SPRINKLER IRRIGATION EFFECTS ON INFILTRATION AND
NEAR-SURFACE UNSATURATED HYDRAULIC CONDUCTIVITY

G. A. Lehrsch, D. C. Kincaid

ABSTRACT. Sprinkler irrigation alters soil hydraulic properties both at and below the soil surface, yet its effects are not well
characterized. We evaluated the effects of sprinkler irrigation on infiltration and near-surface hydraulic conductivity (K)
measured under tension in a poorly structured, recently roller-harrowed Portneuf silt loam (Durinodic Xeric Haplocalcid).
The experimental design was a randomized complete block with two treatments (pre- and post-irrigation) and four
replications. We used two half-circle spray heads to apply 127 mm of water at 70 mm h~! in one irrigation to duplicate 1 X
2 m plots. Unconfined (three-dimensional) infiltration rates at steady-state were measured at potentials of -55, -35, and
-15 mm of water before and about 10 days after irrigation. Irrigation increased surface bulk density (0 to 34 mm) by 18%
and increased the saturation ratio by 35%. At -15 mm, the unconfined infiltration rate was 53 mm h-! before, but 16 mm h-1
after irrigation. At -35 and -55 mm, irrigation decreased infiltration by 68%. Irrigation also decreased infiltration nearly
5-fold through pores with diameters ranging from 0.55 to 0.86 mm. At each measured potential, irrigation tended to decrease
hydraulic conductivity by 48%, on average. Sprinkler droplet impact consolidated unprotected soil and greatly reduced
tension infiltration. Our findings provide useful input data regarding this and similar soils for models requiring hydraulic
properties. In addition, our results provide valuable insight for managing infiltration and avoiding runoff during a growing
season when surface properties change as recently tilled soils are sprinkler irrigated.
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nfiltration determines a soil’s runoff response to irriga-

tion and rainfall. Excessive runoff that occurs when ir-
rigation or rainfall rates exceed the soil’s infiltration

rate has eroded many soils in the Pacific Northwest and
worldwide, impairing their hydraulic properties and decreas-
ing their productivity (Arriaga and Lowery, 2003; Robbins et
al., 1997). Erosion also commonly exposes subsurface hori-
zons with poorer structure, lower infiltration rates, and re-
duced hydraulic conductivities (Rasmussen and Cary, 1979).
Soil hydraulic property inputs are urgently needed to model,
for example, irrigation-induced erosion (Sojka et al., 2007).
In addition to runoff, raindrop or sprinkler droplet impact
also alters soil physical properties. Water droplet kinetic en-
ergy fractures surface aggregates, particularly early in an ir-
rigation or rainstorm, and forms a surface seal that impedes
infiltration (Romkens et al., 1990; Santos et al., 2003;
Thompson and James, 1985). Messing and Jarvis (1993)
found that near-surface unsaturated hydraulic conductivity
decreased with time during the growing season, likely as a
consequence of aggregate breakdown from raindrop impact
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over the long-term. Water droplet kinetic energy is thought
to alter the hydraulic properties of tilled soils (Somaratne and
Smettem, 1993) by collapsing macropores, blocking them
with detached soil, or both (Messing and Jarvis, 1993;
Murphy et al., 1993). Raindrop or sprinkler droplet impact
also consolidates soil, increasing its bulk density and altering
its pore size distribution (Baver et al., 1972; Yonts and Palm,
2001). In an interesting analogy, surge flow surface irrigation
also consolidates tilled soil, reducing its intake and thereby
minimizing intake opportunity time differences from furrow
head to tail (Trout and Kincaid, 1987).

Maintaining adequate infiltration is critical, particularly
into sites where manure, compost, or other organic materials
have been applied, to minimize off-site transport of both nu-
trients and sediment in runoff, be it from either rainfall or ir-
rigation (Gilley et al., 2002; Trout and Kincaid, 1987; Wuest
et al., 2005). Water quality can be degraded not only by nutri-
ents and agricultural chemicals transported via overland flow
but also via subsurface flow. Characterization of both satu-
rated and unsaturated hydraulic properties is needed to prop-
erly design and operate irrigation systems and to better
understand and model both transient water movement and
solute transport in the vadose zone (Angulo-Jaramillo et al.,
2000; Trout and Kincaid, 1987). Since most solute transport
occurs in soils that are saturated or nearly so, it is particularly
important to know soil hydraulic properties at soil water po-
tentials on the order of -150 mm H,O and above, where pref-
erential flow may occur (Reynolds et al., 1995; Sojka et al.,
2009).

Angulo-Jaramillo et al. (2000) noted the need for better
characterization of unsaturated flow both into and through
soils affected by both crop and soil management practices.
Soil hydraulic properties, along with temporal changes in
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those properties, can be effectively studied using tension in-
filtrometers (Everts and Kanwar, 1993; Hussen and Warrick,
1995; Somaratne and Smettem, 1993; White et al., 1992).
The infiltrometer’s pre-set water supply potential determines
the upper limit of pore diameters through which flow occurs
(Baver et al., 1972; Reynolds et al., 1995). Their use in char-
acterizing soil hydraulic properties has been reviewed
(Angulo-Jaramillo et al., 2000; White et al., 1992).

Using tension infiltrometers, changes in hydraulic proper-
ties caused by topography, time, tillage, and other soil and
crop management practices have been studied by many re-
searchers (e.g., Chan and Heenan, 1993; Heddadj and
Gascuel-Odoux, 1999; Logsdon et al., 1993; Messing and
Jarvis, 1993; Schwartz et al., 2003). Hydraulic property re-
sponses to a single irrigation or a lone rainfall, in contrast,
have been studied by few (Murphy et al., 1993; Somaratne
and Smettem, 1993). Moreover, Logsdon et al. (1993) and
Strudley et al. (2008) stressed the need for studies of irriga-
tion or rainfall effects on recently tilled soil hydraulic proper-
ties. Our objective was to determine the effects of one
sprinkler irrigation on both unconfined infiltration and near-
surface unsaturated hydraulic conductivity on a recently
tilled, highly productive soil from the Pacific Northwest.

MATERIALS AND METHODS
EXPERIMENTAL SITE, TREATMENTS, AND PLOT
PREPARATION

The experiment was conducted on a structurally unstable
Portneuf silt loam (coarse-silty, mixed, superactive, mesic
Durinodic Xeric Haplocalcid) at 42° 31.12" N, 114° 22.44’
W, about 1.7 km southwest of Kimberly, Idaho. To determine
soil texture, in the fall of 1998 disturbed samples were col-
lected from the Ap horizon, 0 to 0.3 m. The samples were
mixed, subsampled, sieved through a 2 mm screen, and air-
dried. Particle size distributions were then determined in du-
plicate using the hydrometer method (Gee and Or, 2002). To
determine soil chemical properties, five samples were col-
lected with a 75 mm diameter bucket auger, also to a depth
of 0.3 m, from each plot in the spring of 1998. The samples
were sieved through a 2 mm screen, mixed, and then air-dried
prior to analysis (Robbins et al., 2000). For each sample, soil
organic carbon (SOC) was measured using the Walkley-
Black procedure (Nelson and Sommers, 1996). We analyzed
the samples for saturation paste pH and, in the saturated paste
extract, we measured electrical conductivity (EC) and solu-
ble K, Na, Ca, and Mg (Robbins and Wiegand, 1990). Using
the measured cation concentrations in each extract, we calcu-
lated the sodium adsorption ratio, SAR (Robbins and Wie-
gand, 1990). Results are shown in table 1. Also shown are
cation exchange capacity (CEC) values reported by McDole
and Maxwell (1987) and CaCOs equivalents reported by
Robbins et al. (2000). The Portneuf soil exhibited little
shrinking or swelling since its predominant coarse clay was
illite (Lentz et al., 1996). Portneuf aggregates on the soil sur-
face are known to fracture readily with only moderate energy
input (Lehrsch and Kincaid, 2001). Additional soil character-
istics were given by McDole and Maxwell (1987).

We studied the effects of irrigation on surface soil hydrau-
lic properties in October 1998 near Kimberly, Idaho, in se-
lected 9 m wide X 21 m long plots of an experiment described
by Robbins et al. (1997, 2000). Our field experiment was
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Table 1. Properties of the Ap horizon
(0 to 0.3 m depth) of Portneuf silt loam.

Property Value
Physical
Particle size distribution (g kg1)
Sand (0.05 to 2 mm) 190
Silt (0.002 to 0.05 mm) 580
Clay (<0.002 mm) 230
Chemical
Soil organic C (g kg1) 8.8
pH (sat. paste) 7.8
Electrical cond. (sat. paste ext.) (dS m™!) 0.54
Soluble K (mg kg'1) 8.2
Soluble Na (mg kg'1) 8.5
Sodium adsorption ratio (SAR) 0.47
Cation exchange capacity (cmol, kg'1) 21
CaCOj3 equivalent (g kg'!) 80

conducted in a narrow window in time to minimize the effects
of soil C loss due to high rates of biological oxidation in many
soils, including those in the Pacific Northwest (Rasmussen et
al., 1998), and short-term changes in hydraulic properties
(Fuentes et al., 2004) and surface soil structure due to chang-
ing climatic conditions (Angers, 1998).

Dry bean (Phaseolus vulgaris L. ‘Viva Pink’) was har-
vested from our plots on 17-18 September 1998. Three days
before each plot was irrigated, it was tilled with an offset disk
to a depth of 0.14 m and then immediately roller-harrowed
twice to a depth of 70 mm. All plots were tilled identically
since infiltration generally varies from one tillage practice to
another (DeBoer and Chu, 2001; Pikul and Zuzel, 1994;
Schwartz et al., 2003). After tillage, plot surfaces were gently
raked smooth without removing the minimal dry bean resi-
due from the soil surface.

Within two days after tillage, duplicate runoff plots (each
1.0 X 2.0 m with the long axis parallel to the uniform, 1.1%
slope) were established within a 3 X 4 m area near the center
of each of our four study plots (fig. 1). The runoff plots were
0.75 m from one another across the slope. Metal borders
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Figure 1. Positioning of the runoff plots, catch cans, and trough within
each plot of the study.
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(about 0.05 m above and 0.1 m below ground) established
runoff boundaries. An 18-gauge, metal collector was
installed flush with the soil surface at the lower edge of each
plot to funnel runoff into a container. The collector and con-
tainer were covered to exclude water that fell outside the plot
boundary.

TENSION INFILTRATION MEASUREMENTS AND SOIL
SAMPLING

Tension infiltrometers (Ankeny, 1992; Hussen and War-
rick, 1995) with 0.11 m diameter bases were used to measure
in situ unconfined (three-dimensional) infiltration rates at
steady-state 1 or 2 days before the irrigation (“pre-irrigation”
measurement) and again about 10 days after irrigation (“post-
irrigation” measurement). Before each large plot was irri-
gated, we measured tension infiltration at one site between
two runoff plots (described below). After each large plot was
irrigated, we again measured tension infiltration at one site,
although this time within the borders of a randomly selected
runoff plot. At a representative location, tension infiltration
was measured through a 115 mm diameter, sand-filled ring
using a procedure similar to that of Ankeny (1992). We mea-
sured infiltration into an undisturbed surface and from pre-
calibrated, small to large water supply potentials (-60, -40,
and -20 mm, or -0.6, -0.4, and -0.2 kPa). After accounting
for the contact sand’s thickness (about 6 mm) and saturated
hydraulic conductivity (1.09 X 10-! mm s-1), we found that
the potentials imposed at the soil surface on average were
-55, -35, and -15 mm H,O (Reynolds, 2008). We chose a
water supply potential of -35 mm to give us a baseline
measure of hydraulic properties of the soil matrix little
affected by management and biological activity (Angulo-
Jaramillo et al., 2000; Murphy et al., 1993; Somaratne and
Smettem, 1993; White et al., 1992). Potentials above and
below -35 mm were selected to bracket this breakpoint, in
part because Murphy et al. (1993) reported that hydraulic
conductivity calculated using unconfined infiltration
measured at a greater potential, -10 mm in their case, best
detected soil structural change.

At a water supply potential of -55 mm, flow occurred
through pores with diameters <0.55 mm, at -35 mm through
pores <0.86 mm, and at -15 mm through pores <2.0 mm, with
pore diameters based upon capillary rise theory (Baver et al.,
1972; Somaratne and Smettem, 1993). The diameters of
flow-conducting pores at each potential can also be estimated
using other techniques (Angulo-Jaramillo et al., 2000;
Reynolds, 2008; Reynolds et al., 1995). We manually
recorded elapsed time at every 10 or 20 mm drop in the
elevation of the water surface in the infiltrometer’s supply
reservoir until the infiltration rate stabilized at each potential.
On average, infiltration was measured for 0.49 (+0.23) h
+ standard deviation, SD), sufficient for 149 (+41) mL of
water to infiltrate at each potential. Without moving the
infiltrometer, we measured infiltration sequentially, from
one potential to the next, into the same 115 mm diameter area.
We used software (Ankeny et al., 1993) to determine
unconfined infiltration rates at steady-state at each of the
three potentials and to calculate unsaturated hydraulic
conductivities by taking infiltration rates at two adjacent
potentials as data to simultaneously solve three equations
with three unknowns. The solution yielded the hydraulic
conductivity at each potential (Ankeny et al., 1993).
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When tension infiltration was measured before irrigation, we
collected three 51 mm diameter, volumetric soil samples from
the 0 to 34 mm depth at undisturbed locations within 0.3 m of
the infiltration measurement site. Soil bulk density was
measured on each of these samples (Grossman and Reinsch,
2002). After measuring infiltration at -15 mm potential at each
site, we quickly removed the infiltrometer and contact sand,
with removal of the latter facilitated by a double layer of
cheesecloth between the sand and soil. A gravimetric soil
sample was immediately collected from the uppermost 30 to 40
mm of wetted soil beneath the containment ring. The wetted
zone beneath the infiltrometer was about 0.1 m deep, similar to
that found by others for medium-textured soils (Thony et al.,
1991). The gravimetric sample was sealed in a sample can and
transported to the laboratory. The wetted zone sample’s
gravimetric water content was converted to volumetric water
content using the mean surface bulk density measured on the
three volumetric samples taken before tension infiltration was
measured (Thony et al., 1991). This volumetric water content
was expressed as a saturation ratio, the water-filled fraction of
the soil’s pore space. These tension infiltration, bulk density, and
water content measurements were repeated after irrigation.

IRRIGATION AND RUNOFF COLLECTION

After measuring tension infiltration, we sprinkler irrigated
each pair of runoff plots, on average one pair every three days
from 6 to 20 October 1998. Water was applied with a locally
designed sprinkler simulator, consisting of two metal stands,
each with a tripod base, positioned 6.0 m apart perpendicular to
the slope. On each stand, a Nelson 2000 half-circle irrigation
spray head was operated at 140 kPa nozzle pressure and
equipped with a 7.9 mm nozzle and a spinning, six-groove
deflector plate 3.0 m above the soil surface. This sprinkler
apparatus produced droplet characteristics similar to those at the
outer spans of the region’s center pivots. In particular, this spray
head and deflector plate combination operated as described
produced droplets with kinetic energy of about 14 J kg-!
(Kincaid, 1996). Droplet energies of 10 J kg-! or more are
typical for center pivots with single-nozzle, impact-type
sprinklers in southern Idaho when no wind is present (Kincaid,
1996). The irrigation water we used, from the Snake River, had
a pH of 8.2, electrical conductivity of 0.5 dS m-1, and SAR of
0.7 (Westermann et al., 2001).

Sprinkler irrigation was simulated using an intensity of
70 mm h-1, typical of the region’s pivot outer spans. Water
was applied in the field at a relatively constant intensity by
monitoring and adjusting nozzle pressures at the spray heads.
Wind, however, caused the intensity to vary somewhat. Gross
water application was measured using a trough positioned
between the runoff plots and four catch cans along the outside
edge of each plot (fig. 1). Runoff rate was measured by timing
the manual collection of all runoff as discrete samples from
each plot. Once continuous runoff began from each plot, we
collected 1.0 L runoff samples and then 2.5 L samples until
we determined in the field that the runoff rate had stabilized
at its maximum, i.e., until steady-state infiltration was
reached. In our single irrigation on average, we applied 127
(£28) mm of water at 70 (=2) mm h-! intensity with 51%
(£5%) running off. Steady-state  one-dimensional
infiltration rates for each runoff plot were calculated using
the slope of a line fitted, in general, to the last 8 to 12 points
of cumulative net infiltration as a function of time from the
irrigation tests.
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EXPERIMENTAL DESIGN, DATA HANDLING, AND STATISTICAL
ANALYSES

The experimental design was a randomized complete
block with two treatments (pre- and post-irrigation) and four
replications. The steady-state infiltration rates (measured by
irrigation) from each pair of runoff plots within each study
plot were arithmetically averaged prior to statistical
analyses. After employing a common log transformation to
stabilize the error variances of both unconfined infiltration
and hydraulic conductivity at each potential, we performed
a likelihood ratio test (SAS, 2009) to ensure that each
response variable’s irrigation treatment variances were
homogeneous. We then performed an analysis of variance at
each potential using mixed-model techniques (SAS, 2009)
and a significance probability (p) of 0.05. Least-squares
means were separated using #-tests of pairwise differences.
Where needed, means were back-transformed into original
units for presentation.

RESULTS AND DISCUSSION
SOIL PROPERTIES: STATISTICAL SUMMARY

Soil property minimum, maximum, mean, and standard
deviation values are shown in table 2. The measured values
of bulk density and saturation ratio were clustered in a
relatively narrow range about their respective means with no
overlap between the pre- and post-irrigation ranges. On the
other hand, the unconfined infiltration rates at each potential
exhibited much wider ranges. In addition, the pre- and post-
irrigation ranges overlapped at -15 mm and nearly
overlapped at -35 mm. The ranges for the hydraulic
conductivities at potentials of -15 mm and -35 mm were also
wide. On average, maximum values were about 9-fold
greater than the minimum for the pre-irrigation
measurements and 4-fold greater for the post-irrigation
measurements (table 2). The standard deviations reflected
the ranges of the values of the individual measurements of
each parameter. While not reported in table 2, the standard
errors of both infiltration and hydraulic conductivity, when
measured pre-irrigation and when measured post-irrigation,
increased as supply potentials approached 0 mm
(i.e., saturation). This response, often observed at similar
potentials by others (Clothier and Smettem, 1990; Somaratne
and Smettem, 1993), likely reflects the increasing
contribution of macropores to the flow process (Smettem,
1987) and is important when modeling water flow and solute
transport through dual-pore (matrix-macropore) soil profiles
with some regions containing mobile water and others
immobile water (Angulo-Jaramillo et al., 2000). While not
shown in table 2, the coefficients of variation (CVs) for bulk
density and saturation ratio were 8% or less while the CVs for
infiltration rate and hydraulic conductivity varied from 19%
to 73%, with most exceeding 40%. These large CVs reflect
the fact that these water flow parameters are commonly log-
normally distributed (Everts and Kanwar, 1993; Reynolds et
al., 1995). Thus, all subsequent analyses of infiltration rate
and hydraulic conductivity were performed using common
log-transformed values.

While hydraulic properties at each of three supply
potentials were measured in all plots of our study, not all
measurements could be used. In particular, we had few valid
measures of either pre- or post-irrigation unconfined
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Table 2. Irrigation effects on physical properties,
infiltration rates, and hydraulic conductivities.

Arith.

Property n Min. Max. Mean  SD
Bulk density (Mg m™3)

Pre-irrigation 4 0.99 1.04 1.02  0.02

Post-irrigation 4 1.17 1.22 1.20  0.02
Saturation ratio (m3 m-3)

Pre-irrigation 4 0.49 0.58 0.53 0.04

Post-irrigation 4 0.65 0.78 0.71 0.06
Unconfined infiltration rate (mm h-1)

At -15 mm, pre-irrig. 4 3239 8932 57.05 241

At -15 mm, post-irrig. 3 823 35,68 1959 143

At -35 mm, pre-irrig. 4 3124 7594 4857 19.6

At -35 mm, post-irrig. 4 6.00 2829 16.17 102

At -55 mm, pre-irrig. 1 2949 2949 2949 NAll

At -55 mm, post-irrig. 2 8.15 1237 1026 3.0
Steady-state infiltration rate
from sprinkler irrig. (mm h'l) 4 1527 2327 1844 3.5
Unsaturated hydraulic cond. (mm h-1)

At -15 mm, pre-irrig. 4 242 24.02 14091 9.0

At -15 mm, post-irrig. 3 341 12.25 7.61 4.4

At -35 mm, pre-irrig. 4 234 2042 1262 75

At -35 mm, post-irrig. 4 2.48 1096  6.73 42

At -55 mm, pre-irrig. 1 10.83 10.83 10.83 NA

At -55 mm, post-irrig. 2 2.36 6.57 4.47 3.0

[a] NA = not applicable.

infiltration rates at -55 mm potential. When infiltration rates
were measured in the field, those rates often decreased
slightly, rather than increased, from -55 to -35 mm H,O
potential. We believe that these unexpected decreases in
infiltration rates were due to settling of soil under the tension
infiltrometers as the soil’s bearing capacity decreased due to
wetting. The soil settling increased soil bulk density and
produced changes in pore size distributions at the surface, as
well as below it. Indeed, where infiltration rates decreased
from -55 mm to -35 mm, the decreases were 10 times greater
when measured pre-irrigation versus post-irrigation.
Compared to soil consolidated by sprinkler droplet kinetic
energy, our recently tilled soil had a far lower bearing
capacity and bulk density (discussed below), reflected in the
much greater change in infiltration rates from -55 to -35 mm
when measured pre-irrigation versus post-irrigation. In the
post-irrigation measurement of one other plot, the infiltration
rate decreased by nearly half, from -35 to -15 mm. These
infiltration rate decreases with increasing potential violated
theory (Ankeny, 1992; White et al., 1992), led to unrealistic
measures of hydraulic conductivity (Hussen and Warrick,
1995), and were obviously aberrant measurements or
artifacts of the infiltrometer’s load pressure. Hence, per the
recommendation of Reynolds (2008), we coded these values
as missing, thus eliminating them from subsequent
calculations.

BULK DENSITY AND SATURATION RATIO

Irrigation affected both bulk density and saturation ratio
(table 3). One irrigation increased bulk density at the 0 to
34 mm depth by 18%, significant at p < 0.001. Bulk density
increased due to (1) consolidation of the freshly tilled soil and
(2) compaction caused by 14 J kg-! of droplet kinetic energy
(Somaratne and Smettem, 1993; Trout and Kincaid, 1987;
Yonts and Palm, 2001). Just as bulk density increased in our
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Table 3. Irrigation effects on bulk density and saturation
ratio after measuring tension infiltration. Both properties
were measured at the 0 to 34 mm depth. 2]

Bulk Density Saturation Ratio
Irrigation (Mg m™3) (m3 m3)
Pre-irrigation 1.02b 0.526 b
Post-irrigation 120 a 0.709 a

[a] Within a column, means (n = 4) followed by different letters are
significantly different (¢-test of pairwise differences at p = 0.05).

study, the saturation ratio of the wetted soil beneath our
tension infiltrometers also increased (p < 0.010) by 35% as
a consequence of the irrigation (table 3). This saturation ratio
increase was likely due to two factors. First, total porosity
(not reported) decreased as a consequence of the bulk density
increase caused by sprinkler droplet kinetic energy. Second,
the soil’s pore size distribution changed because irrigation
increased bulk density. As density increased, the proportion
of small pores increased while the proportion of large pores
decreased, since the larger pores collapsed (Baver et al.,
1972). One might assume, then, that the proportion of pores
with diameters <2.0 mm increased at the expense of pores
>2.0 mm. Recall that, at a potential of -15 mm, pores
<2.0 mm were conducting flow and, thus, were water-filled
when soil was sampled immediately after tension infiltration
was measured. Since there were likely more of these
<2.0 mm, water-filled pores after the irrigation, the soil’s
saturation ratio increased following irrigation.

TENSION INFILTRATION

One prolonged, intense irrigation decreased unconfined
infiltration at each potential, significantly so at -15 and
-35 mm (fig. 2). On a relative basis, irrigation effects at each
potential were remarkably similar. A single irrigation
decreased infiltration by 69% at -15 mm, by 70% at -35 mm,
and by 66% at -55 mm. On average then, tension infiltration
from -15 to -55 mm decreased by 68% as a consequence of
irrigation. Sprinkler droplet impact energy caused structural
breakdown (Lehrsch and Kincaid, 2006; Santos et al., 2003),
forming a seal that reduced infiltration (Romkens et al., 1990;
Thompson and James, 1985). Moreover, droplet impact and
subsequent drying consolidated the recently tilled soil at the
plot surfaces (Logsdon et al., 1993; Yonts and Palm, 2001).
The post-irrigation unconfined infiltration rates at -15 and
-35 mm (fig. 2) are comparable to infiltration rates at similar
potentials measured on the same soil but at a different site
after being repeatedly irrigated at a much lower intensity,
6.4 mm h-1, with a solid-set sprinkler system (Lehrsch and
Gallian, 2010).

Irrigation decreased flow nearly twice as much through
small pores (from 0.55 to 0.86 mm) relative to large pores
(from 0.86 to 2.0 mm). Data shown in figure 2 reveal that the
infiltration rate decrease from -35 to -55 mm was more than
4.6-fold greater when measured pre- versus post-irrigation,
but only 2.7-fold greater from -15 to -35 mm when measured
pre- versus post-irrigation. Stated differently, flow through
pores with diameters from 0.55 to 0.86 mm was nearly
5 times greater before than after the irrigation. Similarly,
flow through pores from 0.86 to 2.0 mm was only 2.7 times
greater before than after the irrigation. In other words, one
simulated center-pivot irrigation decreased infiltration by a
factor of almost 5 through pores from 0.55 to 0.86 mm but
only by a factor of 2.7 through pores from 0.86 to 2.0 mm.
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Figure 2. Irrigation effects on unconfined infiltration rates measured at
supply potentials from -55 to -15 mm H,O. Pre- and post-irrigation
means at each potential are significantly different at the p-values shown
or are not significantly different (at p = 0.05) where NS is shown.

Messing and Jarvis (1993) also found raindrop impact to
affect flow more through smaller than larger pores. In
contrast, Lehrsch and Kincaid (2001) and Somaratne and
Smettem (1993) found droplet kinetic energy to affect flow
more through larger than smaller pores. Compared to smaller
aggregates, larger aggregates are generally less stable (Six et
al., 2004). Droplet energy, known to fracture Portneuf
aggregates (Lehrsch and Kincaid, 2006), may preferentially
disintegrate larger surface aggregates, with their fragments
obstructing pores of all sizes, depending on the soil’s
structure and pore size distribution. Management practices
that stabilize surface aggregates will help to reduce surface
sealing, sustain infiltration rates, and minimize runoff. Such
soil and crop management practices may include using
minimum tillage or no-tillage, maintaining residues as a
mulch on the soil surface, applying whey or polyacrylamide
(PAM), or choosing crop rotations that include a grass or
forage species (Bjorneberg et al., 2003; Lehrsch et al., 2005;
Lehrsch et al., 2008; Pikul and Zuzel, 1994; Wuest et al.,
2005).

HyprAULIC CONDUCTIVITY

Irrigation always reduced near-surface unsaturated
hydraulic conductivity at potentials = -55 mm (fig. 3). We
attribute these decreases in hydraulic conductivity caused by
irrigation to (1) soil consolidation from droplet kinetic
energy and (2) aggregate breakdown and pore occlusion in
the near-surface environment (Somaratne and Smettem,
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Figure 3. Irrigation effects on hydraulic conductivity at supply potentials
from -55 to -15 mm H,O. Also shown is the steady-state infiltration rate
measured from runoff plots irrigated at an intensity of 70 mm h-!. Pre- and
post-irrigation means at each potential are not significantly different (at
p = 0.05) where NS is shown.

401



1993). Aggregate fragments and soil in suspension were
apparently transported by infiltrating water into the
subsurface, there to be deposited in smaller pores, initiating
the formation of an illuvial layer with greater bulk density
(table 3) and reduced hydraulic conductivity (fig. 3). Messing
and Jarvis (1993), who also detected decreases in
conductivity during one growing season, cited possible
causes as raindrop impact, structural deterioration, and
blockage of conducting pores.

While irrigation consistently decreased conductivity at
each supply potential (fig. 3), irrigation effects were not
significant at p = 0.05. Somaratne and Smettem (1993), who
studied simulated rainfall effects, and Messing and Jarvis
(1993), who studied temporal effects, also experienced
difficulty in statistically separating some hydraulic
conductivities calculated using tension infiltration data. In
our study of a Portneuf silt loam, irrigation effects were
significant upon tension infiltration (fig. 2) but not upon
hydraulic conductivity. The fact that irrigation effects were
greater, indeed significantly so, upon infiltration than
conductivity is logical. Kinetic energy from sprinkler
droplets or raindrops primarily affects soil at the surface,
exerting in the short term only secondary effects on soil
structure and pore size distributions deeper than a few
millimeters (Mclntyre, 1958). In contrast, hydraulic
conductivities calculated using tension infiltration data
characterize flow through a deeper portion of the profile, the
upper 30 to 50 mm or so (Sauer and Logsdon, 2002; Thony
et al., 1991), depending upon the volume of water infiltrated.
Soil below the surface, after being disrupted by tillage or
subsoiling, will nonetheless reconsolidate upon wetting as
time passes (Cassel and Nelson, 1985). Perhaps the decreases
in hydraulic conductivity caused by irrigation that we
measured (fig. 3) reflect the beginning of this reconsolidation
process. The differences that we measured in hydraulic
conductivity at each potential could not be declared
significant because the absolute magnitude of the decreases
in conductivity caused by irrigation were slight when
compared to the decreases measured in unconfined
infiltration. To illustrate, irrigation caused decreases from 19
to 37 mm h-1 in infiltration but only from 4 to 7 mm h-! in
hydraulic  conductivity. Such slight differences in
conductivity are difficult to declare statistically significant in
field studies where both material and personnel resources are
frequently limiting.

While not significant at p = 0.05, decreases in
conductivity caused by irrigation were consistent from
potentials ranging from -55 to -15 mm (fig. 3). Indeed, when
we considered the three potentials as a group, we found that
irrigation decreased hydraulic conductivity at p < 0.160. On
average, hydraulic conductivity values at each potential
tended to be 48% lower after than before irrigation.
Somaratne and Smettem (1993) reported that hydraulic
conductivity at -20 mm in a recently tilled sandy loam
decreased by 3.4-fold, to 4.5 mm h-1, due to simulated
rainfall. In our study of a silt loam, hydraulic conductivity at
-15 mm also tended to be lower due to irrigation but to a far
lesser degree. Their post-rainfall value of 4.5 mm h-1 was
similar to our post-irrigation value of 6.7 mm h-! but a bit
less, likely due to (1) fewer water-conducting pores
<0.55 mm in their coarser-textured soil and (2) a slightly
lower supply potential at which conductivity was reported.
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Since irrigation caused hydraulic conductivity from -55
to -15 mm to decrease by a relatively similar proportion
(fig. 3), irrigation thus tended to decrease hydraulic
conductivity equally through pores from 0.55 to 2.0 mm in
diameter. At the surface, droplet kinetic energy decreased
infiltration more through pores from 0.55 to 0.86 mm than
from 0.86 to 2.0 mm (fig. 2), likely due to surface aggregate
breakdown and pore occlusion. Below the surface, in
contrast, flow through small pores was affected as much as
flow through larger pores. Below the soil surface, aggregates
were not affected by kinetic energy and were far less affected
by slaking, due to slower rates of wetting. Thus, because
aggregates along pore sidewalls likely experienced less
breakdown, flow through both large and small pores was less
hindered by fragments of unstable aggregates (Lehrsch and
Kincaid, 2001; Murphy et al., 1993).

Sprinkler droplet kinetic energy, while decreasing tension
infiltration (fig. 2), tends to reduce near-surface unsaturated
hydraulic conductivity as well (fig. 3). Moret and Arrué
(2007) also reported that, compared to freshly tilled soil,
rainfall decreased near-surface hydraulic conductivity
because bulk density increased. We, too, found bulk density
to increase after irrigation (table 3).

STEADY-STATE INFILTRATION FROM SPRINKLER IRRIGATION
The steady-state, or final, one-dimensional infiltration
rate from simulated center-pivot irrigations, having a
geometric mean of 18.2 mm h-1, was of the same order of
magnitude as the post-irrigation, hydraulic conductivities
measured at three water potentials (fig. 3). Steady-state
infiltration is an approximate measure of a homogeneous
soil’s saturated hydraulic conductivity, though often a bit less
due to air entrapment and incomplete saturation of soil
wetted by rainfall or irrigation (Baver et al., 1972). If one
assumes that 18.2 mm h-! approximated our recently tilled
Portneuf soil’s saturated hydraulic conductivity, then the
soil’s hydraulic conductivity at saturation exceeded that
measured at -15 mm by about 2.7-fold, revealing significant
flow through subsurface pores with diameters >2.0 mm.

SUMMARY AND CONCLUSIONS

One simulated center-pivot irrigation of recently roller-
harrowed Portneuf silt loam increased surface bulk density
by 18% and saturation ratio by 35%. That same irrigation
decreased steady-state infiltration by 68% at water potentials
ranging from -55 to -15 mm. Stated differently, the irrigation
decreased infiltration by 68% through pores with diameters
<2.0 mm. Irrigation reduced infiltration nearly 5-fold
through surface pores with diameters from 0.55 to 0.86 mm.
Irrigation tended to decrease hydraulic conductivity by an
average of 48% at each of three measured potentials. Steady-
state infiltration rates calculated using runoff data from a
simulated irrigation were of the same order of magnitude as
hydraulic conductivities.
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