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Abstract 

Fish passage facilities for reservoir dams have been used to restore habitat connectivity within riverine networks by allowing upstream 
passage for native species. These facilities may also support the spread of invasive species, an unintended consequence and potential 
downside of upstream passage structures. We documented dam passage of the invasive virile crayfish, Orconectes virilis (Hagen, 1870), at 
fish ladders designed for upstream passage of American eels, Anguilla rostrata (Lesueur, 1817), in the Shenandoah River drainage, USA. 
Ladder use and upstream passage of 11 virile crayfish occurred from 2007–2014 during periods of low river discharge (<30 m3s–1) and within 
a wide range of water temperatures from 9.0–28.6 °C. Virile crayfish that used the eel ladders were large adults with a mean carapace length 
and width of 48.0 mm and 24.1 mm, respectively. Our data demonstrated the use of species-specific fish ladders by a non-target non-native 
species, which has conservation and management implications for the spread of aquatic invasive species and upstream passage facilities. 
Specifically, managers should consider implementing long-term monitoring of fish passage facilities with emphasis on detection of invasive 
species, as well as methods to reduce or eliminate passage of invasive species. 
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Introduction 

Crayfish species have been widely introduced in 
aquatic systems worldwide, often resulting in 
population decline or extirpation of native crayfish 
(Gherardi and Holdich 1999; Lodge et al. 2000; 
Taylor 2002; Gherardi et al. 2011). Non-native 
crayfish often experience rapid range expansion 
after an introduction event (Hudina et al. 2012; 
Sorenson et al. 2012), and crayfish are capable of 
dispersing upstream and downstream in riverine 
systems (Robinson et al. 2000; Bubb et al. 2004; 
Loughman et al. 2013). As an example, consider 
the virile crayfish, Orconectes virilis (Hagen, 
1870), a species native to parts of the United 
States and Canada (Filipová et al. 2010), that has 
invaded reservoir and riverine systems and 
negatively impacted native species in Canada 
(McAlpine et al. 2007), Mexico (Hamr 2002), 
the Netherlands (Filipová et al. 2010), the United 
Kingdom (Ahern et al. 2008), and the United 

States (Rogowski and Stockwell 2006; Larson et al. 
2010; Loughman and Welsh 2010; Lieb et al. 2011).  

The invasive virile crayfish is widespread in 
the Mid-Atlantic region, USA, where the species 
has experienced rapid dispersal from introduction 
locations (Schwartz et al. 1963; Kilian et al 2010). 
In the Potomac River drainage, O. virilis has 
contributed to population extirpations of spinycheek 
crayfish, Orconectes limosus (Rafinesque, 1817), 
and population declines of Allegheny crayfish, 
Orconectes obscurus (Hagen, 1870) (Loughman 
et al 2009; Kilian et al 2010; Loughman and 
Welsh 2010; Swecker et al. 2010). Adult virile cray-
fish are considerably larger than most orconectid 
crayfish, commonly exceeding 50 mm carapace 
length (Hazlett et al. 1974). The large body size, 
large chelae, and aggressive nature of virile crayfish 
have been associated with impacts on smaller cray-
fish species (Bovbjerg 1970; Heckenlively 1970). 

Upstream dispersal of invasive crayfish in 
riverine systems may be restricted by reservoir dams 
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Figure 1. Locations of eel 
ladders at hydroelectric dams 
on the Shenandoah River at 
Millville, West Virginia, and 
Warren, Virginia, USA. 

 
(Hart et al. 2002; Kerby et al. 2005; Rosewarne et 
al. 2013). Dams may act as physical barriers to 
upstream dispersal of crayfish (Dana et al. 2011). 
Also, high velocity flows in dam tailwaters from 
spill (top release) or gates (bottom release) may 
prevent upstream movements by altering crayfish 
behavior (Foster and Keller 2011). Dams also 
restrict upstream movements of fishes, which has 
led to installation of fish passage facilities 
(Schilt 2007; Roscoe and Hinch 2010) that are 
often designed for one or more target species, 
and allow dam passage of non-target species. 
The use of fish ladders by non-target native 
species may be viewed as an added benefit for 
management and conservation, although invasive 
species may also use ladders to disperse upstream 
(McLaughlin et al. 2012). 

In this study, we report the use of eel ladders 
(a fish passage facility targeting upstream migrant 
American eels, Anguilla rostrata (Lesueur, 1817)), 
by the invasive virile crayfish in the lower 
Shenandoah River, a large tributary of the Potomac 
River drainage, Mid-Atlantic region, USA. Speci-
fically, our observational data on dam passage of 
virile crayfish were collected during monitoring 
studies of eel ladders at Millville and Warren 
Dams on the Shenandoah River. Although the 
project objective was to document American eel 
passage, our incidental data on virile crayfish are 
relevant to understanding the spread of invasive 

aquatic species associated with fish passage 
facilities. The study focused on counts, body size, 
and sex of virile crayfish using the eel ladders, 
as well as data on environmental variables 
associated with passage events. 

Methods 

The Shenandoah River has a watershed area of 
approximately 7,870 km2 within the Valley and 
Ridge and Blue Ridge physiographic provinces 
(Jenkins and Burkhead 1994). Two hydroelectric 
dams are located on the Shenandoah River 
(Figure 1). A low head hydroelectric dam (296 m 
width and 5 m height) spans the lower 
Shenandoah River at Millville, West Virginia, 
approximately 9 river kilometers (rkm) upstream 
from the confluence of the Potomac and 
Shenandoah rivers. The 675 m tailwater section 
downstream of Millville Dam is adjacent to a 
hydroelectric canal (490 m headrace, 185 m 
tailrace) on the western bank of the river. A 
second low head hydroelectric dam (131 m width 
and 4 m height, with a 61 m headrace canal) is 
located at Warren, Virginia, approximately 73 
rkm upstream from Millville Dam and 5.8 rkm 
downstream of the confluence of the North Fork 
and South Fork Shenandoah rivers. A minimum 
veil of 2.54 cm of water is maintained on the 
crests of both dams. 
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Figure 2. Eel ladders at 
hydroelectric dams on the 
Shenandoah River at 
Millville, West Virginia 
(A, B) and Warren, 
Virginia (C, D), USA. 
Photographs by S.A. 
Welsh. 

 
Fish ladders, designed for upstream dam passage 

of 15–80 cm total length American eels, were 
installed in 2003 and 2007 on the western ends 
of Millville and Warren Dams, respectively (Milieu 
Inc, Quebec, Canada; Welsh and Liller 2013; 
Figure 2). The eel ladders are installed (May–July) 
and removed each year (typically in November), 
which prevents ladder damage from high river 
discharges during the winter–spring time period. 
The Millville Dam eel ladder is 11 m in length, 
and sloped at 50°. The Warren Dam eel ladder 
contains three sections (9 m total length) with 
the lower section 2.5 m and sloped at 30°, the 
middle section 2.5 m and sloped at 40°, and the 
upper section 4 m and sloped at 30°. The eel 
ladders are covered stainless steel sluices (13 cm 
depth x 41 cm width) containing an internal peg 
board substrate of three vertical rows of 5.1 cm 
diameter ABS plastic pipes, with a minimum 
distance of 3.8 cm between pipes. At both dams, 
spill over the dam crest is blocked adjacent to 
the ladder creating a still pool at the ladder base, 
and a gravity-fed attraction flow (10 L/s) is 
delivered from the dam crest to the ladder base at 
the stream bed by a PVC pipe. At both dams, an 
electric water pump delivers a volumetric flow 
rate of 0.5 L/s onto a bevel at the top of the 
ladder, which diverts water flow in two directions 
— down the peg board sluice of the ladder and 

through a 15.2 cm diameter PVC pipe leading to 
a collection tank upstream of the dam. Within 
the collection tank, a removable net bag (3.2 mm 
stretched mesh) is attached to the end of the PVC 
pipe. Individuals are removed from the net bag for 
daily counts and measurements of body length, 
where measurements of total length were obtained 
for American eels, and carapace length (CL) and 
carapace width (CW) for virile crayfish.  

A camera system with an infra-red trigger was 
deployed during 2007 at the Millville Dam eel 
ladder as an alternate to the terminal net bag as a 
method for monitoring American eel passage 
(Welsh and Aldinger 2014). The eel ladder camera 
was tested during 2007, and replaced the terminal 
net bag as a monitoring method during 2008–
2014. The camera system includes a plexiglass 
box, which is spliced into the PVC pipe on the 
upstream side of the top of the ladder (Figure 3). 
A mesh-covered ramp is placed inside of the 
plexiglass box, so that individuals are elevated 
above the water flow during passage, which 
allows for clear photographs during turbid water 
conditions (Figure 3). A single-lens reflex camera, 
located outside of the plexiglass box, photographs 
each American Eel or non-target species that 
passes through the ladder. Digital images (date 
and time stamped) of American eels and non-
target  species  allow  for  counts  of      individuals, 
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Figure 3. Plexiglass housing (top and side views) used to photograph passing virile crayfish at eel ladders on the Shenandoah River, USA. 

 
data on the timing of passage, and body measure-
ments using photogrammetric methods with digital 
imaging software (Welsh and Aldinger 2014).  

Although the Millville Dam eel ladder was 
installed in 2003, we did not keep records on 
non-target species until the eel ladder camera 
was deployed in 2007. In 2007, an electric water 
pump delivered a volumetric flow rate of 0.5 L/s 
to the top of the Millville Dam eel ladder, where 
a bevel directed about 50% of the flow down the 
peg board sluice of the ladder and 50% through a 
15.2 cm diameter PVC pipe leading through the 
plexiglass box and toward the upstream terminal 
end of the ladder. Algal growth on the mesh of 
the ramped platform in the plexiglass box caused 
water to flow up the ramp instead of the 
designed route of through the meshed ramp and 
under the meshed platform. Water flow up the 
ramp often caused the infrared sensors to trigger 
the camera. To fix this issue, we installed a high-
porosity mesh on the ramp and platform, and 
reduced the water flow to the plexiglass box to 
20% of the 0.5 L/s flow. This modification also 
altered the volumetric flow rate down the peg 
board sluice of the ladder from 50% to 80% of 
0.5 L/s.  

We calculated mean values and recorded 
ranges of three environmental variables associated 
with passage events of virile crayfish, including 
river discharge (m3s–1), lunar illumination, and 
water temperature (°C). River discharge data were 
obtained from U.S. Geological Survey gages. 
Lunar illumination, measured as a percentage of 
the moon face ranging from 0 (new moon) to 1 
(full moon), was calculated from an astronomical 
algorithm (Meeus 1991). Water temperature of 
the Shenandoah River was recorded at Millville 
and Warren Dams (StowAway Tidbit Temp Logger, 
Onset Computer Corporation).  

Results 

During 2007–2014, the Millville Dam eel ladder 
passed 18,215 American eels, and 10 virile crayfish. 
Virile crayfish used the Millville Dam eel ladder 
during July–November, and passage events were 
not distributed evenly across the 2007-2014 time 
period, but included eight individuals in 2007, 
zero individuals during 2008–2013, and two 
individuals in 2014 (Table 1). During 2007–2010, 
the Warren Dam eel ladder passed 38 American 
eels,   and  one  virile  crayfish  on  13 June 2008 
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Table 1. Annual passage counts of virile crayfish and American eels at the Millville and Warren Dam eel ladders, Shenandoah River, USA. 

Site Year 
Sample 
period 

Sample 
days 

 American 
eel 

count 

Virile 
crayfish 

count 

 

 
Millville Dam eel ladder     

 2007 10 May–6 November 181  852 8 
 2008 6 June–6 November 154  1616 0 
 2009 22 June–9 November 141  1311 0 
 2010 6 May–9 November 188  5394 0 
 2011 28 June–7 November 133  1255 0 
 2012 9 May–12 November 188  4263 0 
 2013 1 July–21 October 113  2470 0 
 2014 22 July–5 November 106  1054 2 

Warren Dam eel ladder      
 2007 8 May–6 November 182  21 0 
 2008 9 June–10 November 154  2 1 
 2009 1 July–20 October 111  4 0 
 2010 17 May– 1 October 137  11 0 

 

 

Figure 4. Photographs of virile crayfish passing though the 
Millville Dam eel ladder, including (A) a 49.5 mm carapace 
length individual on 5 November 2007 and (B) a 41.3 mm 
carapace length individual next to an American eel on 2 
September 2014. Photographs by S.A. Welsh. 

(Table 1). For the three years with virile crayfish 
passage (2007, 2008, and 2014), the Millville eel 
ladder operated from 10 May to 6 Nov 2007 (181 
days) and from 22 July to 5 Nov 2014 (106 
days), and the Warren eel ladder operated from 9 
June to 10 Nov 2008 (155 days, Table 1). 

Data on body size (CL and CW), sex, and time 
of day provided descriptive information relevant 
to dam passage of virile crayfish. Ten of 11 
individuals that passed through the eel ladders 
(one large adult escaped before measurement) 
were large adults with mean ± SE carapace 
length and width of 48.0 mm ± 1.8 and 24.1 mm 
± 1.1, respectively. Female and male virile 
crayfish used the ladders; 3 females, 4 males, 
and 4 not sexed. At the Millville Dam eel ladder, 
three virile crayfish were photographed by the 
eel ladder camera, where passage times occurred 
during daylight hours for two individuals (7:13 
and 10:27 h). A third virile crayfish passed at 
night (23:01 h) and was photographed next to an 
American eel (Figure 4).   

Examination of river discharge, water 
temperature, and lunar illumination provided insight 
into associations among environmental variables 
and passage events of virile crayfish. Virile 
crayfish used the eel ladders during periods of 
low river discharge (mean ± SE = 20.0 m3s–1 ± 
1.5, range 13.4–29.7 m3s–1). For 2007 and 2014, 
the annual mean ± SE of daily river discharge 
values at Millville Dam were 62.0 m3s–1 ± 3.8 
(range 13.2–606.0 m3s–1) and 96.9 m3s–1 ± 6.2 
(range 12.7–1200.6 m3s–1), respectively. During 
2008, the mean ± SE daily river discharge at 
Warren Dam was 37.7 m3s–1 ± 1.8 (range 9.0–
273.8 m3s–1). Virile crayfish used the eel ladders 
during a wide range of water temperature (mean 
± SE = 23.7°C ±1.8, range 9.0–28.6°C) and lunar 
illumination (mean ± SE = 0.53 ± 0.09, range 0.06–
0.93). 
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Discussion 

Our data documented dam passage of adult 
female and male virile crayfish, demonstrating a 
potential for upstream dispersal via fish passage 
facilities on the Shenandoah River. It is not 
known whether virile crayfish were introduced 
or dispersed upstream in the Shenandoah River 
(upstream of Millville Dam) prior to eel ladder 
installation. The large adult virile crayfish that 
used the Warren Dam eel ladder on 13 June 2008 
may represent a separate introduction event, or 
possibly the offspring of individuals that 
dispersed upstream from Millville Dam, as the 
distance from Millville Dam to Warren Dam is 
approximately 73 rkm. Because dispersal of 
large crayfish may be hindered in high flow 
areas (Maude and Williams 1983; Clark et al. 
2008), adult virile crayfish may be unsuccessful 
at scaling Millville and Warren dams, owing to 
the constant spill of water over the dam crests 
and down the vertical dam faces.  

Juvenile or small virile crayfish (<36.0 mm CL) 
did not use the eel ladders, which may reflect a 
higher likelihood of larger individuals to disperse 
upstream or may result from intolerance of small 
individuals to either the ladder slope or water 
flow down the ladder. Studies comparing dispersal 
of small vs. large crayfish have reported greater 
dispersal for smaller (Webb and Richardson 2004; 
Loughman et al. 2013) and larger individuals 
(Robinson et al. 2000; Light 2003). It is likely 
that movement patterns of non-native crayfish 
differ from those of native species, given that 
non-native species often undergo rapid range 
expansions (Hudina et al. 2012; Sorenson et al. 
2012). Foster and Keller (2011) found that small 
crayfish had a relatively low tolerance to current 
velocity when passing through culverts. In contrast, 
Clark et al. (2008) found that smaller individuals 
were more tolerant of current velocities than that 
of larger individuals in a natural stream. Foster 
and Keller (2011) suggested that smaller crayfish 
may use rock crevices as velocity barriers in a 
stream, whereas most culverts do not have water 
velocity barriers. In our study, the peg substrate 
of the eel ladders possibly assists larger crayfish 
but not smaller individuals when climbing the 
30–50° slopes.  

Our data demonstrate that the configuration or 
slopes (30–50°) of the eel ladders are not a 
deterrent for adult virile crayfish. The internal 
peg board substrate of the eel ladders likely 
aided the climbing ability of virile crayfish, and 
the 3.8 cm distance between pegs was wider than 

the carapace widths of the 11 individuals. The 
volumetric flow rate of water descending down 
the ladder, however, may influence crayfish use 
of the eel ladder. In our study, an increase in the 
volumetric flow rate of water down the ladder, as 
an adjustment to improve the eel ladder camera 
system at Millville Dam, appeared to have an 
unintended effect of reducing the use of the eel 
ladder by virile crayfish. Experimental laboratory 
studies, however, are needed to fully understand 
the influence of volumetric flow rate on ladder use 
of virile crayfish. It may be possible to prevent 
upstream passage of virile crayfish by ladder 
modification (Frings et al. 2013). However, addition 
of a physical barrier to the eel ladder entrance 
for preventing crayfish passage will likely also 
affect passage of American eels.  

Ladder use and dam passage of virile crayfish 
occurred across a wide range of environmental 
variables. Most passage events occurred when river 
discharge was low (<30 m3s–1), which may be 
explained by either reduced upstream movements 
during high river discharges, or the inability of 
virile crayfish to find the ladder base when the 
dam spillway is inundated by high water levels. 
Although nine of the 10 passage events occurred 
at summer or fall water temperatures between 
19.6 and 28.6 °C, the passage of one virile crayfish 
at 9.0 °C water temperature during November 
demonstrated that dam passage is not restricted 
to warmer months. Virile crayfish experience cold 
temperatures in their native range, thus movement 
during colder water temperatures is not unexpected. 
The wide range of lunar illumination at the time 
of passage events (0.06 to 0.99% fraction of the 
moon face) suggests that moon phase was not 
associated with passage events. The time of passage 
was recorded for only three of 11 passage events; 
two individuals passed during daylight hours and 
one at night, but if the remaining seven moved at 
night then they did so across a wide range of 
lunar illumination levels. 

It is possible that eel odour from the eel ladder 
lowers the use of the ladder by crayfish, which 
could explain why only 10 individuals used the 
Millville Dam ladder during 2007–2014. In an 
experimental laboratory study of crayfish exposure 
to eel odour, Hirvonen et al. (2007) found that 
noble crayfish, Astacus astacus (Linnaeus, 1758), 
retreated to shelter, whereas signal crayfish, 
Pacifastacus leniusculus (Dana, 1852), appeared 
to be attracted to eel odour. American eels did 
not use the Millville Dam eel ladder on the eight 
days of crayfish passage in 2007, or during the 
day of crayfish passage at the Warren Dam eel 
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ladder. Contrastingly, on 28 August 2014, a virile 
crayfish and an American eel used the Millville 
Dam eel ladder at the same time, and an additional 
42 American eels used the ladder on that day 
(Figure 4). On 2 September 2014, one virile crayfish 
and 16 American eels used the ladder. Thus, data 
from 2014 suggests that eel odour does not 
always dissuade ladder use by virile crayfish. 

Because American eels are avid crayfish 
predators, it is possible that higher densities of 
American eels owing to upstream passage could 
limit upstream dispersal of virile crayfish in the 
Shenandoah River. Aquiloni et al. (2010) examined 
the use of European eels, Anguilla anguilla 
(Linnaeus, 1758), as a biological control of the 
invasive red swamp crayfish, Procambarus clarkii 
(Girard, 1852). Also, Mount et al. (2011) suggested 
the use of American eel as a biological control of 
the invasive rusty crayfish, Orconectes rusticus 
(Girard, 1852), in tributaries to the Hudson River, 
New York. Aquiloni et al. (2010) reported that large 
crayfish were less vulnerable to eel predation. 
Given that virile crayfish grow to a large adult 
size, American eel predation may not effectively 
control population expansion of the virile 
crayfish in the Shenandoah River upstream of 
Millville Dam.  

This study demonstrated that an eel ladder can 
aid upstream dispersal of the invasive virile 
crayfish. The use of fish ladders by invasive species 
likely occurs in other riverine systems, but few 
studies have documented non-target species use 
of fish ladders. Within the last decade, virile 
crayfish have been documented from the 
Shenandoah River upstream of Millville Dam (Z. 
Loughman, unpublished data), but we do not 
know if this population was introduced through 
passage at Millville Dam, or if individuals using 
the ladder are supplementing a previously 
introduced population. Given that reservoirs are 
hotspots for invasive species (Johnson et al. 2008) 
and multiple introductions of virile crayfish have 
been documented in the Mid-Atlantic region, it is 
likely that virile crayfish were present upstream 
of Millville Dam before ladder installation. 
Nonetheless, it is important to note that fish 
passage facilities can aid upstream dispersal of 
invasive species. Also, our study demonstrates that 
long-term monitoring may be needed to document 
presence of invasive species. Our results indicate 
the importance of considering passage of invasive 
crayfish species when planning fish passage 
facilities. 
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