages in the Green River

below Flaming Gorge Dam. Quantitative macroinver-

tebrate samples were collected quarterly using a Hess

sampler (area = 0.086 m2, 250 lm mesh) or D-frame

net coupled with a sampling square (area = 0.090 m2,

250 lm mesh), depending on flow. In general, the

Hess sampler was used at sites GR1–GR6 where flow

is faster while the D-frame net was commonly used at

site GR7 where flow is slower. On each date, eight

random samples were collected from a 100 m long

riffle section of the river and combined to form one

(a)

(b)

Fig. 2 Time series of

a mean daily river

temperature and b mean

daily discharge (m3 s-1)

measured at USGS stream

gage 09234500 (Green

River near Greendale, UT)

from 01 January 1994 to 31

December 2020
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composite sample. Samples were preserved in 70%

ethanol in the field and returned to the laboratory

where they were processed following protocols of the

National Aquatic Monitoring Center (usu.edu/buglab/

). Briefly, invertebrates were separated from organic

matter using a dissecting microscope (10 9 magnifi-

cation) and samples were subsampled using a Caton

tray (Caton 1991) to obtain a minimum of 300 random

individuals. Invertebrates were identified to the lowest

practical taxonomic level (genus in most cases) and

enumerated.

Secondary production

We calculated annual secondary production of P.

antipodarum and other common invertebrates at all

seven sites (Table S2). From December 2015 through

November 2016, we sampled invertebrates from each

site approximately monthly using methods outlined

above. The body length of invertebrates was measured

to the nearest 0.1 mm using an ocular micrometer and

biomass (dry mass) was estimated using published

length-mass regressions (Towers et al. 1994 for P.

antipodarum; Benke et al. 1999 for other inverte-

brates). Biomass of P. antipodarum and other snails

(e.g., Physa) included organic tissue in the shell, but

not the shell itself. We estimated invertebrate sec-

ondary production using methods most appropriate for

each taxon at a given site. We estimated production

using the size-frequency method, corrected for cohort

production interval (CPI), or from the product of mean

annual biomass and the appropriate P:B (5 for

assumed univoltine taxa, 10 for bivoltine taxa, and

2.5 for semivoltine taxa with life cycles[ 1 year;

Benke and Huryn 2017). While most methods for

calculating secondary production require identifying

and tracking distinct cohorts from field data, the size-

frequency and P:B methods can be used when a

population cannot be followed as a cohort (Benke and

Huryn 2017). We used the size-frequency method to

estimate production of P. antipodarum at six of the

seven sites. At site GR1, production of P. antipodarum

was estimated using the P:B method due to a low

number of detections throughout the year. The size-

frequency method is an appropriate method for

estimating the production of P. antipodarum in the

Green River as reproduction within populations occurs

throughout the year and cohorts cannot be easily

followed. Additionally, growth rates of P.

antipodarum were not empirically measured, thus

precluding the use of the instantaneous growth rate

method. The size-frequency method assumes that the

mean size-frequency distribution of a population

throughout the year approximates the mortality curve

of an average cohort (Benke and Huryn 2017). Briefly,

the decrease in abundance from one size class to the

next is multiplied by the mean mass between the two

size classes. These products are then multiplied by the

total number of size classes, as it is assumed that there

is the same number of cohorts during a year as there

are size classes (Benke and Huryn 2017). Production is

calculated as the sum of these products. If develop-

ment time is greater than or less than one year,

production is corrected by multiplying it by 365/CPI,

where CPI is the development time in days from eggs

hatching to final size (Benke 1979). We estimated

CPIs by examining size-frequency histograms of taxa

over time (Benke and Huryn 2017). To account for

uncertainty in CPI estimates, we randomly select CPI

values within a restricted range and used bootstrap-

ping to generate 100 estimates of CPI-corrected

secondary production. Production estimates using

the size-frequency method were calculated as the

mean of the 100 bootstrapped estimates. Production

estimates, the method used to calculate production,

and the range in CPI values used for each taxon can be

found in the Supplementary Material (Table S2). A

more detailed description of secondary production

methods can be found in Benke and Huryn (2017). All

analyses and secondary production calculations were

performed using R statistical software version 4.1.0 (R

Core Team 2021).

Results

The first confirmed specimens of P. antipodarum in

the Green River below Flaming Gorge Dam were

collected on 18 September 2001 from GR6 (36 km

below the dam), near Swallow Canyon (Fig. 3,

Table S3). By July 2005, P. antipodarumwas detected

at all seven study sites (Fig. 3, Table S3). Densities of

P. antipodarum remained relatively low (\ 1,200

individuals m-2) at all sites until 2015, when densities

at three sites (GR4, GR5, GR6) began to increase

(Fig. 3). Maximum densities at these three sites

reached[ 19,000 individuals m-2 and occurred after

September 2019 (Fig. 3). Maximum densities at the

123

Invasion of the New Zealand mud snail (Potamopyrgus antipodarum) in the Green River below… 779



other four sites (GR1, GR2, GR3, and GR7)

remained\ 1200 individuals m-2 (Fig. 3). Mean

annual densities of P. antipodarum ranged from 0 to

10,132 individuals m-2 and varied significantly

among sites (Figure S1, Table S4).

Mean annual biomass, secondary production, and

biomass turnover rates (P:B) of P. antipodarum varied

among sites. Mean annual biomass ranged from\
0.1 g dry mass m-2 at site GR1 to 2.1 g dry mass m-2

at site GR4 (Table 1). Annual secondary production of

P. antipodarum ranged from\ 0.1 g dry mass

m-2 yr-1 to 14.2 g dry mass m-2 yr-1 and was

highest at GR4 (Table 1). Production:biomass ratios

(P:B) ranged from 5.0 yr-1 at site GR1 to 10.0 yr-1 at

site GR3 (Table 1). The percent contribution of P.

antipodarum to total invertebrate production also

varied among sites. The contribution of P. antipo-

darum to total production ranged from\ 0.1% at GR1

to 25.6% at GR4 (Table 1). In general, P. antipodarum

ranked high in terms of production compared to other

members of the invertebrate assemblage, but there

were differences among sites (Fig. 4, Table S4). Rank

production of P. antipodarum ranged from the most

productive taxon at site GR4 to the least productive

taxon at site GR1 (Fig. 4).

Discussion

We documented the invasion and potential start of the

‘‘boom’’ period of an invasive freshwater gastropod,

P. antipodarum, in the Green River below Flaming

Gorge Dam. Many invasive species undergo boom-

bust dynamics in which they rapidly become numer-

ically dominant after establishment (i.e., the ‘‘boom’’),

only to decline dramatically a short time after (i.e., the

‘‘bust’’; Simberloff and Gibbons 2004; Strayer et al.

2017). Populations of New Zealand mud snails exhibit

such boom-bust dynamics. For example, over a 7-year

period, the abundance of P. antipodarum increased

from fewer than 500 individuals m-2 to * 100,000

individuals m-2 in a California stream (Moore et al.

2012). Following this ‘‘boom’’ period was a ‘‘bust’’

period for New Zealand mud snails in which their

abundance rapidly decreased to fewer than 1,000

individuals m-2 (Moore et al. 2012). Likewise,

Fig. 3 Time series of Potamopyrgus antipodarum densities (individuals m-2) at the seven monitoring sites along the Green River

below Flaming Gorge Dam. A constant of 0.1 was added to all density values and the y-axes are log10-scaled
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Table 1 Mean annual abundance (individuals m-2), biomass (g dry mass m-2), secondary production (g dry mass m-2 yr-1), and

biomass turnover (P:B yr-1) of Potamopyrgus antipodarum at the seven monitoring sites from December 2015 – November 2016

Site Distance from dam (km) Potamopyrgus antipodarum Total production

Abundance Biomass Production P:B

GR1 0.8 0.2 \ 0.01 \ 0.01 5.0 86.7

GR2 6 144.1 0.2 1.7 8.5 46.6

GR3 12 162.0 0.1 1.0 10.0 29.7

GR4 16 1328.7 2.1 14.2 6.8 55.5

GR5 26 481.7 0.6 3.9 6.5 50.2

GR6 36 895.5 0.9 6.8 7.6 49.9

GR7 49 106.1 0.2 1.7 8.5 9.5

Total production is the sum of the production estimates of all taxa at a given site

Fig. 4 Annual secondary production (mg dry mass m-2 yr-1) of P. antipodarum (closed circles) relative to other invertebrate taxa

(open circles) at each site. Taxa are ranked from highest to lowest production. The y-axes are log10-scaled
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between the years 2000 and 2001 the biomass of P.

antipodarum in Polecat Creek (Wyoming, USA) was

approximately 25 g AFDM m-2 (Hall et al. 2006;

Greenwood et al. 2020). However, after approxi-

mately 10 years, biomass of P. antipodarum

decreased to less than 2 g AFDM m-2 (Greenwood

et al. 2020). What causes such boom-bust dynamics in

populations of New Zealand mud snails is largely

unknown. Exploitation of disturbed habitats and

release from natural predators, parasites, or pathogens

are likely explanations for rapid population growth

(Strayer et al. 2017). Increased mortality due to

predation or parasitism, environmental change leading

to unfavorable conditions, or an overconsumption of

their food resources have been proposed as possible

mechanisms for the ‘‘bust’’ period of the cycle (Moore

et al. 2012; Greenwood et al. 2020). Regardless of the

actual mechanisms facilitating boom-bust cycles of P.

antipodarum, continued monitoring of New Zealand

mud snail populations in the Green River will

contribute towards an improved understanding of P.

antipodarum population cycles in large regulated

rivers and their potential effects on the Green River

ecosystem.

Why densities dramatically increased after 2015 at

only three of the six sites remains unclear. However,

three sites at which densities remained relatively low

are within 12 km of the dam and above two small

tributaries. One of these tributaries, Pipe Creek,

contains populations of brown and rainbow trout and

is popular with anglers, a potential source of transport

and invasion (Schisler et al. 2008). While Pipe Creek

and other small tributaries have not been surveyed yet

for P. antipodarum, it is likely that P. antipodarum is

present. Thus, Pipe Creek and other tributaries may act

as a source of P. antipodarum for the Green River.

Although P. antipodarum can travel upstream at a rate

of 1 km yr-1 (Loo et al. 2007), downstream dispersal

via drift is likely faster (Kerans et al. 2005). In fact,

New Zealand mud snails have been observed drifting

downstream on mats of floating algae in the Madison

River and other systems (Kerans et al. 2005; Ribi

1986). Thus, higher densities at sites below these

tributaries may result from colonization via down-

stream drift.

Differences in site characteristics may have also

been responsible for differences in P. antipodarum

population growth among sites. Sites closer to the dam

(e.g., sites GR1, GR2, GR3) are likely more influenced

by dam operations than sites further downstream. The

effects of dams tend to attenuate with distance from

the dam, such that sites further downstream experience

more natural thermal and hydrological regimes (Ward

and Stanford 1983). Temperature in particular can

significantly affect New Zealand mud snail survival,

growth, and reproduction (Dybdahl and Kane 2005;

Gust et al. 2011; McKenzie et al. 2013). For example,

P. antipodarum growth rates increase with increasing

temperature (at least up to * 24 �C) and population

growth rates are highest * 18 �C (Dybdahl and Kane

2005). Furthermore, temperature has a clear effect on

both the duration of embryonic development and on

the quantity of embryos (Gust et al. 2011). Sites closer

to Flaming Gorge dam experience lower mean annual

temperatures and lower maximum annual tempera-

tures than sites further downstream from the dam

(Table S1). Thus, the number of degree days within a

year varies among sites and may be a limiting factor

for P. antipodarum population growth directly below

Flaming Gorge Dam. Relatively low mean and

maximum annual temperatures at sites closest to the

dam may explain the low densities/production of P.

antipodarum at those sites.

Densities of P. antipodarum in the Green River are

relatively low compared to several streams and rivers

in the western United States and other parts of their

invaded range. For example, Hall et al. (2003)

reported densities[ 500,000 individuals m-2 in

streams of the Yellowstone region. In invaded streams

in California, densities almost reaching 100,000

individuals m-2 have been reported (Moore et al.

2012). Although densities in the Green River are low

relative to other river systems, this may be due to a

sampling bias. Samples from this study were collected

primarily from riffle habitats. However, in the Green

River, evidence suggests that P. antipodarum prefers

habitats with lower velocities and abundant vegeta-

tion. Densities are often highest within beds of the

macrophyte Potamogeton (Mark Vinson, unpublished

data). Therefore, further monitoring of P. antipo-

darum in the Green River should include all potential

habitats within the river channel.

The invasion timeline of P. antipodarum in the

Green River is also in contrast with the invasion

timeline in other streams and rivers. It took approx-

imately 14 years for densities to reach[ 1200 indi-

viduals m-2 at three of our study sites in the Green

River. In the other four study sites, densities have
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remained\ 1200 individuals m-2. In the Colorado

River below Glen Canyon Dam, P. antipodarum first

appeared in 1995 at relatively low densities (Cross

et al. 2010). However, by 1997 densities quickly

reached[ 30,000 individuals m-2 and remained high

through 2006 (Cross et al. 2010). In 2000, densities

even reached[ 200,000 individuals m-2 (Cross et al.

2010). At one site in the Upper Owens River in

California, USA, New Zealand mud snail densities

went from fewer than 500 individuals m-2 to almost

100,000 individuals m-2 in just seven years (Moore

et al. 2012). Why it took so long for densities of P.

antipodarum in the Green River to increase is unclear.

There have been no appreciable changes in tempera-

ture (Fig. 2a) over the last 20 years but maximum

discharge at the USGS stream gage has increased

from * 5000 to * 8000 m3/s since 2010 (Fig. 2b).

Seeing as flow conditions can influence the distribu-

tion and survival of P. antipodarum (Holomuzki and

Biggs 2000, 2007; Schreiber et al. 2003), it is possible

that alterations to flow regulation below the dam are

responsible for changes in P. antipodarum population

dynamics. However, this still does not explain the

differences in population growth among sites. Other

factors not measured (e.g., recreational use, water

quality) may be responsible for the spatial differences

in P. antipodarum densities and population growth

below the dam.

Our estimates of annual production are relatively

low compared to those reported from other studies in

the United States. In the Colorado River below Glen

Canyon Dam, production of P. antipodarum ranged

from 11.7 g AFDM m-2 yr-1 to 14.7 g AFDM

m-2 yr-1 (Cross et al. 2010). These estimates are

equivalent to 13.0 g dry mass m-2 yr-1 and 16.3 g dry

mass m-2 yr-1, respectively, using a dry mass to

AFDM conversion factor of 0.9 (Benke et al. 1999).

Hall et al. (2006) reported extremely high production

estimates (* 194 g AFDMm-2 yr-1 or * 215 g dry

mass m-2 yr-1) in Polecat Creek, Wyoming. Why our

estimates of P. antipodarum production in the Green

River are relatively low compared to these other

locations is unclear. The rivers studied by Hall et al.

(2006) were warm, spring fed rivers with stable hy-

drographs and high rates of primary productivity (Hall

et al. 2003). These factors likely helped sustain such

high rates of P. antipodarum production in those rivers

(Hall et al. 2006). In its native range, densities of P.

antipodarum rarely exceed[ 4000 individuals m-2

(Collier et al. 1998; Hall et al. 2003) and are

often\ 1000 individuals m-2 (Holomuzki and Biggs

1999). Furthermore, rates of P. antipodarum produc-

tion in rivers of the western United States are generally

higher than those from the New Zealand mud snail’s

native range (* 0.5 g AFDM m-2 yr-1; Huryn

1996). Hall et al. (2006) attributed the lower densities

and secondary production to the relatively low tem-

peratures P. antipodarum experiences in its native

streams (* 6 �C), which may limit P. antipodarum

growth. Indeed, temperature appears to regulate

biomass turnover rates of P. antipodarum (see Cross

et al. 2010, Fig. 5). Our estimates of produc-

tion:biomass ratios (P:B) for P. antipodarum

(5.0–10.0 yr-1) are higher than those from its native

range (* 3.0 yr-1; Huryn 1996) and from the Color-

ado River (2.6–3.4 yr-1; Cross et al. 2010). Although

the Colorado River below Glen Canyon Dam and the

Green River below Flaming Gorge Dam have similar

mean annual temperatures (9–10 �C), maximum daily

temperatures are higher in the Green River (* 18 �C)
than in the Colorado (* 16 �C). These higher max-

imum daily temperatures may explain the higher

biomass turnover rates in our study, especially since

population growth rates of P. antipodarum are high-

est * 18 �C (Dybdahl and Kane 2005). Regardless of

the mechanisms for its success, it is clear that P.

antipodarum is a successful invader outside of its

native range. More estimates of P. antipodarum

production from western rivers and other rivers

throughout the world should help explain what factors

drive P. antipodarum growth and production.

To date, New Zealand mud snails have been found

in the Green River from Flaming Gorge dam down-

stream to the Colorado state line (M. Vinson, unpub-

lished data). Although densities in the Green River

remain relatively low compared to other locations in

the western United States, the sudden increase in

densities after 2015 at three sites below Flaming

Gorge Dam is alarming. Furthermore, questions

remain concerning the effects of New Zealand mud

snails on communities downstream of Flaming Gorge

Dam. Given the high degree of dominance in the

community, the relatively high rates of secondary

production, and the recent increase in densities of P.

antipodarum at sites below Flaming Gorge Dam, we

recommend that attention be brought to the potential

effects of New Zealand mud snails on the Green River
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food web with particular emphasis on impacts to trout

fitness and production.
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