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ABSTRACT

Irrigated crop production is critical to global agricultural output. Surface irrigation, mostly furrow irrigation,
accounts for >60% of Earth's 240 million irrigated hectares. Erosion seriously threatens irrigation's ability to
sustain its 2X yield advantage over rainfed agriculture and risks serious environmental and food security
consequences to earth's mushrooming human population. Furrow irrigation-induced erosion is nearly eliminated
by small additions of water-soluble polyacrylamide (PAM) to irrigation water. PAM is an environmentally safe
industrial flocculent widely used in municipal water treatment, paper manufacturing, food processing and other
sensitive applications. On freshly cultivated furrows, 1 kg/ha•of PAM applied in the irrigation inflow at 10 g/m 3
during water advance (only), reduced sediment in runoff 94% and increased net infiltration 15% in 3 yrs of
Agricultural Research Service tests in Idaho on Portneuf silt loam soils (coarse-silty, mixed, mesic Durixerollic
Calciorthids). PAM products are now registered throughout the western United States. the Natural Resources
Conservation Service published a PAM-use practice standard in January 1995. In 1995, the first year of product
commercialization, 20,000 ha of furrow irrigated land used PAM, halting an estimated 0.9 million metric tons of
erosion. With PAM-use, irrigation return flows have had reduced sediment, biochemical oxygen demand (BOD),
total phosphorus, and various pesticides. Many irrigation farmers who have viewed traditional conservation
practices as cumbersome, intrusive, or ineffectual, adopt PAM-use as an attractive inexpensive alternative. The
typical $37-$88/ha per crop costs, are partially or entirely retrieved by savings in erosion-related field operations,
improved infiltration, water conservation, or crop responses. Pam-use in irrigation is expected to expand rapidly in
1996.

INTRODUCTION

Polyacrylamide treatment of irrigation water is one of the fastest growing conservation technologies in irrigated
agriculture. PAMs were registered in most states west of the Mississippi River by late 1994, and the Natural
Resources Conservation Service (NRCS) published an interim conservation practice standard for PAM-use in
January 1995 (Anonymous, 1995). In 1995, its first year of commercial use, about 20,000 ha were PAM-treated,
saving as much as 0.9 million metric tons of soil (Sojka and Lentz, 1996). PAM's appeal to irrigators, stems from
recognition of irrigated agriculture's value, erosion's threat, and PAM's efficacy and ease of use.

IMPORTANCE OF IRRIGATED AGRICULTURE

Some 240 million (15-17%) of Earth's 1.2 to 1.4 x 10 9 ha of crop land are irrigated, mostly surface irrigated
(Hoffman et al., 1990; Gleick, 1993). In the US about 13 million ha (53%) are surface irrigated, mostly by furrow
(Anonymous, 1996).
Irrigation occurs mostly in arid climates (Bucks et al., 1990) where photosynthetic rates are high (few clouds), and
disease, insect, and weed pressures are low, minimizing fungicide, herbicide, and pesticide inputs. Arid soils need
little potassium fertilizer or lime; their neutral to basic pH and low organic matter minimize required rates of soil
incorporated herbicides (Ross and Lembi, 1985).
With water, nutrients, and pest control optimized, irrigated commodities attain higher quality than rain-fed.
Irrigated yields are twice the average rain-fed yields, accounting for 1/3 of all crop yield, and half of all crop value
(Rangeley, 1987; Bucks et al., 1990). About 50 million hectares of Earth's best irrigated land grows 1/3 of her
entire food crop (Tribe, 1994).

EROSION'S THREAT TO IRRIGATED AGRICULTURE SUSTAINABILITY

Irrigated agriculture's high productivity strategically enables the feeding and clothing of Earth's exploding
population, yet, the arid and semi-arid soils supporting it have thin erodible surface horizons. Furrow outflow soil
losses of 5-50 tons/ha/yr are common in the US Pacific Northwest, with >3 times the field average loss occurring



near intiows (berg and Caner, 1980; Kemper et al, 1985: Fornstrom and Borelli. 1984: Trout. 1996;. Thus.
irngated agriculture's productivity is seriously endangered by and soil erodibility, and irrigation-induced erosion
(Carter. 1993). Some 0.5 x 109 ha of grasslands. rain forests. or wetlands would be needed to replace imgated
agricuiture's output if imgation were eliminated.
Many conservation practices for furrow irrigation have been developed since 1970 (Sojka, 1997). Several
eliminate >80% of runoff-carried sediment. Yet, few practices are widely accepted, even after decades of
promotion and demonstration. This is largely because residue placement, reduced tillage etc. are regarded as
inconvenient and intrusive by furrow irrigators, who prefer smooth clear furrows to convey water. Furthermore.
practices that reduce sediment loss 60-70% still lose most of the clay-sized solids (Brown et al., 1981). the soil
component most critical to sustained soil fertility. These solids also are most linked to BOD, pesticide, and
eutrophying nutrient problems in return-flow receiving waters.
PAM-use has proven highly effective for erosion control and infiltration enhancement. and is well received by
furrow irrigators. This paper summarizes results and insights obtained over five years of experimentation with
small amounts of polyacrylamide (PAM) dissolved in irrigation water.

GENERAL METHODOLOGY

The results discussed were obtained from a series of studies conducted from 1991 through 1995 at or near the
USDA Agricultural Research Service's Northwest Irrigation and Soils Research Laboratory in Kimberly, Idaho.
Soils included Xeroilic Hapiargids and Haploxerollic Durangids, but most studies were on Portneuf Silt loam
(coarse-silty, mixed, mesic Durixerollic Calciorthids). Surface horizons and general physical and chemical
characteristics of all soils were similar. Textures were silt towns (10-21% clay, 60-75% silt). Organic matter
ranged from 10-13 g/kg. Saturated paste extract EC was 0.7 to 1.3 dS/m, ESP was 1.4 to 1.7, pH was 7.6-8.0 with
CaCO, equivalent of 2-8%. Slopes varied from 0.5 to 3.5%. but unless noted otherwise, data generally reflect
slopes of 1 to 1.5%.

Water was applied as furrow irrigation (usually either via spigoted plastic pipe or siphon tubes) to conventionally
tilled fields, usually disked in Autumn and Spring, then roller harrowed following incorporation of fertilizer and
herbicides prior to planting. Furrows ranged' from 175 to 264 meters in length; they varied from 10 to 20 cm in
depth. depending on crop grown. and were prepared with weighted 75 m shaping tools. Furrow spacing vaned with
crops, which included edible dry beans (Phaseolus vulgaris) 56 cm. Corn (Zea mays) 76 cm and Potato
(Solanum tuberosa) c 91.5 cm. Imgation was normally on every other furrow oniy, usually in wheel-track furrows.
Per hectare sediment-loss and infiltration were calculated based on the spacing between irrigated furrows.
Irrigation water was withdrawn from me Twin Falls Canal Company- system and haa an electrical conductivity
(EC) of 0.5 dS/m and a sodium adsorption ratio (SAR) of 0.4 to 0.7. Net infiltration, runoff, and sediment-loss
measurements were accomplished by use of periodic flow monitoring and sampling and automated data analysis
similar to methods described in detail elsewhere (Sojka et al. 1992 and 1994, Lentz and Sojka, 1994a and 1995).
Polyacrylamide (PAM) copolymers used, unless noted otherwise, was a dry granular material having an
approximate molecular weight of 12-15 Mg/mole, with an 18% negative charge density, manufactured by CYTEC
Industries of Wayne. NJ. It is marketed in the US by American Cyanamid Company under the trade name
Superfloc 836A. Numerous similar materials, granular. compressed cakes, and high concentrate liquids are widely
available world wide. Unless noted otherwise, our most frequent means of application involved preparation o'
liquid stock solutions of 1200-2400 g/m 3 concentration which were metered into furrow stream flows to achieve E
concentration of 10 g/rn' in tne advancing water flow before runoff began. Typical flow rates ranged 13-38 L/Mir
dunng advance, reduced to 13-23 Umin at initiation of runoff.

PAM'S CONSERVATION BENEFITS

Polyacrylamide (PAM) has been an effective, economical erosion preventative under a variety of field conditions.
(Fig. 1) when dissolved at 10 g/m 3 in the advance phase (only) of furrow imgation inflow streams (Lentz et a;..
1992: Lentz and Sojka. 1994b; Lentz, 1996). Polyacrylamide copolymers having molecular weignts of 12-1
Mg/mol and charge densities of 8-35% are most effective. Environmental regulation. safety and toxicity issues
have been reviewed by Seybold (1994) and Barvenik (1994). In the US. PAMs are used in potable wate r'

treatment. food processing and other sensitive applications. No significant negative impacts have been
documented for aquatic, edaphic or crop species for PAM applied at recommended concentrations and rates.

Mention of trademarks. oroonetary oroaucts. or venaors neitner constitutes a guarantee or warranty of tne oroauct by tnt
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Figure 1. Estimate of soil saved as a function of slope for twelve hour irrigations on Portneuf silt loam using
inflows of 23-38 L/min for an approximately 200 meter long field.

Advancing furrow streams containing 10 g/m 3 PAM provided a 94% reduction in runoff-sediment in three years of
tests (Lentz et al., 1992: Sojka and Lentz, 1993: Trout and Lentz, 1993: Lentz and Sojka, 1994b, Sojka and Lentz,
1993. 1994a). With PAM-use sediments were retained on fields, even with conventional clean-tillage, using no
other conservation practices (Lentz and Sojka, 1994b). PAM is a flocculent that effectively retains nearly all
clay-sized material.

PAM used according to the NRCS practice standard (Anonymous, 1995) increased infiltration 15% on Portneuf silt
loam (Lentz et al, 1992. Trout and Lentz. 1993; Lentz and Sojka, 1994b: Trout et al.. 1995) and up to 50% on finer
textured soils (McCutchan et al., 1994). PAM can increase initial infiltration on swelling soils, but may not always
affect net infiltration since subsoil swelling blocks water entry as an irrigation proceeds (Mitchell, 1986). Because
PAM-treated furrows did not down-cut, water infiltrated in Idaho tests moved 25% further laterally from 10 cm
aeep furrows between level soil beds (Lentz et al., 1992). Thus PAM-use can save water in early irrigations when
only enough needs to be applied to reach planted seeds or young seedlings.

PAM'S MODE OF ACTION

The most effective and environmentally safe PAMs are large negatively charged molecules (Lentz et al., 1993).
Divalent cations in water bridge the PAM and soil, increasing soil cohesion and strengthening aggregates
contacted in the furrow (De Boodt, 1990: Barvenik, 1994, Sojka and Lentz, 1994b). Soil particles at the furrow's
soil-water interface are bound together, preventing detachment and transport of sediments in runoff. Soil
erodibility is reduced by improved inter-aggregate bonding and by protecting surface roughness. PAM only
penetrates soil a few millimeters in the furrow (Malik et al. 1991) These, however, are the few millimeters critical
to the erosion process. And since the wetted perimeter only exposes about 25-30% of the soil surface to flowing
water. PAM's properties are effective at very low application rates, typically 1 kg/ha.

PAM is a settling agent. It flocculates (clusters together) dispersed clay and silt particles carried in the flow.
enabling them to settle to the furrow bottom. 	 This reduces the amount of suspended fines that plug pores and
reduce	 infiltration compared to sediment-laden water. 	 Pore aperture maintenance was confirmed in treated
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decreases runoff rate ana amount, further reducing stream force, carrying capacity, and transport volume.
PAM's large molecular size slightly changes the viscosity and surface tension of water. It may also induce laminar
flow near the soil-water interface Further needs to determine the extent to which these cnanges affect
propagation and transfer of shear forces causing detachment of soil particles.

DESCRIPTION OF THE PRACTICE

PAM is used most often as follows (Anonymous, 1995): One of several registered polyacrylamide copolymer
products is used. These PAM copolymers are large molecules, containing over 100,000 monomer units per
molecule. They typically have 18% negative charge density. US products contain <0.05% free (unreacted)
acrylamide monomer by weight (<0.025% in Europe). The negative charge results when one in five amide
functional groups is replaced with sodium formate. The sodium cation dissociates in water, leaving a negative
charge for each cation dissociated.

These water soluble PAMs are metered into irrigation supply ditches, either as concentrated stock solutions, or as
dry granules. If dry granules are metered into the flow, one must also provide turbulence in the head ditch just
below the point of addition to promote uniform PAM dissolution and distribution. Supply-ditch PAM concentration
is brought to 10 g/m 3 (Lentz et al., 1995). The 10 g/m 3 water is delivered to dry furrows at inflow rates that rapidly
advance water across the field.

It is essential that no untreated water wet the furrow ahead of the PAM-treated flow. Untreated water destroys soil
structure of erodible soils before PAM-treatment, greatly reducing PAM's affect. Wet furrows also reduce
infiltration of PAM-treated water through the soil-water interface, delivering less PAM to the thin layer of soil along
the wetted penmeter. This reduced application efficiency may also increase PAM-loss, increasing cost and the
risk of delivering PAM to non-targeted waters.

When water reaches the end of the furrow. introduction of PAM into the head ditch is stopped. Untreated water is
used for the balance of the irrigation. in most production fields the advance period consists of about the first
quarter of a total irrigation period, which typically lasts either 12 or 24 hours. When runoff begins, it is generally
recommended that inflows be reduced to the least needed to sustain a minimal runoff rate. In five years of
testing in Idaho, this application method has required about 1 kg/ha of PAM per treatment (Lentz and Sojka,
1994b, Lentz and Sojka, 1996). If furrows are undisturbed between irrigations, erosion protection declines about
50% per untreated irrigation (Lentz et al. 1992). Furrows disturbed by traffic or cultivation must be retreated at the
10 g/m 3 rate during inflow advance. Undisturbed furrows typically erode less late in the season (Brown et al.,
1995). Vegetation often intrudes into furrow bottoms late in the season (Fig. 2). Shading of furrows slows UV
deterioration of PAM and physical destruction of polymer bonds caused by soil shrinking and swelling.

Figure 2. Example of season long reduction in erosion with PAM use in potatoes grown in Portneuf silt loam soils
on 1 5% sione union inflows of 23-46 Ornin a 200 meter Imo field



Season-long application requirement varies with crop, cultural practices, and growing season length (number of
i rrigations). Typically 3 to 7 treated (( 1 kg/ha) irrigations will provide excellent seasonal erosion reduction.
Granular PAM is available to farmers for $9/kg to $12/kg. PAM head ditch applicators can be purchased for a few
hundred dollars each. Seasonal costs are low enough to be attractive to most farmers. In addition costs are offset
by eliminated need to construct sediment retention basins, or at least, reduced basin maintenance. Furrow
reshaping (cultivation), at $9/ha to $18/ha, is often eliminated.

Halting erosion prevents exposure in furrow bottoms of soil not treated with herbicides, thus reducing potential
late-season weed problems. Applied pesticide and fertilizer inputs are better retained on the field, with less loss by
erosion to receiving waters or riparian areas (Agassi et al., 1995; Singh et al., 1996; Bahr et al., 1996; Bahr and
Steiber, 1996). Because virtually no soil is suspended in flowing water, the runoff contains few dissolved organics
and nutrients (Lentz and Sojka, 1994b; Bahr et al., 1996).

PAM was used to increase furrow inflows while still controlling erosion (Sojka et al. 1995). This reduced water
advance time, allowing more uniform infiltration from upper to lower field ends, improving potato yield and grade
and reducing the risk of nitrate leaching from over-irrigation of the upper reaches.

CONCLUSIONS

PAM-use for erosion control can be a potent tool for achieving agricultural sustainability. It provides a potent
environmental benefit. It halts furrow irrigation erosion by about 16 kg/g of PAM used. It removes most sediment,
phosphorus and pesticides from return flows, and greatly reduces return flow BOD. It increases infiltration,
enabling water conservation. Reduced sediment and nutrient loading of riparian areas can ultimately be expected
to reduce the frequency and intensity of algal blooms, reduce turbidity and sedimentation of stream bottoms,
decelerate reservoir sedimentation and wear on hydropower machinery.

PAM-use allows changes in furrow management that should provide more uniform water application. Coupling
PAM-use with improved water management (e.g. accelerated inflow advance to improve field infiltration
uniformity) is expected to reduce leaching of applied nitrates and to increase crop quality and net returns.

Detailed cost analyses of PAM-use are not yet available, We do know that expenses related to furrow reshaping
and sediment pond or ditch cleaning are reduced. PAM-use also conserves fuel, lessens air pollution, and
reduces equipment wear and labor.

Perhaps most importantly, farmers have been enthusiastic to adopt this new practice. Because there is
enthusiasm for the practice, its potential for implementation and, hence, erosion and pollution reduction is
particularly promising.
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