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ABSTRACT 

Water associated with the Central Arizona Project 

(CAP) and its delivery systems attract wildlife. Crossing 

structures, alternate water sources, and fences have been 

built to reduce wildlife mortality associated with canals. 

Their effectiveness, however, has not been evaluated. I 

assessed the effectiveness of a woven wire and an electric 

fence located on the CAP and Tonopah Canals, respectively. 

The purpose of these fences was to prevent desert mule deer 

fOdocoileus hemionus crookil from entering canals. I 

established track plots to quantify differences in deer use 

between areas separated by the canals. I used line 

intercept transects to examine differences in the 

vegetation between the north and south sides of the CAP. 

Both types of fences were effective in keeping deer out of 

the canal. The north side of the CAP had more deer use and 

more ground cover than the south side. If future offshoot 

canals are small, they may be left unfenced, if follow-up 

studies reveal no significant wildlife mortality. 
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INTRODUCTION 

The development of canals to transport water to 

urban and agricultural areas has created serious threats to 

wildlife (Krausman et al. In Press). Canals may influence 

animal movements, alter the natural habitat, and attract 

wildlife (Rautenstrauch and Krausman 1986). Ungulate 

drownings in canals have occurred throughout the west and 

in some cases have caused extreme reductions in local 

wildlife populations (Furlow 1969, U.S. Dep. Inter. 

1974:83, E. A. Seaman, Wild and domestic mammal control in 

concrete-lined canals. U. S. Bur. Reclam., 54pp., 1977, 

Rautenstrauch and Krausman 1986). 

The CAP is one of the largest water projects in the 

United States. The canal passes linearly through >250 km 

of desert mule deer habitat. Prior to the implementation 

of mitigation measures for desert bighorn sheep (Ovis 

canadensis mexicana) and desert mule deer along the CAP, 

Krausman (1985) studied distributions and movements of 

these species. The suggested mitigations include 

construction of wildlife bridges to allow normal animal 

movements, fencing to prevent animals from entering the 

canal, and development of alternate water sources to reduce 

the attractiveness of water in the canal. 
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Desert mule deer habitat in this area is primarily 

open creosote (Larrea tridentata) flats with cover and 

browse in the washes. Krausman et al. (1985) found that 

washes were critical to >70 % of radio-collared deer. 

Researchers have concluded that deer use of habitats is 

closely tied to forage quality and diversity (Mackie 1970, 

Loft et al. 1984, Ordway and Krausman 1986, Beier and 

McCullough 1990.). Forage quality and diversity is 

determined in part by water availability. The CAP blocks 

the natural flow of washes draining the south side of the 

Belmont Mountains. R. R. Celentano and J. R. Garcia (The 

burro deer herd management plan, Calif. Dep. Fish and 

Game, 1984) and Krausman et al. (1985) reported that dry 

washes were migration corridors and travel lanes for desert 

deer. The CAP may disrupt normal animal movements, 

however, the placement of wildlife bridges at critical 

areas may ameliorate this problem. 

The CAP canals often back up rain water that drains 

from the north. Over time the additional water has created 

areas of unusually dense, lush vegetation or green-up 

areas. A study using aerial photography to quantify 

differences in vegetation between areas near the canal on 

the north and south sides revealed a significant increase 

in vegetation to the north (M. J. Pucherelli, Computer Data 

Systems Inc., unpubl. data, 1990). The impact of these 
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areas on deer movements and distribution has not been 

documented. 

Fences have been constructed along >250 km of the 

CAP. In areas that contain deer habitat, a 2.6 m woven-

wire, deer-proof fence was erected. The remainder of the 

canal was fenced with a 2 m chain link fence. The Tonopah 

canal was fenced with a 2.6 m electric wildlife fence. 

A single wire electric fence significantly reduces 

the cost of construction over a conventional 3 or 4 strand 

barbed wire fence (McKillop and Sibly 1988) . However, a 

single strand may be adequate to hold domestic stock but 

wildlife fences typically require 4 to 15 strands. 

Advances in fencing materials and methods have made 

possible reliable deer-proof electric fences that are more 

economical than conventional wildlife fences (Palmer et al. 

1985). 

Many experimenters have tested the effectiveness of 

electric fences to protect crops from deer depredation 

(Tierson 1969, Brenneman 1982, Porter 1983). In these 

instances a small percentage of deer penetrations is 

acceptable depending on the value of the crop and the 

damage created by each animal. The situation on the CAP 

and Tonopah canals is different; fences are constructed to 

protect the deer, not the crop. Deer penetrating the fence 

may drown in the canal, therefore the acceptable level of 
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penetration is not a simple economic formula of crop damage 

versus fencing expense. 

The free water in the canal is attractive to deer 

(Rautenstrauch and Krausman 1989), and there may be a very 

strong stimulus prompting deer to penetrate the fence. 

Water catchments have been built to provide alternate 

sources of water for wildlife, but the effectiveness of 

these catchments in deterring deer from attempting to enter 

the canal is unknown. 

My objectives were to determine the effectiveness of 

the 2 fence types used along the CAP and Tonopah canals to 

exclude deer, and to assess deer movements in the areas 

separated by the canals. I also quantified vegetational 

differences between green-up areas and random desert areas. 
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STUDY AREA 

The CAP delivers water from the Colorado River near 

Parker, Arizona to Phoenix and Tucson. The Hayden-Rhodes 

Aqueduct (HRA) includes 179 km of canal extending from the 

Parker Dam to the start of the Tucson Aqueduct (Fig. 1). 

The canal along most of this route is 5.7 m deep and 24.4 m 

wide at the top. It is fenced with a 2.6 m high, woven 

wire, deer-proof fence. The mesh at ground level is 8 x 16 

cm, and 20 x 31 cm at the top (Fig. 2). I have observed 

animals as large as coyotes (Canis latrans) crawling 

through and under the fence. 

The Tonopah Canal is 1.3 m deep and 4.3m wide at 

the top. It branches off the CAP 200 m west of Hot Rock 

Mountain. The first 5 km of this canal is fenced (Fig. 3) 

with a 2.6 m high electric fence (Snell Systems, Inc. San 

Antonio, Tex.). The fence has 14 strands of alternately 

charged and grounded wires with a spacing of 15 cm near the 

bottom and 25 cm at the top. In areas where washes run 

under the lowest wire, lengths of galvanized chain hung 

from the lowest charged wire at a spacing of 8 cm. A flood 

controller was used to shut off current to these chains 

when water in the wash shorts them out. The canal flows 

unfenced for another 1 km and then quickly branches into 

smaller canals that irrigate cotton and alfalfa fields. 

The power to the electrified fence is supplied by 4 units 
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Figure 1. The Hayden-Rhodes Aqueduct of the Central 

Arizona Project. 



Figure 2. The woven-wire deer proof fence along the 

Central Arizona Project, Arizona. 
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Figure 3. The electrified fence along the Tonopah 

Canal, Arizona. 
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using 110 volt input and located at the head of the canal. 

The fence is charged with 4,000-6,000 volts and 20-40 amps 

pulsed at 1/3,000 second. Estimated monthly costs for 

energizing the fence are $l-2/month (H. Messing, U. S. Bur. 

Reclamation, pers. commun.). The final cost of 

construction was $35,313/km (H. Messing, U. S. Bur. 

Reclamation, pers. commun.). The cost of fencing the CAP 

with woven-wire deer-proof fencing was $47,800/km in 1984 
t  

(Busch et al. 1984). 

The core study area was the first 5 km of the 

Tonopah Canal. I also monitored 2.5 km of the CAP upstream 

and downstream (5 km total) from the juncture with the 

Tonopah Canal. The Belmont Mountains, Maricopa County, 

located 80 km west of Phoenix, are directly north and 

adjacent to this stretch of the CAP (Fig. 4). Elevations 

range from 426 to 914 m. The topography and vegetation 

changes abruptly where the desert floor meets the granite 

and volcanic uplifts of the Belmont Mountains. All of the 

vegetation along the canal in this area was classified as 

creosote flats by Krausman (1985). 

Krausman (1985) established seasons for this area 

based on temperature, precipitation, and animal behavior: 

summer (Jul, Aug, Sep), fall (Oct, Nov, Dec), winter (Jan, 

Feb, Mar), and spring (Apr, May, Jun). The average yearly 

precipitation is 20 cm and summer temperatures commonly 

exceed 45 C. 
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Figure 4. A portion of the Hayden-Rhodes Aqueduct and the 

Tonopah Canal, that are a part of the Central Arizona 

Project. 



18 

Ranching and mining have been common uses of the 

Belmont Mountains. Domestic cattle are placed on the range 

each spring, yet most of the livestock stay on the northern 

slopes of the mountains. Mining has been limited in the 

last few years with only 2 large-scale mines in operation. 

Camping, hunting, and off-road vehicle use occur 

sporadically. In summer months illegal swimming and 

fishing occur in the canal. Water sources for wildlife 

were developed for mitigation of the CAP, and there are 10 

game catchments and 2 cattle troughs that are permanent 

sources of water on the southern side of the mountains. 

Additional dirt tanks and wells provide water in all but 

the driest months. General descriptions of the study area 

are provided in the Final Environmental Statement of the 

CAP (U.S. Dep. Interior 1974), and by Krausman (1985), and 

Hervert and Krausman (1986). 
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METHODS 

From May 1989 to May 1990, I surveyed the 

maintenance roads on each side of the canal looking for 

deer inside the canal fence. I established track plots (1 

x 2 m of raked and smoothed dust) at all areas where deer 

might be able to crawl under the fence and at all crossing 

structures. I checked them 3x/week initially or once a 

week if deer use was minimal. Beginning on 2 October 1989 

and ending on 1 July 1990, I patrolled each fence on foot 

2x/month. These procedures ensured that any deer 

penetrating the fence would be recorded. 

The 2 canals divided my study area into 3 sections: 

north, southeast, and southwest (Fig 4). An earlier study 

(Krausman 1985) suggested that deer use of these 3 areas 

might not be homogeneous. Therefore, deer-fence contacts 

would be disproportionate, and any fence penetrations would 

have to be weighted by deer-fence contacts. I assessed 

deer activity and potential deer-fence contacts by 

establishing 20 track plots in each section. Ten were 

located <50 m from the fence (Canal), and 10 were >100 m 

from the fence (Desert). All plots were located in or near 

washes because of the importance of washes to deer 

movements (Krausman et al. 1985). I read and cleared these 

plots lX/week. I estimated the number of deer to cross 

each plot/week and took the mean of all 10 plots in each 
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section. Differences in the number of deer tracks on plots 

between sections were examined with analysis of variance 

and Duncan's multiple range test. Means between Desert 

plots and Canal plots were tested with Student's t-test. 

All values were significant at the P < 0.05 level. 

The CAP bisects the natural north to south flow of 

washes. Because only the very largest washes have 

overchutes to allow normal drainage, all of the small to 

medium sized washes are blocked, creating green-up areas on 

the north side of the canal. The vegetation south of the 

canal appears very dry and sparse because it is deprived of 

the natural flow of washes. To quantify these differences, 

I ran 4 series of line intercept transects (Canfield 1941) 

located 75-100 m from the CAP (Canal) and 300-400 m from 

the CAP (Desert) on the north and south sides of the canal. 

Each transect consisted of 20 randomly placed centers from 

which a 30 m tape was stretched in 4 directions at right 

angles, the first randomly selected by looking at the 

second hand of a watch. The vegetation was sparse and 

there was no occurance of double sampling at the 

intersection of the lines. The Tonopah Canal flows 

parallel to the washes and does not have the same effect as 

the CAP in altering the vegetation. I recorded relative 

frequency of occurrence for all species of forbs and 

browse. Percent thermal cover (any vegetation [except 

creosote] >1 m high that could provide shade for a deer) 
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and ground cover were also measured on these transects. 

Differences in the percentage of ground cover in the 4 

areas were examined with analysis of variance and Duncan's 

multiple range test. A t-test was used to compare the 

vegetative condition on the north and the south sides of 

the canal. All values were significant at the P < 0.05 

level. I did not include relative frequency of occurrence 

of plant species in the analysis if the species occurred on 

<5 % of a transect or if it was found in <10 % of the 

overall plots (Krausman and Leopold 1986). 
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RESULTS 

From 2 October 1989 to 9 February 1990, 25 deer 

penetrated the electric fence, and 1 penetrated the woven 

wire fence. All penetrations of the electric fence were in 

washes where deer crawled under the chains (Fig. 5). These 

areas were reinforced on 9 February 1990 to prevent further 

deer penetrations (Fig. 6). I continued patrolling the 

fences for 5 months after the repairs were made and there 

were no deer penetrations of either fence during that time. 

Deer use of the 3 sections was not homogeneous 

(Table 1). Data from track plots revealed a mean of 0.42 

deer tracks/week for the north section, 0.13 for the 

southeast section, and 0.10 for the southwest section. 

Deer use of the north section was significantly different 

from that in the other 2 sections in all seasons. A t-test 

comparing deer tracks near the fence (Canal) with tracks in 

the desert (Desert) showed significantly more activity near 

the fence (P < 0.001). This difference was apparent in all 

seasons except fall (P = 0.080). Deer use of the green-up 

areas on the north side of the canal was greater than in 

all other areas (Table 1). 

Ground cover in green-up areas on the north side of 

the canal was significantly different from both series of 

transects south of the canal. A t-test grouping both Canal 

and Desert transects yielded a significantly higher 
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Figure 5. Chains hanging over a wash along the Tonopah 

Canal, Arizona. 
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Figure 6. Reinforced fence along the Tonopah Canal, Arizona. 
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Table 1. Mean mule deer crossing/plot/week along the 

Central Arizona Project (CAP) and Tonopah Canals, from May 

1989 to May 1990, Maricopa County. 

Area Canal Desert Total 

North 0.6103 0.2195 0.4166 

Southeast 0.1494 0.1195 0.1327 

Southwest 0.1314 0.0660 0.1033 

Total 0.2778 0.1324 0.2060 

a 
Canal-North > all others. 

b 
Desert-North > Desert-Southeast, Desert-Southwest, 

Canal-Southwest. 

c 
North > Southeast or Southwest. 

d 
Canal > Desert. 
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percentage of ground cover on the north than on the south 

side of the canal (P = 0.013) (Table 2). Creosote was the 

only species that showed a significant difference between 

the north and south sides of the canal; it was more 

prevalent on the south side (P = 0.03). Presence of 

thermal cover and other species comparisons were not 

significantly different between areas (Appendix A). 
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Table 2. Percent ground cover, in July 1990, on 4 series 

of 20 random line transects along the Central Arizona 

Project and in the Desert. 

Area Canal Desert Total 

a b 
North 0.1970 0.1622 0.1796 

South 0.1341 0.1583 0.1462 

Total 0.1656 0.1602 0.1629 

a 
Canal-North > Canal-South and Desert-South. 

b 
North > South. 
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DISCUSSION 

Both types of fences examined effectively excluded 

deer from the canals; the one deer penetrating the woven 

wire fence probably gained access via an open gate. Road 

construction along the canal was occurring at that time and 

many gates were left open and unattended for long periods 

throughout the day. Open gates, damage from vandalism, and 

wash-outs and erosion under the fence are suspected reasons 

for most deer-canal interactions (R. Christofferson and C. 

Heath, Central Arizona Project wildlife monitoring studies. 

U. S. Bureau of Reclamation, 1988; Krausman et al. In 

Press). The hanging chain method in washes (Gallagher and 

Snell) did not exclude deer. The very dry soil conditions, 

caused the electrically charged chains to produce only a 

mild shock unless charged and grounded wires were touched 

simultaneously (H. Messing, U. S. Bur. Reclamation, pers. 

commun.). 

The cost-effectiveness of the electric fence is 

similar to that of standard fences, but represents a 

marginal savings over the woven wire fence ($35,000/km for 

electric vs. $47,000/km for woven-wire). Equally effective 

electric fence designs (Tierson 1969, Brenneman 1982, 

Porter 1983, Palmer 1985) use significantly less material. 

It is unknown how much of a cost savings could be realized 

by constructing a more modest fence, but previous research 
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on electric fencing to prevent deer depredation of crops 

reports costs for fencing materials from $0.15 - $0.72/m 

(Brenneman 1982, Porter 1983, and Palmer et al. 1985). 

Consideration also must be given to the size of the 

Tonopah Canal and the danger it may or may not represent to 

wildlife. Even at peak flows in the summer, the water 

velocity and depth may not be a significant threat to deer. 

Large concrete blocks are located every 20-30 m to slow the 

flow of water in the upper sections, and Richmond ramps are 

in place in the unfenced portion near the end of the canal. 

Similar escape ramps are effective in preventing deer 

losses in other areas (Fry et al. 1984, E. A. Seaman, Wild 

and domestic mammal control in concrete-lined canals. U. S. 

Bur. Reclam., 54pp., 1977, Rautenstrauch and Krausman 

1989). 

From observing the water flow in the Tonopah Canal 

throughout the year, I believe that adult deer would have 

no difficulty in escaping the canal. Pregnant does could 

easily jump across the canal, or jump out if they fell in. 

The threat this canal posses to fawns, however, is 

undetermined. There have been few reports of fawns 

drowning in canals similar to the Tonopah canal. Krausman 

and Hervert (1984) mention fawns, but gave no indication of 

drowning rates. It may be that drowned fawns are difficult 

to observe, or that fawns do not come in contact with 

canals. Fawns that are old enough to move about the desert 
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floor (and consequently come in contact with the canal) are 

probably strong enough to escape from this small canal. In 

1989 and 1990 the water in the Tonopah Canal was shut off 

about the same time that fawns are first observed (Sep), 

further reducing the threat of this canal to deer. In 

light of the small size of the Tonopah Canal and the 

effectiveness of Richmond Ramps, future offshoot canals 

from the CAP may be left unfenced. 

Deer activity was significantly more pronounced on 

the northern side of the canal than on the southern side. 

South of the canal the vegetation association is a creosote 

flat with little topographic relief, while to the north the 

Belmont Mountains may provide needed escape cover. There 

was more activity along the canal fence than in the desert. 

Increased activity may reflect the use of green-up areas. 

Increased use of the canal area indicates that the presence 

of the canal does not deter deer from using areas adjacent 

to the canal. 

The green-up areas to the north may also provide 

better thermal and hiding cover and better forage quality 

than areas away from the canal. My methodology of 

quantifying vegetational differences was not directly aimed 

at assessing these green-up areas. The location of line 

intercept transects in my study was randomized, and caused 

most transects to be taken in areas between washes, while 

the localized effect causing the green-up is restricted to 
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the washes. Had all transects been located in washes, 

differences may have been more pronounced. Also the line 

transect method only assesses the amount of plant material. 

My personal observations suggested that the ironwood 

(Olneva tesota) and palo verde (Cercidium microphvllum) 

trees in the green-up areas were much more lush than the 

same species south of the canal. In the years since the 

construction of the canal, the north side has already shown 

dramatic vegetational changes. M. J. Pucherelli, (Computer 

Data Systems Inc., unpubl. data) found a significant 

increase in vegetation north of the canal using aerial 

photographs. He did not find a decrease to the south, and 

there was some evidence that there was also an increase in 

vegetation to the south. But his study used photos taken 

between 1974 and 1987. Trees near the canal on the south 

side, deprived of the flow of washes, may be dying. It may 

be another 10 or 20 years before these deaths are evident, 

but clearly the natural water flow that historically 

provided water to this riparian vegetation has been 

interrupted. 

Though most species were only present in trace 

amounts, there is more diversity of plant species north of 

the CAP, especially in the series near the canal where the 

green-up effect is most noticeable (Appendix A). This 

increased species diversity may be beneficial to mule deer. 

Many studies have shown that diversity of habitat is 
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directly correlated to deer use (Loft et al. 1984, Ordway 

and Krausman 1986, Beier and McCullough 1990). However, 

this potential benefit to the north side of the canal 

surely comes at the expense to the habitat south of the 

canal where ground cover is reduced and the large trees in 

washes are likely to die in the next several years. 

Most canal crossings in this area are being used 

(Cashman and Krausman, In Press). Use is especially heavy 

around Hot Rock Mountain, and deer continue to use areas on 

both sides of both of the canals. Access to important 

habitat has not been affected by the canals. The 

availability of water is roughly equal in the 3 sections; 

north of the canal there are several water catchments, 

there is 1 in the southeast section, and there are 

cropfields that could provide water within 3 km of the 

southwest section. 

If future offshoot canals are small in size, I would 

recommend that they be left unfenced. A follow-up study 

should be undertaken to document any wildlife mortality. 

If fencing is deemed necessary, woven wire or electric 

fencing may be used. After modifications were made to the 

electric fence, it proved to be an effective method of 

keeping deer out of the canal. All fences must be 

regularly patrolled to assure that gates are kept closed, 

that erosion does not create openings, and vandals do not 

cut holes in the fence. When bridges are available, deer 
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will cross canals to gain access to important habitat. 

Perhaps the most interesting finding is that of the green-

up effect. Future studies should address both sides of 

canals; where green-up is likely to improve forage quality 

and diversity, and where interruption of washes may kill or 

reduce ground and thermal cover. 
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Appendix A. Mean percent occurrence of ground cover, 

thermal cover, and plant species on 4 series of 20 line 

transects. Each transect consisted of 4 30m lines at right 

angles to each other. The series were located in the 

desert and near the canal (300-400m and 75-100m from the 

canal, respectively) on the north and south sides of the 

Central Arizona Project. 

North North South South 

Vegetation Desert Canal Canal Desert 

Ground cover 0. 162 0. 197 0. 134 0. 158 

Thermal cover 0. 022 0. 028 0. 012 0. 013 

Larrea tridentata 0. 066 0. 057 0. 069 0. 092 

Ambrosia deltoidea 0. 056 0. 067 0. 046 0. 044 

Abrosia dumosa - 0. 016 0. 003 0. 002 

Encelia farinosa 0. 001 0. 013 - -

Krameria aravi 0. 003 0. 003 0. 002 0. 003 

Lvcium SDD. 0. 008 0. 006 0. 002 0. 002 

Olneva tesota 0. 011 0. 015 0. 004 0. 010 

Cercidium microohvllum 0. 009 0. 014 0. 008 0. 003 

Ambrosia ambrosioides - 0. 002 - -

Hymenoclea salsola - 0. 002 - 0. 001 

Baccharis sarothroides - 0. 001 - -

Acacia SDD. 0. 002 - - -

Prosoois alandulosa 0. 003 - — — 
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