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Abstract.-We eslimated exclusion and survival rates of fathead minnow Ptmephales promelas 
exposed to four configurations of a high-velocity inclined profile-bar screen. These screens are 
functionally different from conventional positive-barrier designs because fish behavior and swim- 
ming ability are not design considerations. We tested screens inclined at 45" or 60" that had 1.0- 
mm or 0.5-mm slot widths and used 5-45-mm total length fathead minnow released high or low 
in the water column. The exclusion rate for 45.0-mm and 22.5-mm fathead minnow was 100%. 
Survival of 45.0-m~n fish was 88%; latent mortalities were attributable to nonscreen causes. Sur- 
vival of 22.5-mm fish was 100%. Exclusion rates for high- and low-release 12.5-mm fathead 
minnow were nearly 100%. Survival rates for high-release 12.5-mm fathead minnow were 62- 
86% and were similar to or higher than those for low-release fish (15-71%). Exclusion rates of 
7.5-mm and 5.0-mm fathead minnow in tests with the 0.5-mm screen were 88-95% regardless of 
release position. Exclusion rates for 7.5-mm and 5.0-mm fish tested with 1.0-mm screens were 
mostly lower (2-90%), especially for low-release fish. Survival rates for 7.5-mm fathead minnow 
in high releases were 26-62%, but survival rates for low-release 7.5-mm fish (0-9%) and 5.0-mm 
fish (28%) were low. The screen angles we tested had little consistent effect on exclusion or 
survival rates. The ~~uccessful exclusion and survival we documented for various life history stages 
of fathead minnow, coupled with the high hydraulic efficiency and self-cleaning properties of 
high-velocity inclined profile-bar fish screens, indicates that this is a potentially effective tool for 
managers seeking to reduce entrainment loss of fish in aquatic ecosystems. 

Entrainment represents a chronic source of mor- 
tality for fish of various life history stages in aquat- 
ic ecosystems where unscxeened water is removed 
for domestic consumption, irrigation, electrical 
generation, or other uses. Estimates of annual en- 
trainment of millions to billions of fish have been 
documented, and high losses from lentic or lotic 
systems may affect recruitment (Hergenrader et al. 
1982; Jude et al. 1983; Stevens et al. 1985; Jensen 
1990; Travnichek et al. 1993). The ubiquitous 
presence of structures that divert large quantities 
of irrigation water from streams, particularly in 
the arid western United States (Clothier 1953; Na- 
tional Research Council 1992; Pringle et al. 2000), 
suggests that entrainment may have widespread 
and substantial negative effects on fish community 
structure and abundance. 

Screens are one of the few proven alternatives 
available to reduce the entrainment of fishes into 
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water diversion structures (Zeitoun et al. 198 1 ; 
McKay 1987; Weisberg et al. 1987). We tested a 
relatively new design, a high-velocity inclined 
profile-bar (wedge-wire) screen (Figure l ) ,  to as- 
sess its potential for excluding fish. These screens 
are also known as static inclined screens, Coanda- 
effect screens, or sieve bends (Wahl 2001). High- 
velocity profile-bar fish screens differ from tra- 
ditional positive barrier configurations. Most bar- 
rier screen designs couple low approach velocities 
(velocity through the screen) with high sweeping 
velocities (across screen) to effect screening. Low 
approach velocities reduce fatigue of target life 
stages and presumably, the frequency of screen 
contacts. Functionally, low approach velocities al- 
low fish to maintain position upstream of the bar- 
rier, while relatively high sweeping velocities 
move fish downstream past the screen face away 
from the diversion, a process which may take 1- 
2 min or more. Traditional screens may also need 
intermediate bypasses when structures are large 
and exposure times are high. In contrast, inclined 
profile-bar screens have water delivered to the top 
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Features and Typical Arrangement of a Coanda-Effect Screen 

FJGURE I .-Main feat~lres and operation of a typical high-velocity inclined profile-bar screen (panel A). The side 
view (panel B) depicts the details of profile-bar position, arrangement, and function. 

of the screen via an overflow weir, which then ried over the weir, swept by overflow off the toe 
flows over the screen face at a high 2-3-m/s ve- of the screen, and transported back to the stream. 
locity. High velocities limit screen exposure time Thus, unlike traditional screens, fish behavior and 
of fish to 1 s or less. Fish do not need to swim to swimming performance and approach and sweep- 
avoid impingement becatlse fish and debris are car- ing velocities are not design considerations for 
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high-velocity inclined profile-bar screens. Addi- 
tionally, high overflow velocity across the screen 
surface aids in self-cleaning, and because the 
screens lack moving parts, maintenance is mini- 
mized. However, few tests have been conducted to 
assess the screening effectiveness of inclined pro- 
file-bar screens for fish, particularly early life stag- 
es. 

Our objective was to assess the performance of 
high-velocity inclined profile-bar fish screens. To 
accomplish this, we measured exclusion and sur- 
vival rates of fathead millnow Pimephules pro- 
nzelas that passed over different configurations of 
inclined profile-bar screens with 1.0-mm and 0 5  
mm slot widths. The fathead minnow was a useful 
test animal because it has a generalized body shape 
that may allow transfer of inferences from screen 
tests conducted in this study to other species. The 
only literature we found that described perfor- 
mance of inclined profile-bar screens was for rel- 
atively larger-bodied salmonids (>35-mm fork 
length; Buell 1996, 2000), so we focused on rel- 
atively smaller-bodied early life stages. 

Methods 

Screen &scription.-Flume and screen models 
constructed at the Water Resources Research Lab- 
oratory, U.S. Bureau of Reclamation, Denver, Col- 
orado, were used for fish screen tests. Inclined pro- 
file-bar screens have a flat or concave surface and 
are typically angled downvvard 45-60" from hor- 
izontal (Figure I). Water passes over and down an 
accelerator plate and across the profile-bar screen, 
and flow is perpendicular to the bars. The indi- 
vidual bars are tilted about 5" downstream, so that 
the upstream edge of each bar projects slightly into 
the flow. Each offset bar ;shears a thin layer of 
water from the bottom of the flow layer and directs 
it through the screen. Water passes L.hrough the 
screen because flow remains attached to the bar 
and is directed through the screen rather than skip- 
ping from the high point of one bar to the next. 
Attachment of Row to the bar surface is an example 
of the Coanda effect, the tendency of a fluid jet to 
remain attached to a solid flow boundary (Wahl 
2001). Because the bars are wide (1.5 mm) relative 
to the spacing between them (1.0 or 0.5 mm), and 
the offset height created by the tilted bars is small 
(about 0.2 mm for typical screens), the screen sur- 
face is relatively smooth. 

I-Iigh-velocity profile-bar screens have a high 
filtration capacity that increases with overflow 
rate. Based on empirical and modeling data, Wahl 
(2001) showed that a hypothetical screen, 1.33 m 

deep with 1.0-mm slot widths, 1.5-mm-wide 
screen bars, a 5" wire tilt angle, a 60" incline, and 
a 10% overflow rate, could screen 0.394 m3/s per 
meter of screen w i d ~ h  (4.25 ft3/s per foot). Re- 
ducing the screen slot width to 0.5 mm and keeping 
all other factors constant reduced filtration capac- 
ity only by 18%, a surprising result considering 
that screen porosity was reduced by 38%. This is 
beca~ise much of the filtration capacity derives 
from the shearing effect described above, which 
is more dependent on bar tilt angle than screen 
porosity. 

Experimental design.-Our work was performfd 
in a manner consistent with recommendations of 
the Bioengineering Section of the American Fish- 
eries Society for laboratory evaluation of fish pas- 
sage technologies. We hypothesized that overflow 
rate, screen angle, screen slot width, fish length, 
and fish release point in the water column might 
affect the exclusion rate and survival of fathead 
minnow. Therefore, we tested four basic screen 
and overflow configurations with five different siz- 
es of fish released at high and low positions in the 
water column. In the first configuration, the screen 
was inclined 45" from horizontal and had a 1.0- 
mm slot width and a high (25%) overflow rate. 
The second configuration was identical to the first 
except for a 10% overflow rate. The third screen 
configuration was angled 60" from horizontal and 
had a 1.0-rnm slot width (10% overflow), and the 
fourth configuration was identical to the third ex- 
cept that the slot width was 0.5 min. Fathead min- 
now were used as test animals because they were 
native to the South Platte River system, Colorado 
(Propst and Carlson 1986), where screen instal- 
lation was proposed, and were readily available 
from a local commercial supplier. Initially, we 
used five nominal sizes of fathead minnow: 5.0, 
7.5, 12.5, 22.5, and 45.0 mm total length (TL; 
Table 1 presents aspects of the experimental design 
and levels of replication). This length range was 
a reasonable representation of the size of fishes 
that may be at risk of entrainment in the South 
Platte River. A typical test for a single screen con- 
figuration and each nominal fish size involved up 
to three control groups and two treatment groups 
because we wanted to partition potential sources 
of mortality. Batches of fish (10 each except for a 
few early tests in which 20 fish were used) were 
double-counted for accuracy and were held in plas- 
tic cups. The background control group consisted 
of randomly selected cups of fish, which were 
placed in individual bags with oxygen but expe- 
rienced no net or screen effects. From the net 



TABLE I .-Experimei1l:al design and number of replicates used for each screen type, overflow rate (high = 25%, low 
= lo%), experimental group (three control and two treatment groups), and nominal fish size-classes used to test survival 
and exclusion of fathead minnow by high-velocity inclined profile-bar screens. Exclusion rates of 5.0-mm fish were 
estimated for most screen types; because of the high handling mortality of larvae, survival rates were not estimated 
except for a single test. Thus, assessment of control survival rates, which were used to correct treatinent survival rates 
for handling mortality, was not conducted for most 5.0-inm experimeiital group combinations. 

-- --- -- 
Experimental replicates per nominal fish size-group 

Overflow Experimental (mm TL) 
-. -- 

Screen rate group 5.0 7.5 12.5 22.5 45.0 

45"; 1.0-mrn slot width High Background control 3 3 
Net recovery control 
Screen control 
High release 
Low release 

45"; 1.0-lnm slot w~dth Low Background control 
Net recovery control 
Screen control 
High release 
Low release 

60": 1.0-m~n slot w~dth Low Background control 
Net recovery control 
Screen control 
High release 
Low release 

60"; 0.5-mm slot wtdth Low Background control 
Net recovery control 

Screen control 5 5 5 
High release 10 5 5 
Low release 10 5 5 --- --- 

recovery control group, we estimated the rate of 
net recovery and handling mortality by recovering 
batches of 10 fish that were poured into the capture 
net. Fish were carefu1l;y washed out of the cod end 
of the net illto a plastic pan, counted, and bagged 
as previously described. 'Those results ensured that 
fish health and recovery techniques were consis-- 
tent over all tests. The screen control was used to 
estimate mortality from handljng, capture, and 
possible impirlgenlent of fathead minnow as high- 
velocity flow carried fish into the net at the toe of 
the screen. In each configuration, the lower portion 
of the screen was covered with a smooth layer of 
duct tape to reduce the functional screen surface 
area for hydraulic tests. Batches of 10 fish each 
were introduced over the tape, washed by overflow 
into the capture net pl.aced below the toe of the 
screen, and held in the current for an amount of 
time (3 s) equivalent to that in the high- an.d low- 
release treatments (described below). Net mouth 
dimensions were 10 X 61 cm, the bag depth was 
90 cm, and the m.esh sjze was 363 pm. Net width 
was equal to that of th'e screen sideboards to pre- 
vent fish loss. Recovered fish were enumerated and 
treated as described above. Thus, we assumed that 
screen control fathead minnow experienced simi- 
lar conditions to screen treatment groups except 

that the screen control fish were not exposed to 
the screen. Because fathead minnow in the 5.0- 
rnm size-class were very fragile and susceptible to 
high handling m~rta l i ty ,  our intent was to assess 
only screen exclusion rates but not posttreatment 
survival. Therefore, control groups, which were 
used mostly to correct treatment group survival 
rates for handling mortality, were not needed for 
the 5.0-mm size-class. We did make a single for- 
tuitous net recovery, screen control, and posttreat- 
ment survival assessment (N = 5 replicates) of 5.0- 
mm fish for the 60" 0.5-rrlm-slot-width screen. This 
resulted when we measured fish posttreatment for 
a presumptive 7.5-mm fish experiment and found 
that sizes corresponded more closely to the 5.0- 
mm test group (mean = 6.1 mm TL). 

High- and low-release tests were used to deter- 
mine differences in exclusion and survival rates 
of fish that approach the overflow weir at different 
depths in the water column and hence affect the 
frequency of screen encounters. High- and low- 
release treatment fish were introduced at the top 
of the overflow weir above the accelerator plate. 
High-release fish were introduced to the model by 
pouring them from a cup held just above the water 
surface. Low-release fish were in~roduced directly 
over the accelerator plate by first placing the batch 
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of fish in a stoppered length of clear, flexible plas- 
tic tubing (12.7-mm diameter) attached to a steel 
rod. The stoppered end of the tubing was posi- 
tioned at the bottom of the water column over the 
accelerator plate; when the net was in position, the 
stopper was pulled from the tube by a cord. Fat- 
head minnows were swept over the length of the 
screen and captured at the toe as described for 
screen control fish. One high-release replicate 
from the 60" 1 .O-mm-slot-width screen tests with 
12.5-mm fathead minnows was destroyed after re- 
capture, so only four replicates were available for 
survival estimates. 

Test fish were transported in coolers to the 
Aquatic Research Laboratory in Fort Collins, Col- 
orado, and held in 2-L overflow tanks supplied 
with well water at 18°C. Fish mortality was mon- 
itored daily for 4 d posttreatment, and brine shrimp 
Artemia spp. nauplii were offered ad libitum twice 
per day. We measured TL and maximum cross- 
section diameter of fathead minnow used in each 
test batch. 

Data analysis.-The percentage of fish that were 
excluded by the screen and the percentage of fish 
that survived releases for ,I. d posttreatment were 
the experimental response variables. Survival rates 
were computed from the number of screened fish 
that survived divided by the total number of ex- 
cluded fish; fish that passed through the screen 
were not included. The mortality of fish in the 
screen controls, which was due to combined ef- 
fects of background factors, handling, and turbu- 
lence in the capture net, was used to adjust mor- 
tality rates of fish in high and low releases. We 
accomplished this by use of Abbott's formula: 

where p,, p,, and p are the corrected, original, and 
screen control mortality proportions, respectively 
(Newman 1995). Abbott's formula is commonly 
used to correct treatment survival rates when con- 
trol animals die. The percentage of fish excluded 
and the percentage surviving (1 - p,) were com- 
pared to determine effects of two overflow rates 
and three screen types, each having different com- 
binations of screen slot widths ( I  .O mm, 0.5 inm) 
and screen angles (45", 60°), high and low release 
points, and five nominal fish lengths. We used mul- 
tifactor analysis of variance (ANOVA) to assess 
differences in exclusion and survival rates among 
treatments as a function of the explanatory vari- 
ables, screen type and release point, and their in- 
teraction. The proportions of fish that were ex- 

cluded or that survived were transformed (arcsine 
and square root) prior to analysis to stabilize var- 
iances and normalize the data. Preliminary anal- 
ysis suggested complex interactions among size- 
groups and other experimental effects, so ANOVA 
analyses were conducted by fish size-class to en- 
hance interpretation. Significant interactions be- 
tween the main effects of screen type and release 
point warranted several comparisons because each 
of the three screens had different combinations of 
two characteristics, screen angle and slot width. 
Therefore, comparisons for effects of screen angle 
were restricted to those between the 45" and 60" 
screens with 1 .O-mm slot widths for high and low 
releases (two comparisons); the GO0 0.5-mm-slot- 
width screen was excluded. Similarly, to discern 
effects of slot width, we only compared the 60" 
screens with 1.0- or 0.5-mm slot widths for high 
and low releases (two more comparisons); the 45" 
I .O-mm-slot-width screen was excluded. Finally, 
comparisons were made between high and low re- 
leases for each of the three screen types, for a total 
of seven possible comparisons. Only main effects 
were analyzed when the interaction was not sig- 
nificant, which resulted in fewer comparisons. 
Least-squares ineans (LSM) were used to compare 
means for exclusion and survival data for different 
release positions, slot widths, or screen angles. We 
made no adjustments to alpha levels for the pur- 
pose of error protection when two or more LSM 
comparisons were made, which allows the reader 
to evaluate inferences from significance tests. We 
also report means, standard errors, and sample siz- 
es for exclusion and survival rate data, which al- 
lows readers to draw their own comparisons 
among treatment combinations of interest and 
avoids the difficulties posed by numerous hypoth- 
esis tests (Yoccoz 1991; Johnson 1999; Anderson 
et al. 2001). 

Results 

The survival rate of background control and net 
recovery control fish increased with size. Survival 
of 45.0-mm and 22.5-mm fathead minnow in net 
recovery controls was 100% for the only screen 
configuration tested (45" 1 .0-mm slot width). The 
12.5-mm fathead minnow had a mean background 
survival rate of 97% (87-100%) and a mean net 
recovery survival rate of 92% (87-97%) for all 
four screen configuratiol~s tested. Likewise, 7.5- 
inm fathead minnow had mean background and 
net recovery survival rates of 93% (83-97%) and 
62% (40-87%), respectively. The single 5.0-mm 
fish net recovery control had a survival rate of 



12.5 mrn TL, exclusion 12.5 m m  TL, survival 

45" 1- 613" 1- 60" 0.5- 
m m  m m  mm 

Screen type 

7 .5  rnrn TL, exclusion 

* 

Screen type 

-- 

0 4- I I 7 

45" 1 -mm 60" 1 -mm 60"  0.5-mm 

Screen type 

7.5 rnm TL, survival 

Screen type 

5 m m  TL., exclusion 

Screen type 

FIGURE 2.-Mean exclusion and survival rates of 12.5-, 7.5-, and 5.0-inm tola1 length (TL) fathead minnow 
released over three different screen configurations at low (squares) or high (triangles) positions in the water column. 
Screen control survival rates (Table 2) were used to adjust treatment survival rates for handling and turbulence 
effects based on Abbott's formula; there were no controls for exclusion data. Screens were inclined at either 45" 
or 60°, had I .O-mm or 0.5-mm slot widths, and low (10%) overflow rates. An asterisk adjacent to a high- or low- 
release trial mean symbol indicates a statistically significant difference (P 5 0.05) with the corresponding high- 
or low-release trial mean to the right (comparison of screen angle; 45" or 60" screens with 1.0-mm slot widths) or 
to the left (comparison of slot width; 60" angle with 1.0-mm or 0.5-mm slot widths). No comparisons were made 
between means for the 45" I .O-mm screen and the 60" 0.5-mm screen. A plus sign adjacent to a low-release trial 
mean syinbol indicates a :jtatistically significant difference (P 5 0.05) with the corresponding high-release trial for 
a particular screen type. Standard error bars for means are not presented here (see Table 2) to avoid confusion with 
significance test symbols. 



TABLE 2.--Mean exclusion and survival rales (%; SE and number of replicates in parentheses) of 12.5, 7.5,  and 
5.0-rum TL fathead minnow released over four different high-velocity inclined profile-bar screen configurations. Survjval 
rates of high- and low-release fish were corrected by Abbott's formula based 011 screen control survival rates. Scree11 
overflow rates were 10% (low) or 25% (high) of the total flow entering the screen model. Screen control (SC) fish were 
released over the lower surface of the screen where the profile bars were covered by tape. High-release (HR) and low- 
release (LR) fish entered the screen model at the surface and the bottom of the water column, respectively. 

-- 
Screen and treatment type 

45", 1.0-mm slot width, high overflow 
Fish 45", 1.0-mm slot width, low overflow 

SC 
-- size (mm) 

- -  .. 
HR LR SC HR LR 

- 
Exclusion rates 

12.5 100 100 98 (2.5, 5) 100 100 100 
7.5 100 76 (2.3, 5) 16 (4.0, 5) 98 (2.0, 5) 90 (5.5, 5) 34 (9.1, 5) 
5.0 48 (17.5, 5) 2 (2.0, 5) 56 (6.8, 5) 2 (2.0, 5) 

Survival rates 
12.5 56 (9.3, 5 )  36 (14.9, 5) 4 (3.6, 5) 100 86 (9.3, 5) 62 (9.7, 5) 
7.5 2 (2.0, 5) 0 0 37 (8.6, 5) 36 (10.1, 5) 9 (9.1, 5) 
5.0 

47%. Results for screen con,trols are presented sep- 
arately. 

Fathead minnow (12.5-, 7.5-, and 5.0-mm TL) 
released in the 45" 1 .O-mm.-slot-width screen with 
a 25% overflow were subjected to high turbulence 
upon capture, and some fish. may have backwashed 
out of the capture net. 111 spite of this, exclusion 
rates for the 45" 1 .@-mm-slot-width screeri j.n high 
overflow tests were only slightly lower than those 
for low overflow tests, regardless of release po- 
sition (Table 2). Because fish loss may have biased 
exclusion rates in high ove:rflow tests, those data 
were excluded from statistical analysis. Turbulent 
flows also caused nearly total impingement mor- 
tality of fish in the capture net; so all other screen 
configurations were tested vvith a lower, 10% over- 
flow rate. Potential implications of high screen 
overflow rates in a natural setting are discussed 
1 ater. 

45.0-mnz and 22.5-mm Fathead Minnow 

Tests with the 45" 1 .O-mrn-slot-width screen and 
a high release position showed that 100% of fat- 
head minnow were excluded. Survival of 45.0-mm 
fish was 88%, but mortality was likely due to poor 
fish condition and a secondary bacterial infection 
contracted prior to tests. The survival rate of 22.5- 
mm fish was 100%. B e c a ~ ~ s e  exclusion and sur- 
vival rates for these relatively large fish were high, 
further tests on other screens were conducted only 
with smaller life stages. 

12.5-mm Fathead Minnow 

The mean exclusion rates of 12.5-mm fathead 
minnow (actual mean TL == 11.9 man; 95% con- 

fidence interval [CIl = 11.5-12.3; mean maximum 
diameter = 2.0 inm) were 96-100% for all screen 
types and release points (Figure 2). The two-factor 
ANOVA that evaluated the proportion of fathead 
minnow excluded as a function of screen config- 
uration (three types), release point (high and low), 
and their interactioii was not statistically signifi- 
cant (F = I .68; df = 5, 24; P = 0.1'78), so no 
further interpretation was needed. 

The mean silrvival rate of 12.5-rnm fathead min- 
now in all tests ranged from 15% to 86%. The two- 
factor ANOVA that assessed survival of 12.5-mm 
fathead minnow as a function of screen type, re- 
lease point, and their interaction was statistically 
significant (F = 6.74; df  = 5, 23; P = 0.005). The 
interaction (P = 0.012; Table 3) was complicated 
because high-release fish did not always survive 
at higher rates than low-release fish. The survival 
rate of 12.5-mm fathead rninnow in high-release 
tests was higher with the 45" screen (86%) than 
with the 60" screen (62%; P = 0.05); the survival 
rate was similar ( P  = 0.52) for low-release fish 
released over the 45" screen (62%) and the 60" 
screen (71 %; Figure 2). High-release fish survived 
at similar rates (P = 0.47) when released over 1.0- 
mm (62%) and 0.5-mm (66%) slot-width screens. 
Low-release fish survived poorly (15%) over the 
0.5-mm-slot-width screen compared to the 1.0- 
mm-slot-width screen (71%; P = 0.0006). High- 
release fathead minnow survived at higher rates 
than low-release fish in tests with the 45" 1 .O-mm- 
slot-width screen (86% and 62%, respectively; P 
= 0.04) and the 60" 0.5-mrn-slot-width screen 
(66% and 15%, respectively; P = 0.0004), but 
were similar (62% and 71%, respectively; B = 



-- 
Screen and treatment type 

.- 

lZ:<.l. 
60", 1.0-~nm slot width. low overflow 60": 0.5-mm slot width. low overflow 

l lJLl --______- ------ 
size (mm) SC HR LR SC HR LR 

-.-- ~~ ~~ 

Exclusion rates 

Survival rates 

0.54) in tests with the 60" 1.0-mm-slot-width 
screen. 

7.5-mm Fathead Minnow 

The mean exclusiorl rates of 7.5-min fathead 
minnow (actual mean TL = 6.9 mm; 95% CI = 

6.6-7.1 mm; mean maximum diameter = 0.85 
mm) were 34-98% for all screen types and release 
points (Table 2; Figure 2). The overall two-factor 
ANOVA that evaluated the proportion of fathead 
minnow excluded as a function of screen config- 
uration, release point, and their interaction was 
statistically significant (F =. 17.91; df = 5, 24; P 
< 0.0001), and the interaction was again a sig- 
nificant effect ( P  = 0.0003; Table 3). High-release 
fish released over the 45" 2.0-mm-slot-width 
screen were excluded at a higher rate (90%) than 
high-release fish tested with the 60" 1.0-mm-slot- 
width screen (76%; P = 0.03). Low-release fish 

released over the 45" 1.0-mm-slot-width screen 
were excluded at a lower rate (34%) than low- 
release fish tested with the 60" 1 .O-mm-slot-width 
screen (68%; P = 0.004). High-release fish tested 
with the 60" 0.5-mm-slot-width screen were ex- 
cluded at a higher rate (98%) than high-release 
fish in the 60" 1.0-mm-slot-width screen tests 
(76%; P = 0.0009). Similarly, low-release fish re- 
leased over the 60" 0.5-mm-slot-width screen had 
a higher exclusion rate (98%) than low-release fish 
in the 60" 1.0-mm-slot-width screen tests (68%; P 
= 0.0002). High-release fish were excluded at a 
higher rate (90%) than low-release fish (34%) 
when released over the 45" 1 .O-mm-slot-width 
screen ( P  < 0.0001); exclusion rates of high-re- 
lease fish (76%) and low-release fish (68%) re- 
leased over the 60" 1.0-mm-slot-width screen (P 
= 0.52) were not significantly different. Exclusion 
rates for high- and low-release fish in the 60" 0.5- 

TABLE 3.----4nalysis of variance (ANOVA) statistics for models that assessed the effects of screen type, fish release 
position, and the screen X release position interaction on exclusion and survival rates of various sizes of fathead ininnow 
in tests of high-velocity inclined profile-bar screens. Overall ANOVA inodel results are given in the text. 

Model Effect 
-~ .. 

12.5 mni TL,; survivill Screen 
Release position 
Screen X release position 

7.5 inm TL.; exclusion Screen 
Release position 
Screen X release position 

7.5 lnin TL,; survival Screen 
Release position 
Screen X release position 

5.0 mm TL.; exclusion Screen 
Release position 
Screen X release position 

Sum of 
d f Squares F 3 

- - 
2 0.82151 5.85 0.0089 
1 0.71078 10.12 0.0042 
2 0.75249 5.36 0.0123 
2 1.76288 25.72 <0.0001 
1 0.52799 I 5.40 0.0006 
2 0.77879 11.36 0.0003 
2 , 0.14131 0.91 0.4162 
1 2.25853 29.07 <0.0001 
2 0.41200 2.65 0.09 1 1 
2 6.01255 68.40 <0.0001 
I 2.5086 1 57.07 <0.0001 
2 0.63383 7.21 0.0025 



mm-slot-width screen tests (each 98%) also did 
not differ. 

The mean survival rate of 7.5-mm fathead min- 
now in all tests ranged from 0% to 57%. Release 
position was the primary factor affecting fathead 
minnow survival ( P  = 0.0006); screen type and 
the screen X release position interaction were not 
significant effects in the overall ANOVA model 
( F  = 7.24; df = 5, 24; P =: 0.0003). The average 
survival rate of high-release fish was 40%, com- 
pared to just 4% for low-rellease fish ( P  < 0.0001; 
Table 3). Survival of high-release fish was signif- 
icantly higher than that of low-release fish for the 
45" 1.0-mm-slot-width screen (36% and 9%, re- 
spectively; P = 0.03), the 60" 1.0-mm-slot-width 
screen (26% and 4%, respectively; P = 0.05), and 
the 60" 0.5-mm-slot-width screen (57% and 0%, 
respectively; P < 0.0001). Survival rates of low- 
release 7.5-mm fathead minnow were not signifi- 
cantly different from zero. 

5.0-rnm Fathead Minnow 

Mean exclusion rates of fathead minnow in the 
nominal 5.0-mm group (actual mean TL = 5.9 
mm; 95% CI = 5.8-6.0 mm; mean maximum di- 
ameter = 0.7 mm) ranged froin 2% to 95%. The 
significant two-factor ANO'VA ( F  = 39.34; df = 

5, 34; P < 0.0001) and the significant interaction 
effect (P  = 0.0025) indicated that exclusion rates 
were higher for high-release: fish than for low-re- 
lease fish and slightly higher for 60" screens than 
for 45" screens. High-release fish released over the 
45" 1 .O-mm-slot-width screen were excluded at a 
lower rate (56%) than high-release fish tested with 
the 60" 1.0-mm-slot-width screen (68%; P = 0.20). 
Low-release fish released over the 45" 1.0-mm- 
slot-width screen had a 1owe:r exclusion rate (2%) 
than low-release fish tested with the 60" 1.0-mm- 
slot-width screen (22%; P = 0.009). High-release 
fish in tests with the 60" 0.5-rnm-slot-width screen 
were excluded at a higher rate (95%) than high- 
release fish released over the 60" 1.0-mm-slot- 
width screen (68%; P = 0.0008). Likewise, low- 
release fish were excluded at a higher rate when 
released over the 60" 0.5-nnm-slot-width screen 
(88%) than when released over the 60" 1.0-mm- 
slot-width screen (22%; P < 10.0001). High-release 
fish were excluded at higher rates than low-release 
fish when released over the 45" I .O-mm-slot-width 
screen (56% and 2Oh, respectively; P < 0.0001), 
the 60" 1.0-mm-slot-width screen (68% and 22%, 
respectively; P < 0.0001), and the 60" 0.5-mm- 
slot-width screen (95% and 8896, respectively; P 
= 0.036). The fortuitously collected survival rate 

data for 5.0-mm fathead minnow in 60" 0.5-mm- 
slot-width screen trials with high releases averaged 
28%, compared to 0% for low-release fish; no oth- 
er survival data were collected for 5.0-mm fathead 
minnow. 

Posttreatment mortality patterns were consistent 
across trials and fish sizes. Most fathead minnow 
that succumbed did so within 1-2 d after tests were 
conducted. Although the cause of mortality was 
not evident in all trials, some of the fish mortalities 
from low-release treatments had missing eyes, dis- 
rupted abdominal regions, or craniums that were 
distended or torn. 

Discussion 

High-velocity inclined profile-bar screens effec- 
tively excluded most life history stages of fathead 
minnow in laboratory tests and may have appli- 
cation in field situations. High exclusion and sur- 
vival of 45.0- and 22.5-mm fathead minnow 
screened by the 45" 1.0-mm-slot-width screen at 
the low overflow rate with a high release point 
suggested that additional tests of other profile-bar 
screen configurations with those size-classes 
would yield similar results. Thus, we chose to con- 
centrate additional effort on smaller life stages. 
Further justification for not focusing on larger life 
stages was given by Buell(1996,2000), who found 
100% survival and low injury rates for larger ju- 
venile rainbow trout Oncorhynchus mykiss (mean 
fork length [FL] = 36-1 89 mm) and Chinook 
salmon 0. tshawytscha (mean FL = 37-75 mm) 
that passed over a similar screen. 

In our experiments, larger fathead minnow were 
excluded and survived at higher rates than small 
fish. Nearly 100% of 12.5-mm and larger fathead 
minnow were excluded, and their survival rates 
were usually 60% or higher. We anticipate that fish 
larger than the ones we tested would also be ef- 
ficiently screened and should survive at high rates 
if the receiving water is of adequate volume and 
if the screen toe is well-watered. Conversely, ex- 
clusion rates for 5.0-mm fathead minnow were 
lower (except for the 0.5-mm-slot-width screen), 
and survival was low. Exclusion rates for 7.5-mm 
fish were intermediate between the 5.0- and 12.5- 
mm size-classes, but survival rates for 7.5-mm fish 
were generally low, especially in the low release 
position. Survival rates of small-bodied fish are 
confounded somewhat by high handling mortality, 
so the true effects of the screen on survival are 
difficult to discern. 

A comparison of slot width with the maximum 
diameter of fathead minnow showed that screening 
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was relatively efficienl For example, fathead min- 
now in the 7.5-mm group had a mean maximum 
cross-sectional diameter of about 0.85 mm, and 
likely a smaller compressible distailce when alive. 
However, in low and high releases, the 1 .O-mm- 
slot-width screens excluded an average of 67% of 
all fish tested. The exclusion rate for 5.0-mm fat- 
head minnow was higher than expected (62%) in 
high releases for the I .O-mm screen, given that 
their maximum diameter was 0.7 mm. Howevel; 
the exclusion rate for low-release 5.0-mm fathead 
minnow tested with a I .O-mm screen averaged 
only 12%, suggesting that individuals that had 
multiple encounters with screen slots larger than 
the fish's maximum diameter would usually be 
lost. High exclusion rates (96-100%) of 12.5-mm 
fish were likely because the mean maximum di- 
ameter of fathead minnow used was 2.0 mm, or 
twice as wide as the witlest screen slot width test- 
ed. 

The exclusion efficiency of high-velocity in- 
clined profile-bar screens used in this study was 
difficult to coinpare with that of existing studies 
because none have been completed with similar- 
sized fish (Buell 1996, 2000) and no studies have 
examined survival rates oS screened fish. Other 
profile-bar screen tests of exclusion rates have 
been conducted, but the,y used the traditional pos- 
itive barrier design for which approach velocities 
are comparatively low (e.g., 13-20 cmls; Zeitoun 
et al. 1981; Weisberg el  al. 1987). In spite of the 
functional differences between these approaches, 
some comparisons are warranted. Similar to our 
study, others found that larger fish were excluded 
at higher rates than sin,lller fish. and that a 1.0- 
mm-slot-width screen escluded most fish 10-mm 
TL or longer (Zeitoun el al. 1981 ; Weisberg et al. 
1987, references therein[). Weisberg et al. (1987) 
also found that more fish were excluded by a given 
slot width than would be expected based on the 
maximum width of the larvae. They suggested 
that, in addition to direct physical exclusion, cy- 
lindrical profile-bar screens have a hydrodynamic 
exclusion function that allows even weak-swiin- 
ming larvae to escape the flow field. Hydrodynam- 
ic exclusion was enhanced by flows perpendicular 
to the screen that exceeded through-screen veloc- 
ities and swept larvae away from the screen (Weis- 
berg et al. 1987), in a manner similar to sweeping 
velocities in front of the traditional stationary bar- 
rier-type screens. Such an exclusion mechanism 
lnay have operated in our experiments as well, 
even though water velocities over inclined profile- 
bar screens were very high. As high-velocity water 

swept larvae across the inclined screen face, en- 
trainment likely occurred only when a larva hap- 
pened to align precisely with the slot axis. 

Release position and screen configuration had 
important but often interacting effects on exclu- 
sion and survival rates of 12.5-mm or smaller fat- 
head minnow. For those size-classes, fathead min- 
now released high in the water column generally 
had similar or higher exclusion and survival rates 
than fish released low in the water column. This 
may have occurred because high-release fish had 
fewer screen contacts and a lower likelihood of 
entrainment. Fewer screen contacts should also re- 
duce the physical damage to fish and increase sur- 
vival. Examination of dead fish recovered in tests 
suggested that physical abrasion from the screen 
may have been the cause of mortality. From an 
application perspective, these data suggest that 
knowledge of the vertical distribution of fish spe- 
cies and life history stages in diverted water may 
guide expectations about the efficacy of screening 
to reduce entrainment loss. 

The effects of screen angle on exclusion rates 
of fathead minnow were mixed, but rates were 
generally higher for the 60" screen than the 45" 
screen. The effects of screen angle on survival 
rates were also mixed, but survival was slightly 
higher for the 45" screen than for the 60" screen. 
Thus, the screen angles we tested may not play a 
prominent role in determining exclusion and sur- 
vival rates of fathead minnow. 

The effects of slot width on the exclusion of 
fathead minnow in screen tests were more clear- 
cut. The 12.5-mm fathead minnow were effec- 
tively excluded by 1.0- and 0.5-mm screens; the 
0.5-mm-slot-width screen excluded substantially 
more 5.0-7.5-mm fathead minnow than the 1 .O- 
mm-slot-width screen. The effects of slot width on 
survival were mixed. More high-release fish sur- 
vived in tests with the 0.5-mm-slot-width screen 
than in tests with the 1.0-mm-slot-width screen, 
but low-release fish survived poorly, especially in 
tests with the 0.5-mm screen. Poor survival of low- 
release fathead minnow may have been due to 
higher frequency of screen contacts, because pro- 
file bars in the 0.5-mm screen were more closely 
spaced per unit of screen length compared to the 
1.0-mm screen. Although we did not assess post- 
treatment survival of 5.0-mm fathead minnow in 
most tests because of high handling mortality, ob- 
servations suggested that most of the recaptured 
fish that passed over the screen were moribund or 
dead. 

The role of screen slot size on fish exclllsion 
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rates in other studies has been less clear (Zeitoun 
et al. 198 1; -Weisberg et al. 1987). For example, 
weisberg et al. (1987) were unable to detect sta- 
tistically significant differences in entrainment 
rates of bay anchovy Anchoa mitchilli or naked 
goby Gobiosorna bosc arnong screens with slot 
widths of 1.0, 2.0, and 3.0 mm. However, entrain- 
ment rates of 8-10-mm TI, or larger bay anchovy 
and 7-8-mm TL, or larger naked goby were pro- 
gressively and substantially reduced in tests of 
srnaller slot-width screens. Weisberg et al. ( I  987) 
suggested that the low num.bers of entrained larvae 
collected in their study resulted in low statistical 
power to detect an effect of slot width, a result 
common to other studies (Zeitoun et al. 198 1). 

We hypothesized that screen overflow rate may 
have implications for fish position in the water 
column and, subsequently, entrainrnent and sur- 
vival rates. -We thought this because higher over- 
flow rates should reduce the average frequency of 
fish contact with the screen, thereby reducing en- 
trainment and mortality rates. However, exclusion 
rates of fathead minnow :in high overflow tests 
were similar to, or s1ightl:y lower than, those in 
low overflow tests. This may be due, in part, to 
the backwash of fish froin the capture net by tur- 
bulence during high overflow tests. Estimates of 
survival rates of fathead minnow in high overflow 
tests were similarly confounded by high net im- 
pingement mortality, and could not be adjusted 
wi.th screen control survival. rates because survival 
was often zero. Thus, the conclusions we can draw 
from these laboratory tests about effects of over- 
flow rate on exclusion and survival of fish are 
equivocal. In a field application, where survival of 
fish passing over a screen is not confounded by 
had l i ng  mortality, overflov~ rates higher than 10% 
(the low rate we used) may not be problematic as 
long as fish are not exposed to excessive turbu- 
lence or physical abrasion upon entering the re- 
ceiving water. The means to design a high-velocity 
screen with a low-velocity and relatively benign 
tailwater are discussed in Eluell (2000). 

We demonstrated successful exclusion and some 
level of survival for a variety of life stages of 
fathead minnow in our screen tests; we are there- 
fore compelled to comment on the generality of 
our results for other fishes. The general morphol- 
ogy of fathead minnow suggested to us that in- 
ferences from our tests were transferable to other 
species with similar or larger body sizes through 
ontogeny. Our results should also be general for 
many fish species and life stages because differ- 
ences in swimming ability, which importantly af- 

fect traditional barrier screen designs, are not like- 
l y  to affect exclusion and survival rates of fish that 
pass quickly over high-velocity inclined profile- 
bar screens. 

Criteria for selection of a particular inclined 
screen type should consider the life stage and size 
of fish targeted for exclusion. Our tests suggested 
that most fathead minnow 12.5 mm or larger 
should be excluded and survive at relatively high 
rates, regardless of screen angle or slot width. 
Screens with 0.5-mm slot widths are recommended 
for maximum exclusion of fish in the two smallest 
size-classes we tested. Managers should also con- 
sider the relative merits of screening many small 
fish that have high natural mortality rates com- 
pared to the benefit of screening fewer larger in- 
dividuals that may have more pos~tive benefit for 
the fish community should they reproduce. Tech- 
niques to estimate those relative merits, and the 
effects of recruitment forgone as a result of en- 
trainment loss of early life stages of fish, have been 
discussed elsewhere (Rago 1984; Jensen 1990). 

Screen selection criteria should also consider the 
hydraulic capacity and self-cleaning capability of 
each screen in relation to the quantity and type of 
debris anticipated in the stream (Wahl2000,2001). 
Weir modifications to maintain screen overflow 
may also be needed to reduce the potential for 
stranding fish on the screen toe when flows are 
reduced (Strong and Ott 1988). If these design 
issues can be overcome, managers of water di- 
version projects that require a low-maintenance 
screen to exclude relatively small life stages of 
fish and debris may want to consider high-velocity 
profile-bar screens as an alternative to more tra- 
ditional designs. 

Acknowledgments 

We lhank the Metro Wastewater Reclamation 
District, particularly T. Harris, J .  VanRoyen, B.  
Neal, and R. navies, for providing project funding 
and administration. A.  Covich, B. Dorhn, and D. 
Rein of Colorado State University also adminis- 
tered funding and provided advice. Laboratory and 
analytical assistance were provided by D. Beyers, 
P. Chapman, S. Kellman, and C. Sodergren. This 
manuscript benefited from the thorough reviews of 
J. Buell, M. Hansen, and an anonymous reviewer. 
This is Larval Fish Laboratory Contribution 133. 

References 

Anderson, D. R., W. A. Link, D. H. Johnson, and K. P. 
Burnham. 2001. Suggestions for presenting the re- 



PROF!LE.-BAR SCREEN EXCLUSION AND SURVIVAI ,  1239 

sults of data analyses. Journal of Wildlife Manage- 
ment 65:373-378. 

Buell, J.  W. 1996. Biological performance evaluation of 
an overflow weir profile-bar fish screen for East 
Fork Irrigation District. Buell and Associates, Final 
Report to the East Fork Hood River Irrigation Dis- 
trict, Parkdale, Oregon. 

Buell, J. W. 2000. Biological performance tests of East 
Fork Irrigation District's sand trap and fish screen 
facility: phase 1-1 999. Buell and Associates, Final 
Report to the East Fork Hood River Irrigation Dis- 
trict, Parkdale, Oregon. 

Clothier, W. D. 1953. Fish loss and movement in irri- 
gation diversions from the West Gallatin River, 
Montana. Journal of 'Wildlife Management 17: 144-- 
158. 

Hergenrader, G. L. ,  L. G.  Harrow: R. G. King., G. F. 
Cada, and A. B. Sch~lesinger. 1982. Larval fishes 
in the Missouri River and the effects of entrainment. 
Pages 185-223 irz L. W. Hesse et al., editors. The 
middle Missouri River. The Missouri River Study 
Group, Norfolk, Nebraska. 

Jensen, A. L. 1990. Estimation of recruitment forgone 
resulting from larval fish entrainment. Journal of 
Great Lakes Research 16(2):241-244. 

Johnson, D. H. 1999. Th~e insignificance of statistical 
significance testing. Journal of Wildlife Manage- 
ment 63:763-722. 

Jude, D. J., P. J. Mansfield., and M. Perrone, Jr. 1983. 
Impingement and entrainment of fish and effective- 
ness of the fish return system at the Monroe Power 
Plant, western Lake Erie, 1982-1983. Great Lakes 
Research Division, University of Michigan, Special 
Report No. 10 1 ,  Ann Arbor. 

McKay, E. H. 1987. Portable self-cleaning fish screen 
for low-flow water diversions. North American 
Journal of Fisheries Management 7:603-605. 

National Research Council. 1992. Restoration of aquatic 
ecosystems: science, ~technology, and public policy. 
National Academy Press, Washington, D.C. 

Newman, M. C. 1995. Quantitative methods in aquatic 
ecotoxicology. Adva:nces in trace substances re- 
search series. Lewis Publishers, Chelsea, Michigan. 

Pringle, C. M., M. C. Freeman, and B. J. Freeman. 2000. 

Regional effects of hydrological alterations on riv- 
erine niacrobiota in the New World: tropical-tem- 
perate comparisons. BioScience 50:807-823. 

Propst, D. L., and C.  A. Carlson. 1986. The distribution 
and status of warmwater fishes in the Platte River 
drainage, Colorado. Southwestern Naturalist 3 1 : 
149-1 68. 

Rego, P. J. 1984. Production foregone: an alternative 
method for assessing the consequences of fish en- 
trainment and impingement at power plants and oth- 
er water intakes. Ecological Modelling 24:79-1 I 1. 

Stevens, D. E., D. W. Kohlhorst, L. W. Miller, and D. 
W. Kelley. 1985. The decline of striped bass in the 
Sacramento-San Joaquin Estuary, California. Trans- 
actions of the American Fisheries Society 1 14: 12- 
30. 

Strong, J. J . ,  and R. F. Ott. 1.988. Intake screens for 
small hydro plants. Hydro Review 7:66-69. 

Eavnichek, V. H., A. P. Zale, and W. L.  Fisher. 1993. 
Entrainment of ichthyoplankton by a warmwater hy- 
droelectric facility. Transactions of the American 
Fisheries Society 122:709-716. 

Wahl, T. L,. 2000. Hydraulic tests of proposed Coanda- 
effect screens for Fulton Ditch: phase I test results. 
U.S. Department of the Interior, Bureau of Recla- 
mation, Water Resources Research Laboratory: Fi- 
nal Report to the Metro Wastewater Reclamation 
District, Denver. 

Wahl, T. L. 2001. Hydraulic performance of Coanda- 
effect screens. Journal of Hydraulic Engineering 
127(6):480-488. 

Weisberg, S .  B.,'w. H. Burton, F. Jacobs, and E. A. Ross. 
1987. Reductions in ichthyoplankton entrainment 
with fine-mesh, wedge-wire screens. North Amer- 
ican Journal of Fisheries Management 7:386-393. 

Yoccoz, N. G. 1991. Use, overuse, and misuse of sig- 
nificance tests in evolutionary biology and ecology. 
Bulletin of the Ecological Society of America 72: 
106-1 11. 

Zeitoun, I. H., J. A. Gulvas, and D. B. Roarbaugh. 1981. 
Effectiveness of fine-mesh cylindrical wedge-wire 
screens in reducing entrainment of Lake Michigan 
ichthyoplankton. Canadian Journal of Fisheries and 
Aquatic Sciences 38: 120-125. 


