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Abstract 

In this study we investigated the variability of infiltration on 
native rangeland sites. A rainfall simulator was used to collect data 
on runoff from small (0.37 m*) plots located within large plot 
boundaries (32.5 mr). Three range sites were sampled and data 
were collected from unfenced, fenced, and rototilled conditions on 
each site. In addition data were collected on vegetation, antecedent 
moisture, bulk density, soil texture, and organic matter as possible 
explanations for variations in hydrologic response on small and 
large plots. The field study demonstrated large variability in mea- 
sured infiltration and soil physical properties on relatively uniform 
rangeland sites, suggesting that inherent variability patterns need 
to be examined to provide appropriate confidence intervals for 
single parameter values that may be applied to larger areas. No set 
of factors consistently explained the observed variability within 
large plots. 

Historically it has been assumed that watersheds are homogene- 
ous. The only data collected were streamflow measurements, 
which were assumed to integrate hydrologic processes on an entire 
watershed. Use of rainfall simulators made it possible to assess the 
impacts of management practices on specific parts of a watershed. 
That capability led to an emphasis upon characterizing the spatial 
variability of hydrologic properties to eventually link point and 
area1 measurements. 

For simplicity, many hydrologic models still assume that a 
watershed is homogeneous. Such models ignore the spatial varia- 
bility of hydrologic properties and lump watershed characteristics 
as area1 averages. However, numerous recent investigations of 
hydrologic responses (Achouri 1982, Blackburn 1975, Grah 1983, 
Gifford 1976, Springer and Gifford 1980, Lyford and Qashu 1969, 
Merzougui 1982, Murabayashi and Fok 1979, Sharma et al. 1980, 
Rogowski 1980, Tricker 198 I, Vieira et al. 198 1) have illustrated 
great spatial variability of hydrologic properties within short 
distances. 

To estimate the effect of spatial variability of infiltration on 
hydrologic models’ assumptions of homogeneous sites or water- 
sheds, area1 loss rates must be contrasted with point infiltration 
rates. Three theoretical explanations of this functioning of natural 
watersheds have been proposed. Hawkins (1981) submits that 
watersheds act as a collection of runoff elements, each with inde- 
pendent, uniform hydrologic characteristics. Computer simulation 
has been used by Smith and Hebbert (1979) and Cundy (1982) to 
investigate the effects of spatial variability on plot and hillslope 
performance. Smith and Hebbert developed a model that consi- 
dered only the spatial variability of rainfall excess. The Cundy 
model considers variability in soil properties, initial moisture, and 
rainfall intensity, and routes rainfall excess to downslope using the 
kinematic wave technique. 
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These models implicitly transfer point infiltration properties to a 
watershed-wide application. They are significant developments, 
yet they are computer simulations and not adequately field vali- 
dated. In this field study, we evaluated the variability of infiltration 
characteristics and soil properties on small (0.61 m X 0.61 m) 
runoff plots within large (3.05 m X 10.67 m) runoff plots on 
“homogeneous*’ semiarid rangeland sites. 

Site Descriptions 

Study Area 
The field study was conducted during summer, 1981, on range- 

land sites located on the Reynolds Creek Experimental Watershed 
near Boise, Ida. The watershed soils, geology, vegetation, and land 
use are representative of plateau and foothill grazing areas of the 
Northwest (Stephenson 1977). Elevations range from about 1,097 
m to 2,225 m. The climate of the watershed ranges from arid to 
temperate, with annual precipitation varying from 25 cm at the 
lower elevations to 127 cm at the higher elevations. Nearly 75% of 
the annual runoff is from snowmelt; however, flash runoffs from 
smaller areas do occur following intense summer rain storms. 
Three sites on the Reynolds Creek Experimental Watershed 
(referred to as Flats, Nancy, and Lower Sheep) were selected for 
this study. These sites are described in Table 1. 

Plot Preparation 
Rainfall simulator plots were located on 3 sites in unfenced, 

fenced, and tilled conditions. Average large plot slopes were 3, 6, 
and 9% on the Flats, Nancy, and Lower Sheep sites, respectively 
(with the exception of one tilled plot on the Flats site with a 9% 
slope); see Table 2. Tilled plots were tilled up and down-slope to 
approach a fallow condition approximately one week prior to 
rainfall simulation. They were restored to the original bulk density 
(l.l-1.4g/cc) by natural settling and trampling (walking on the 
plot) before simulator runs. Fenced sites have been protected from 
grazing by domestic livestock since 197 1. Unfenced sites are grazed 
both by domestic livestock and wildlife, but exact stocking rates, 
season, and duration of use data are not available. Generalized 
grazing allotment data are available from local Bureau of Land 
Management offices, but the applicability of these data to specific 
locations on the watershed are limited. 

Vegetal Cover 
The 3 sites are typical of sagebrush-grass communities found on 

the Reynolds Creek Experimental Watershed. The vegetation at 
the Flats site is chiefly shadscale (Atriplex confertifolia) but 
includes minor amounts of big sagebrush (Artemisia tridentata), 
clasping pepperweed (Lepidiumperfoliatum), cheatgrass (Bromus 
tectorum), squirrel tail (Sitanion hystrix), bluegrass (Poa spp.), 
and moss. At the Nancy site, the dominant species are big sage- 
brush, little-leaf horsebrush (Tetradymia glabrata), squirrel tail, 
bluegrass, and moss. Low sagebrush (Artemisia arbuscula) domi- 
nates on the Lower Sheep site. The diverse grass and forb under- 
story includes mainly low pussytoes (Antennaria dimorpha). 
locoweed (Astragalus spp.), bluegrass, and squirrel tail. 
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Table 1. Site characteristics on Reynolds Creek watershed near Boise, Idaho. 

Site 
Elevation 

fm) 
Annual precipitation 

(cm) Soil series Soil descriotion 

Flats 

Nancy 

Lower sheep 

1219 25 Nannyton 

1402 33 Glasgow 

1646 36 Harmehl 

Fine loamy, mixed mesic typic 
haplargids 

Fine, montmorillonitic, mesic xerollic 
durargid 

Fine, montmorillonitic, frigid pachi 
argixeroll 

Table 2. Large plot characteristics for each site. 

Site condition 
Slope 
(%) 

Number of small plots where infil- 
Rainfall rate Total number Number of small tration rate exceeded rainfall Mean final 30- 

on small plots of small plots where run- rate for duration of 30-minute minute infiltra- 
(cm/ hr) plots off occurred run tion rate (cm/hr)t 

Flats unfenced 3 6.35 20 
Flats fenced 3 6.35 20 
Flats tilled 9 6.35 10 
Flats tilled 3 6.35 IO 
Flats tilled 3 12.7 10 
Nancy unfenced 6 12.7 20 
Nancy fenced 6 12.7 20 
Nancy tilled 6 12.7 10 
Lower Sheep unfenced 9 12.7 20 
Lower Sheep fenced 9 12.7 20 
Lower Sheep tilled 9 12.7 10 

19 
15 
10 
10 
IO 
19 
I9 
10 
I9 
15 
IO 

1 2.5 f I.0 
5 4.0 f I.0 
0 1.7 f0.2 
0 1.3 f 0.3 
0 1.3 f 0.6 
1 5.4 f 2.3 
1 7.2 f 3.0 
0 2.3 f 0.7 
1 7.6 f 2.3 
5 9.6 f 1.2 
0 2.3 f 0.5 

tValues in this column are reported as mean f standard deviation; small plot data (only plots where runoff occurred). 

Table 3. Regression models for three sites. 

Site Condition 
Slope 
(%) Model 

Standard error of 
regression 
(cm/hr) 

Flats unfenced 
Flats fenced 
Nancy unfenced 
Nancy fenced 
Lower Sheep unfenced 

3 Y q  13.08 - .036X8 47.55 0.806 
3 Y q  -3.24 + 0.152X6 + 0.106X7 + 0.502X8 -3.99X11 95.0 0.276 
6 Y = 1.437 + 1.476X12 58.66 1.570 
6 Y = -4.104 + 0.108X7+ 0.18X13 68.17 I.858 
9 Y = 11.56 - 11.56X1 + 0.468X2 - .072X+ 92.04 0.8676 

0.288X4 +.036X5 - .216X6 + 0.180X7 
Lower Sheep fenced 9 Y = 0.282 + 0.396X2 + 0.036X1 - 0.072X6 + .324X6 95.79 0.3528 

In all of the above equations, Y = final 30-minute infiltration rate (cm/ hr) and X1 = bulk density of 7.62 cm soil sample (g/cm’); X2= organic matter of 7.62 cm soil sample (%); Xs 
= sand in 7.62 cm soil sample (vc); XC = sand + silt in 7.62 cm soil sample (%); Xs = total live overstory of shrubs, grasses, and forbs (%); Xs 3 bare ground (%); XT = Inter cover (%); 
Xs = shrub canopy (%); XI1 = bulk density of 2.54 cm soil sample (g/cm)); XI2 = organic matter in 2.54 cm soil sample (%); Xts = sand m 2.54 cm sod sample (%). 

Table 4. Necessary sample size to estimate true population mean. 

Sample size necessary for X Sample size necessary for 51 (final 
(timeto ponding) within infiltration rate after 30 minutes) 

Rainfall 
two minutes of fi with within one cm/ hr of p with 

Slope 
confidence confidence 

rate on small 
Site Condition (%) (cmihr) .80 .90 .80 .90 

Flats unfenced 3 6.35 35 58 8 14 
Flats fenced 3 6.35 70 118 8 14 
Flats tilled 9 6.35 I 2 I 1 
Flats tilled 3 6.35 I I I 2 
Flats tilled 3 12.7 I 2 4 6 
Nancy unfenced 6 12.7 21 35 38 64 
Nancy fenced 6 12.7 29 48 62 105 
Nancy tilled 6 12.7 1 1 4 7 
Lower Sheep unfenced 9 12.7 84 143 38 64 
Lower Sheep fenced 9 12.7 59 100 II 19 
Lower Sheep tilled 9 12.7 1 I 2 4 

Above values calculated using the formula n = ts G/d* where n = required sample size, t : tabulated value for desired confidence and degrees of freedom of initial sample, 
d = half width of desired confidence interval, s = standard deviation of a given sample. 
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Methods 

All small plot infiltrometer data were collected using a modular 
drop-forming device (designed after one described by Chow and 
Harbough (1965) and modified by Meeuwig (1971) and further 
modified by Malekuti and Gifford (1978)). Rainfall simulation on 
small plots (0.37 m2) began with soils at field capacity (pre-wet by 
applying 9,440 cc water to each small plot approximately I2 hours 
prior to the infiltrometer run), to eliminate confounding effects of 
any antecedent moisture. 

Rainfall was applied for 30 minutes to each small plot (wet run). 
On the Flats site only, one-half hour after the wet run ended, 
simulated rainfall was again applied for one-half hour. This was 
called the very wet run. 

Average rainfall application rates (& 0.4 cm/ hr) were either 6.35 
cm/ hr or 12.7 cm/ hr. The median drop diameter of the simulated 
rainfall was 2.9 mm. Using data from Laws (1941), the kinetic 
energy associated with this simulator, when run at a height of 183 
cm, is about 40% that of natural rainfall. 

The time to ponding (or time runoff begins) was defined as the 
time when measurable (i.e., approximately 10 to 15 ml runoff in 15 
seconds) runoff occurred from the small plot. Volume of runoff 
was recorded for 15 or 30 seconds (depending upon the volume) at 
the following times after runoff began: at I-minute intervals for the 
first 4 minutes, at 2-minute intervals for the next 6 minutes, and 
5-minute intervals thereafter. 

Small plots were located within large (3.05 m X 10.67 m) rainfall 
simulator plots, which were part of a concurrent Agricultural 
Research Service (USDA) study. (Large plot data are not included 
in this analysis because, due to differences in instrumentation and 
routing on the large plot, large and small plot infiltration data are 
not comparable. This has been amply demonstrated by Smith 
(1979). Runoff from the large plot simply represents the response 
of a micro-watershed, in which the “rainfall excess” has been 
routed over the surface.) On large plots in either the fenced or 
unfenced condition, 20 small plots were sampled within each large 
plot. Ten small plots were systematically located within two ran- 
domly identified belt transects on each large plot. (Figure 7 illus- 
trates the sampling design as described.) On large plots in a roto- 
tilled condition, 10 small plots, randomly located within each large 
plot, were sampled. 

After obtaining runoff data from a small plot, surface soil char- 
acteristics were sampled. Two samples of soil (with a core diameter 
of 5.4 cm and core depths of 2.54 cm and 7.62 cm) were taken for 
determination of bulk density (g/cc), particle size distribution 
(hydrometer method-Bouyoucos 1962) and soil organic matter 
(calorimetric analysis-Sims and Haby 1971). 

Vegetal cover was measured with a point frame (Levy and Mad- 
den 1933). Fifty evenly spaced points were sampled on each small 
plot. Strikes from the first hit to the ground surface were recorded. 
Cover was classified as bare soil, litter, vegetal basal cover, and 
vegetal crown cover (by species). Rock was included in ground 
cover with small rock (2-6 mm diameter), gravel (6-20 mm diame- 
ter), medium rock (20-50 mm diameter), and large rock (greater 
than 50 mm diameter) recorded separately. 

For each site, all small plot infiltration curves were used to 
investigate site variability. 

Results and Discussion 

Average, Maximum, and Minimum Infiltration Curves for Small 
Plots within a Given Large Runoff Plot 

Figure 1 shows the average, maximum, and minimum infiltra- 
tion curves on the tilled plots on the 3 sites. The curves were 
obtained by dividing the 30- minute run into 2-minute intervals, 
finding the average, maximum, and minimum infiltration rates 
over the given interval, and plotting these rates at the midpoint of 
each time interval. 

Times where the infiltration capacity exceeded the rainfall inten- 
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Fig. 1. Maximum, average, andminimum infiltrarion rates versus timefor 
IO small plots on large tilled plots (sire. slope and rainfall intensity are 
given). 

sity were not included in calculations of the average infiltration 
rate because the actual infiltration rate is not quantifiable for these 
points. This causes a downward bias of the maximum and average 
curves by an unknown amount. 

Similar graphs (Fig. 2, 3) for the unfenced and fenced sites 
portray a much wider range of possible values. In some cases, even 
at a rainfall intensity of 12.7 cm/hr., the infiltration capacity 
exceeded the application rate for the duration of the 30-minute run 
(see Table 2). 

The mean final infiltration rates are given in Table 2. The mean 
final infiltration rates on fenced and unfenced plots are at least an 
order of magnitude greater than those on the tilled plot on the same 
site. Unlike on the tilled plot, the minimum curves on the fenced 
and unfenced plots approach values above zero. The minimum 
curves approximate the mean tilled plot curve, indicating that 
conditions giving the lowest infiltration rate on fenced and 
unfenced plots are similar to those responsible for average infiltra- 
tion rates on a tilled plot. 

The increases and decreases in infiltration rates as shown in 
average and minimum infiltration curves in Figure 1-3 were possi- 
bly due to air counterflow, inhomogeneity of the soil, other 
unquantified changes in soil characteristics with time, duration of 
the rainfall simulator runs, and instrument or sampling error. 

Individual Small Plot Characteristics: Lower Sheep Site as an 
Example 

Having examined general small plot curves, it is useful to exam- 
ine specific small plot curves, and their variability. The Lower 
Sheep Site is used as an example; the variability patterns on this 
site are representative of the variability pattern found at all of the 
sites. Figures 4, 5, and 6 show the differences between individual 
small plot responses on rototilled, unfenced and fenced sites. Small 
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0 0.090 0.180 0.110 o.am OASO O.MO o.s?a 
time (hours) 

2a FLATS SITE. 3% SLOPE, I=&36 CM/M 
16 of 20 SMALL SITES PLOTS RECEIVINQ RUNOFF 

2b NANCY SITE. 0% SLOPE. l-12.7 CM/M 

10 of 20 SMALL SITES PLOTS RECEIVMQ RUNOFF 

2c LOWER SHEEP SITE. 9% SLOPE, i-12.7 CMlHR 

15 of 20 SMALL SITES PLOTS RECEIVING RUNOFF 
3c LOWER SHEEP SITE. 0% SLOPE, ,.12.7 CMlnR 

16 Of 20 SMALL PLOTS RECEIVING RW”OFF 

Fig. 2. Maximum, average, and minimum infiltration rates versus timefor Fig. 3. Maximum, average and minimum infiltration rate versus 
the smallplots where runoff occurred on each unfenced large plot (site, time for the small plots where runoff occurred on each fenced 
slope, and rainfall intensity are given). large plot (site, slope, and rainfall intensity are given). 

2 Q-0 
f 

E s 6.0 
r 

0 0.000 0.130 0.270 0.360 0.460 0.540 0.630 

time (hours) 

Fig. 4. Three of IO individual infiltration curves (as examples) showing 
variability on the Lower Sheep tilled, 9% slope, large plot at the average 
rainfall intensity of 12.7 cmjhr. 

16.0 

12.0 

2 Q-0 

s 
E 

s 8.0 
c 

3.0 

0 

I I I I I I 3 

i 

I I 1 I I I 

0 0.000 0.130 0.270 0.380 0.430 0.340 0.630 

time (hours) 

Fig. 5. Six 20 infiltration curves (as examples) showing variability on the 
Lower Sheep unfenced, 9% slope, large plot at the average rainfall 
intensity of 12.7 cmlhr. 
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15.0 
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Fig. 6. Six of 20 infiltration curves (as examples)showing variability on the 
Lower Sheep fenced, 9% slope, large plot at the average rainfall intensity 
of 12.7 cm/hr. 

plots where the infiltration capacity exceeded the rainfall intensity 
for the duration of the run are not included in Figures 5 and 6. 

The relationship between small plot position on the slope and 
final 30-minute infiltration rate and vegetai cover is shown in 
Figures 7 and 8. These figures show that plot positioning has no 
impact on 30-minute infiltration rates; vegetai cover and asso- 
ciated soil factors have the most influence on variability of 
infiltration. 

Given this large variability in infiltration on a relatively homo- 
geneous site, we looked at the ranges of other parameters that may 
be contributing to this variability. Figure 9 shows mean values for 
time to ponding and final infiltration rate. These graphs show 
mean values f standard deviations for unfenced, fenced and tilled 

0:0t*a* C:C*m t:*.w. 1:,,,,., “:“.#fi ov :o,.vm, ,,rr..,.cl .s x 

Fig. 7. Final 30-minute infiltration rates and vegetal cover relative to plot 
position on Lower Sheep unfenced site. (Ground (G) category includes 
percent bare ground plus percent of soil su$a.ce covered by minute 
organic particles). 

H 
2 
c ] 
4 

5 
t, 01 

F”: 
a a* 

: ‘: LJ 16 
016 . 4 
6 94 
‘s :: : ‘4” lb 
0, 6 

O:o,.s. ~:t.rb a:arru. L:LU,W u:uoak or :Om@ad E,w....d .I 2 

Fig. S Final 30-minute infiltration rates and vegetal cover relative to plot 
position on Lower Sheep fenced site. (Ground (Gr) category includes 
percent bare ground plus percent of soil surface covered by minute 
organic particles.) 

plots on the Lower Sheep site. There was much greater variability 
of values on the unfenced and fenced plots than on the tilled plot. 
This same trend is also evident when looking at bulk density, 
percent organic matter, and soil texture. Figure 10 illustrates this 
trend for percent organic matter. 

Differences between tilled and natural surfaces (i.e. unfenced 
and fenced) indicates that surface condition found on unfenced 
and fenced sites reflects either (I) the effects of tilling on creating a 

b unfenced 

c tancod 

a tllled - 

. - . 

I 1 I I I 
1.5 4.0 6.5 0.0 11.5 

FINAL lNFlLTRATlON RATE AFTER 30 MINUTES 
(cm/hr) 

a unfenced. . 

, fwlced . 

b 11lhd - 
L I 1 I I 

0 4.0 8.0 12.0 16.0 

TIME TO PONDING hid 

Fig. 9. Mean f standard deviation for times to ponding andfinal infilrra- 
tion rates for 3 treatments on the Lower Sheep, 9% slope site at the 
rainfall intensity of 12.7 cmf hr. 
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a unfenced 

a fenced . 

a tilled - 

I I I I I 
2.6 4.0 1.1 7.0 8.1 

ORGANIC MATTER (%I FOR 2.54 cm DEPTH 

a unfenced l . 

a fenced . 

a tilled - 

2.5 4.0 5.5 7.0 8.5 

ORGANIC MATTER (%I FOR 7.62 cm DEPTH 

Fig. 10. Mean f standard deviation ofpercent organic marrerfor2.54and 
7.62 CM soil depthsfor 3 treatments on the Lower Sheep, 9% slope site. 

homogeneous surface or (2) the effect of the diversity of vegetal 
cover (i.e., shrub, interspace, or bare ground), on soil surface 
characteristics. 

Impact of Soil Properties and Vegetal Cover on Infiltration Rates 
In an effort to explain site variability on the unfenced and fenced 

plots, rangeland soil properties and vegetal cover were correlated 
with hydrologic response (e.g., measured as final infiltration rate 
after 30 minutes). As has been found in previous studies (Black- 
bum 1973, Gifford 1972, Williams et al. 1972, and Busby and 
Gifford 198 l), the correlations showed that no set of factors con- 
sistently explained small plot variability. Stepwise multiple regres- 
sions gave much the same results. Although R2 values indicate that 
on a given area it is possible to find a set of factors that accurately 
predicts the final infiltration rate (see Table 3), relationships 
between rangeland soil properties, vegetal cover, and infiltration 
change from area to area. Hence it would be difficult to select a set 
of factors that would consistently explain the observed variability 
from one area to another. 

Given the large variability in measured infiltration and soil 
physical properties that we noted on relatively uniform rangeland 
sites, it is logical to ask how many samples are necessary to accu- 
rately define a site. As experienced in this study, it would take from 
1 to 84 plots in order for the average time to ponding to be within 2 
minutes of the real time to ponding (population value) with 80% 
confidence. Fewer samples are necessary to accurately define the 
average final (after 30 minutes) infiltration rate, as shown in Table 
4. To be within 1 cm/ hr of the actual final infiltration rate, how- 
ever, 4 times the number of plots shown in Table 4 would be 
needed. Due to the variability on any given area, single parameter 
values exhibit wide confidence intervals. Small-plot studies are 
useful in defining the confidence interval for a given parameter. 

The large spatial variability of field-measured infiltration rates 
and associated soil parameters suggests that, if variability is of 
importance, extensive sampling will be necessary to define inherent 
variability patterns. Just how to incorporate such spatial variabil- 
ity into hydrologic models or into a practical land management 
approach is unclear; unless insights are available on this, it may be 
best to first ignore the problem of spatial variability and lump 
watershed characteristics as area1 averages. If the variability of a 
given site is characterized, however, when average, effective, or 
fitted values are subsequently used in modeling watershed res- 
ponse, inaccuracies and biases in such assumptions will be better 
defined. On the other hand, lumped parameters may be sufficiently 
accurate in most cases when the costs of additional sampling are 
balanced against expected uses of the model output and the accu- 
racy required. 

The results of this study indicate a need for further investigation 
of variability on rangelands. First, the variability in infiltration on 
a homogeneous soil surface must be characterized for use as a 
baseline. Then studies very similar to the one described herein 
should be done on diverse rangeland sites. Eventually, such studies 
would enable a researcher to characterize the variability associated 
with an individual measurement or model parameter estimate for a 
given site. 
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