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Tillage Depth and Timing Effects on Soil Water 
Profi les in Two Semiarid Soils

Soil & Water Management & Conservation

In some areas of the world, a Mediterranean climate pattern and fertile soils cre-
ate highly productive environments for rain-fed winter wheat. Mild, wet winters 

allow growth of cool-season cereals before the onset of warm, dry summers ideal 
for fi lling grain on stored soil moisture plus spring rainfall in a relatively pest-free 
environment (Cantero-Martinez et al. 2007). Th is is true of the inland U.S. Pacifi c 
Northwest, where winter wheat has been the dominant crop in dryland produc-
tion areas for more than a century (Schillinger and Papendick, 2008). More than 
half of the region receives <450 mm of precipitation annually, most of which falls 
during the cool to cold winters.

To produce maximum yields, winter wheat must be planted early enough in 
the fall to develop an adequate root system before the onset of winter (Russelle and 
Bolton, 1980). Wheat planted too late in the fall yields up to 30% less than wheat 
emerging earlier (Donaldson et al., 2001). Spring-planted wheat typically produc-
es yields that are half that of winter wheat because it germinates, develops, and fi lls 
grain during a time of rapidly increasing evapotranspiration and temperature.

Because fall rains are oft en sparse and unpredictable, tilled summer fallow is 
used to maintain moisture in the seed zone during the hot, dry summer. Th is seed-
zone moisture allows deep planting of winter wheat aft er 90 or more days with 
maximum soil surface temperatures above 40°C, relative humidity below 40%, and 
little or no precipitation (Schillinger and Papendick, 2008). Planting wheat fol-
lowing 14 mo of fallow also provides stored soil moisture for fall and early winter 
growth. Th is stored soil moisture is vital for stabilizing yields and reducing risk, 
and has allowed profi table wheat production in some areas with annual rainfall as 
low as 150 mm yr–1 (Schillinger and Young, 2004).
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A 2-yr winter wheat (Triticum aestivum L.)–fallow rotation continues to be the most common cropping system in much 
of the U.S. Pacifi c Northwest. Th e sustainability of soils in the region depends on our ability to halt or greatly reduce 
wind and water erosion. An incomplete understanding of how tilled summer fallow preserves seed-zone moisture for 
timely fall crop establishment has slowed eff orts to optimize tillage techniques for creating profi table and erosion-
resistant systems. Th is 2-yr study created a series of soil mulches at two sites representing major soils in the region. 
It was found that timing and depth of mulch creation had consistent eff ects at all four site-years. Tillage performed 
in mid-June to depths of 10 and 15 cm preserved up to 0.01 kg kg–1 greater water content than no or 5-cm tillage, 
an amount of water that can make substantial diff erences in the germination of winter wheat. Th e later or shallower 
tillage treatments produced water contents similar to zero tillage below the 15-cm depth. Temperature profi les at 1-cm 
resolution demonstrated diff erent shapes under diff erent mulch treatments, which may prove useful in making quick 
mulch performance comparisons in the fi eld. To optimize the timing and depth of summer fallow tillage, it will be 
necessary to characterize spring water storage plus the potential for end-of-summer water storage for each soil type.
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A major challenge to the sustainability of winter wheat–sum-
mer fallow production practices in the Pacifi c Northwest is soil ero-
sion by wind and water. Both forms of erosion are greatly reduced 
when crop residues remain on the surface and when surface organ-
ic matter is allowed to accumulate, increasing aggregate strength 
and reducing surface slaking and crusting. A gradual change to-
ward more erosion-resistant practices has occurred on many farms 
over the decades, but ideas on what types, depths, and timings of 
tillage are needed for successful winter wheat establishment vary 
widely even among neighboring farmers. We need a systematic and 
comprehensive understanding of how tilled soil mulches preserve 
seed-zone moisture, and prescriptions for erosion-resistant prac-
tices for diff erent soil and climate combinations.

Historically, most North American research on tillage and 
evaporation has been focused on short-term, high moisture con-
ditions common in climates with humid summers or shallow wa-
ter tables such as the Great Plains of the United States (Black and 
Power, 1965; Willis and Bond, 1971; Aase and Tanaka, 1987; 
Peterson et al., 1996; Anderson, 2004). Th e eff ects of surface soil 
condition and residue cover are quite diff erent under dry soil 
conditions within Mediterranean climates during the summer 
(Pikul and Allmaras, 1984).

In a laboratory test, Flury et al. (2009) measured the diff usion 
resistance of crop residue and found that it was most aff ected by 
the thickness of the residue layer. In another laboratory test, Hanks 
and Woodruff  (1958) found that 0.5 cm of compact soil was as ef-
fective at reducing evaporation as 3 cm of straw. Aase and Tanaka 
(1987) measured the eff ect of standing or fl at straw in the fi eld. 
Both slowed evaporation for about 10 d, but in dry years there was 
little net eff ect by the end of summer. It appears that in areas with 
dry summers, surface residues oft en play a minor role in reducing 
overall evaporation. Th ese dry locations have low residue produc-
tion, so thick layers of surface residue are not possible.

Tests of tillage techniques to create erosion-resistant sum-
mer fallow in the Pacifi c Northwest have provided promising 
results (Schillinger, 2001). Minimizing soil inversion, main-
taining a certain amount of surface cloddiness, and residue left  
standing upright has been achieved while maintaining seed-zone 
moisture nearly identical to traditional tillage methods. Results 
such as these, however, are highly dependent on the reaction of a 
particular soil type to the tools and timing used and can be con-
founded by weather and other variables. To translate improved 
methods to other soil types and locations, we need to identify the 
relevant characteristics of an eff ective soil mulch.

Papendick et al. (1973) investigated the eff ect of shallow vs. 
deep soil mulches with and without surface residue in one of the dri-
est areas of the Pacifi c Northwest. Th eir 6-cm-thick soil mulch was 
not as eff ective as an 11-cm mulch, and 4000 kg ha–1 straw added to 
the surface made little diff erence to the soil temperature or moisture 
below the 11-cm mulch. Similarly, Schillinger and Papendick (1997) 
showed that a deep tillage mulch best preserves seed-zone moisture 
following winters of less than average precipitation. Hammel et al. 
(1981) found diff erences in temperature between tilled and untilled 
fallow that correlated with the preservation of seed-zone moisture. 

Th e model Hammel et al. (1981) fi t to the data indicated that a 
tilled surface layer provided eff ective resistance to liquid fl ow much 
sooner that an untilled soil surface, reducing the loss of stored water 
early in the summer. Oveson and Appleby (1971) compared diff er-
ent dates of initial tillage in the spring and concluded that delaying 
tillage could be a detriment to the resulting seed-zone moisture in 
dry years, and that the performance of untilled summer fallow also 
depended on weather conditions in a particular year. Th ese Pacifi c 
Northwest studies were conducted at single locations with limited 
treatments, so they were not capable of contrasting soil types or ex-
ploring trends of continuous variables. With the goal of providing 
information for improving tillage practices across the region, the 
dynamics of surface soil water needs to be studied under a variety of 
climate conditions and a range of tillage depths, timings, and soils.

Our study was designed to measure the eff ects of the tim-
ing of soil mulch establishment and mulch depth on soil water 
content in the seed zone during fallow. We also measured soil 
temperature profi les to see if they might be useful in detecting 
density and moisture discontinuities.

MATERIALS AND METHODS
Th e experiment was conducted at two sites during the summers 

of 2007 and 2008. At both sites, precipitation falls mostly as rain dur-
ing the winter. Air temperatures average 0.6°C in January. Summers are 
hot and dry, with an average temperature of 21°C in July. Th e fi rst site 
was located 15 km northeast of Pendleton, OR (45°43´ N, 118°38´ W, 
elevation 458 m). Annual precipitation averages 420 mm yr–1. Th e 
soil was a Walla Walla silt loam (a coarse-silty, mixed, superactive, me-
sic Typic Haploxeroll) containing 21% fi ne to very fi ne sand, 69% silt, 
10% clay, and about 11.1 g kg–1 organic C in the top 10 cm. Th is Walla 
Walla soil has a water potential of 1.5 MPa at a water content of about 
0.096 kg kg–1 (Wuest et al., 1999) when measured using a Peltier ther-
mocouple psychrometer (Tru Psi, Decagon Devices, Pullman, WA). 
In its untilled state, crop residue covered 80 to 90% of the surface 
to a thickness of 1 to 2 cm. Th e second site was 17 km northwest of 
Pendleton, OR (45°44´ N, 119°3´ W, elevation 315 m) where precipita-
tion averages 290 mm yr–1 and the soil is a Ritzville silt loam (a coarse-
silty, mixed, superactive, mesic Calcidic Haploxeroll) containing 32% 
fi ne to very fi ne sand, 60% silt, 8% clay, and about 7.3 g kg–1 organic C 
in the top 10 cm. Th e Ritzville soil has a water potential of 1.5 MPa at 
a water content of about 0.064 kg kg–1 (same method as above). In its 
untilled state, crop residue covered 40 to 50% of the surface to a depth 
of up to 1 cm. Both sites have weather stations within 300 m of the plots.

Th e plot area was kept weed free from the previous winter through 
the completion of the experiment. Th e four tillage depth treatments 
(0, 5, 10, and 15 cm) were applied at six dates in 2007 and fi ve dates in 
2008. Th e fi rst-year treatment dates on the Walla Walla soil were 11 June, 
25 June, 9 July, 23 July, 6 Aug., and 20 Aug. 2007, and on the Ritzville soil 
were 15 June, 29 June, 13 July, 27 July, 10 Aug., and 24 Aug. 2007. In the 
second year, treatment dates on the Walla Walla soil were 12 May, 17 June, 
14 July, 14 Aug., and 16 Sept. 2008, and on the Ritzville soil were 14 May, 
16 June, 15 July, 15 Aug., and 15 Sept. 2008.

To create the soil mulch treatments, the surface residue was re-
moved and circular areas of soil 1 m in diameter were removed with a 
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shovel to the specifi ed depth; the soil screened through a 2.5- by 5-cm 
wire mesh to break up clods, returned to the excavated hole, and lev-
eled to a loose, even layer. Th is resulted in layers of soil mulch thicker 
than the tillage depth because tilling the soil decreased its bulk density. 
For the zero tillage depth (untilled) treatment, plots were undisturbed 
including leaving the surface residue in place. One plot of each tillage 
depth was created at each treatment date.

To verify that hand tillage of 1-m-diameter plots was a reasonable 
representation of soil conditions found under normal farming conditions, 
water content profi les were also measured at the Walla Walla soil site in 
plots where standard farm equipment was used to create tilled summer 
fallow. A soil sample was taken from the center of each 4- by 70-m plot in 
untilled and tilled fallow treatments replicated in four blocks.

A soil sample was taken from untilled soil at each tillage date 
to provide an initial water content profi le. At the end of the summer, 
samples were taken from every plot. In the fi rst year, fi nal samples were 
taken on the Walla Walla soil on 4 Sept., 17 Sept., and 1 Oct. 2007, and 
on the Ritzville soil on 6 Sept., 21 Sept., and 5 Oct. 2007. In the second 
year, fi nal samples were taken from the Walla Walla soil on 24 Sept. and 
22 Oct. 2008, and from the Ritzville soil on 1 and 24 Oct. 2008. Th ese 
end of summer samples were taken within 20 cm of the center of the 
treated area, and the holes were fi lled with soil aft er sampling to mini-
mize the eff ect of sampling on evaporation before the next sampling.

Th e soil samples were divided into increments of 0 to 3 cm, 2-cm in-
crements to 15-cm depth, then 5-cm increments to 30-cm depth. Th is was a 
total of 10 depth increments, and the measurements were based on the sur-
face of the soil core aft er it was removed from the fi eld. Sample compaction 
was common because of the very loose nature of the dry, tilled soil mulches. 
Samples were collected using a metal sampling tube with a 44.8-mm-diam-
eter cutting edge. Th e soil core was maintained intact and protected in the 
tube while being sliced to provide more accurate estimates of bulk density 
(Wuest and Schillinger, 2008). Th e soils were dried for 24 h at 105°C for 
gravimetric water content determination (Topp and Ferre, 2002).

To measure diff erences in water content profi les between tilled and 
untilled soil that were not confounded by diff erences in bulk density, the 
depth in the soil profi le is expressed in terms of dry soil mass per unit area 
instead of linear depth (e.g., centimeters) from the soil surface. Th is was im-
portant because a soil that has been tilled oft en has an elevated soil surface 
compared with its untilled state, and therefore a sample taken to a specifi c 
linear depth reaches less deep and collects less soil than in the untilled state 
(McGarry and Malafant, 1987; Ellert and Bettany, 1995; VandenBygaart 
and Angers, 2006; Wuest, 2009). Th e cross-sectional area of the soil core 
was used to convert the sample mass to kilograms per square meter.

Exact equivalent mass depths for comparing water content were 
calculated using linear interpolation between data points above and be-
low the mass depth chosen for comparison. In this study, the uniform 
mass depths used for comparisons between treatments were 125, 150, 
200, and 250 kg m–2, which correspond with linear depths of approxi-
mately 10, 12, 16, and 20 cm. Th ese are common seed placement depths 
using deep furrow drills in Pacifi c Northwest summer fallow systems.

Temperature measurements were made in the Walla Walla soil 
in 2008 using thermistors (RL0503–5820–97MS, General Electric, 
Edison, NJ) at 1-cm intervals vertically in a thin array fi xed in glass-
reinforced plastic. Th e arrays included a controlled current that was 

run through all the thermistors in series as well as a precision resistor 
for determining the exact amperage (McInnes, 2002). Th e voltage drop 
across each thermistor was read by a datalogger (CR1000, Campbell 
Scientifi c, Logan, UT) at 1-min intervals. At least 20 cm of wire coming 
from the array was buried to prevent the conduction of heat toward the 
array. Data from two arrays were averaged for each plot. Peak-to-peak 
temperature amplitude was determined as the diff erence between the 
highest and lowest temperature in a 24-h period. Th e period was started 
at 0400 h so that minimums and maximums at diff erent depths would 
result from the same daytime insolation event (verifi ed by examination 
of the data). Only sunny days were chosen. To standardize amplitude 
profi les for comparison on diff erent days, the amplitude at each depth 
was expressed as its ratio to the temperature amplitude at the surface.

Statistical Analysis
Th e objective was to determine the eff ects of tillage timing and 

depth on soil water content. Th e two soils and 2 yr were considered 
only as samples from the larger recommendation domain and were 
therefore treated as random eff ects in a mixed-eff ects linear statistical 
model (Littell et al., 1996). Th ree tillage timings were chosen for analy-
sis: mid-June, mid-July, and mid-August. Th e response variable was soil 
water content measured in late September. Th e mixed model therefore 
consisted of tillage depth (0, 5, 10, and 15 cm) and timing (mid-June, 
mid-July, and mid-August) and their interaction as fi xed eff ects, and 
soil type, year, and their interaction with timing and tillage as random 
eff ects. Linear contrasts of the diff erences between least square means 
were calculated for the depth and timing factors.

RESULTS
Precipitation, air temperature, relative humidity, and soil 

water profi les in untilled plots during the course of the summer 
are shown for each site and each year in Fig. 1 and 2. As is typi-
cal, little rain fell between June and October, and that which did 
fall had little eff ect on soil moisture below 10 cm (mass-depth 
of about 125 kg dry soil m–2). Crop-year precipitation from 
September 2006 to August 2007 was 394 mm at the Walla Walla 
soil site and 267 mm at the Ritzville site. From September 2007 
to August 2008, precipitation was 348 mm at the Walla Walla 
site and 248 mm at the Ritville site.

Th e fi nal soil water contents showed a smooth response to tim-
ing of tillage. Th e eff ects of tillage timing and depth were also con-
sistent between the two soils (no apparent interaction involving site 
eff ects). Figure 3 shows the means of the four site-years for the four 
tillage depths at three tillage timings. At the late September sampling 
time chosen for the graph, the two deepest tillage treatments had 
created drier upper soil layers and greater soil water contents at a 
mass-depth of 250 kg m–2 (about 20-cm depth). Lesser amounts of 
deep water were preserved by 10- and 15-cm-deep tillage at the two 
later tillage dates. Th e bottom point on each line indicates the low-
est measurement (about 30 cm), and it can be seen that the deepest 
mid-June tillage maintained almost 0.01 kg kg–1 greater soil water at 
that depth than the other tillage treatments. Statistically signifi cant 
linear contrasts for data at the chosen equivalent mass-depths are 
summarized in Table 1 and listed in Table 2.
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Th e diff erence between soil textures and water-holding 
characteristics are evident in Fig. 4, where the mid-June and mid-
July tillage timings for both years are averaged for each soil. Th e 
Walla Walla soil has a fi ner texture and held more water at both 
the air-dry surface and at 30-cm depth. Th e shapes and relation-
ships of the soil moisture profi les for diff erent tillage depths are 
similar for the two soils, except that near the surface, the un-
tilled fallow (0-cm tillage) on the Ritzville soil was just as dry as 
the tilled treatments, whereas the untilled fallow on the Walla 

Walla soil maintained a moisture level with more than twice the 
gravimetric water content of the tilled treatments. Th e diff erence 
between soils was partly due to a thicker residue layer on the un-
tilled Walla Walla soil. Figure 4 also shows the depth where soil 
samples indicated a bulk density change between the tilled soil 
mulch above and the untilled soil below.

Soil moisture profi les similar to the small-plot treatments 
were measured in large plots where commercial tillage equipment 
was used on the Walla Walla soil. In July and September, untilled 

Fig. 1. Precipitation, average air temperature, and relative humidity during the summer fallow period at the Walla Walla soil site. Triangles show 
when soil water content profi les were measured (the same time as tillage treatments or fi nal sampling) and arrows indicate the corresponding 
water profi le in untilled soil.
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fallow had more soil water at the surface and less at deeper depths 
than tilled fallow (Fig. 5). Th e tillage was performed in May 2008, 
and the soil was retilled with a rod-weeder to control weeds in 
mid-June and early August. Data are included in the September 
graph from plots that were not fallow but instead had recently un-
dergone wheat harvest, showing the increase in water available for 
fall planting due to summer fallow. Th e October data (Fig. 5) show 
a loss of soil water in the tilled fallow aft er the planting of wheat.

Soil temperature profi les were measured in the Walla Walla 
soil in the mid-July 2008 tillage treatments. Figure 6 shows the 
depth profi le of diurnal temperature amplitude, expressed as the 
ratio at a specifi c depth to that at the surface. Th e 16 July measure-
ment date is 2 d aft er the tillage treatments were performed. Th e 
zero tillage depth treatment has a distinct change in trend at the 
4-cm depth that is consistent at all three temperature measurement 
dates. Th is depth corresponds with the depth of a natural increase 
in bulk density in non-tilled plots, from about 1.0 g cm–3 above 

Fig. 2. Precipitation, average air temperature, and relative humidity during the summer fallow period at the Ritzville soil site. Triangles show when 
soil water content profi les were measured (the same time as tillage treatments or fi nal sampling) and arrows indicate the corresponding water 
profi le in untilled soil.
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5 cm to about 1.2 g cm–3 below 5 cm (data not shown). Th e 5-cm 
tillage treatment has a less distinct bend at the same 4-cm depth 
for all three measurement dates. Th e 10- and 15-cm tillage treat-
ments also have a bend at 4 cm in July. In August and September 

the 10-cm tillage treatment has a bend at a soil depth of 
10 cm, and the 15-cm tillage treatment has bends at 10 
cm and 18 cm.

Figure 7 shows minimum and maximum temper-
atures for the Walla Walla soil in late September 2008. 
All four tillage depth treatments parallel each other, 
but it can be seen that the simple average of maximum 
and minimum for the no-tillage treatment at 30 cm is 
lower than the other treatments.

DISCUSSION
Th e eff ects of rainfall apparent in the moisture 

profi les of the untilled soil (Fig. 1 and 2) were much 
greater than would be seen in tilled soil because water 
falling on tilled soil tends to be held in a thin crust sus-
pended at the top of the loose soil and quickly evapo-
rates. Without tillage, surface water is transported 
deeper, and surface residue provides some short-term 
protection from evaporation. During the summer, 
however, the small amounts of rain normally received 
make little diff erence in seed-zone soil moisture un-
less substantial amounts fall late in the summer close 
to seeding time and aft er temperatures start dropping.

It is important to note that the tillage mulches 
created in this experiment could be described as mod-
erately fi ne, with no clods greater than about 2-cm 
diameter and a fl at surface with no large voids or tool 
grooves remaining. Th is is more uniform and has few-
er large voids than most one-pass tillage implements 
would create but not as fi ne as is common when sum-
mer fallow is worked several times under dry condi-
tions using a rod-weeder.

Our discussion concentrates on the highest water 
contents found in the measured profi le. Th e no-tillage 
(0-cm) treatment sometimes produced the greatest 

water contents in the top 100 kg m–2 (Fig. 3 and 4), but these 
moisture levels are not suffi  cient for establishing stands of win-
ter wheat during hot weather at the end of summer. Th e goal 
of farmers is to provide the greatest water content possible as 

close to the surface as possible so that the wheat will 
emerge quickly and grow during the early fall when the 
weather is still warm. Deep-furrow drills are used to 
move soil into ridges between crop rows and place the 
seed 7 to 15 cm below the furrow bottom. Th e water 
content levels needed to germinate wheat under fi eld 
conditions in all the soil types in the Inland Pacifi c 
Northwest have not been determined. In sealed vessels 
under laboratory conditions, a water content of about 
0.10 kg kg–1 (1.1 MPa) was necessary for rapid germi-
nation of wheat in the Walla Walla soil (Wuest et al., 
1999).

In both soil types, a 15-cm soil mulch created 
soon enough in the spring resulted in greater seed-zone 
water content than later or shallower tillage (Fig. 3; 

Table 1. Summary of signifi cant (P < 0.05) contrasts for the data in Fig. 3. 
Values for each curve at the four equivalent mass-depths were calculated by 
linear interpolation. Tillage depths were 0 (no tillage), 5, 10, or 15 cm deep. 
Tillage dates were June, July, or August.

Depth in soil profi le Signifi cant (P < 0.05) linear contrasts

kg m–2 mass-depth
125 July and Aug.: 15-cm treatment vs. all other treatments 

and tillage dates
15-cm treatment differs between tillage dates

150 Aug.: 15-cm treatment vs. all other treatments and tillage dates

200 June: 0 and 5 vs. 10 and 15 cm
July: 0 vs. 10 and 15, 5 vs. 15 cm
Aug.: 0 vs. 10, 10 vs. 15 cm

250 June: 0 and 5 vs. 10 and 15 cm
July: 0 vs. 10 and 15, 5 vs. 15 cm
Aug.: 0 vs. 5, 10, and 15 cm
15-cm treatment differs between tillage dates

Fig. 3. Effect of timing and depth of soil mulch on soil water content in late 
September. Mean of all four site-years. Zero-tillage data are identical in all three 
graphs. Depth in the soil profi le was measured as the cumulative mass of dry soil, 
which allows comparison of treatments independent of soil bulk density differences. 
Linear distance from the soil surface for each point, starting at the top, is 3, 5, 7, 
9, 11, 13, 15, 20, 25, and 30 cm. Horizontal gridlines are placed at 125, 150, 200, 
and 250 kg m–2, which are the depths for which equivalent mass-depth values were 
interpolated and analyzed using linear contrasts (see Tables 1 and 2).
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Table 2). If mulch creation was delayed until mid-July or mid-
August, or if the mulch was too shallow, the deep soil water con-
tent was reduced to levels similar to no soil mulch at all. Th ese 
results support the conclusions of prior research, where under 
dry springtime conditions, earlier or deeper tillage produced 
greater seed-zone water (Oveson and Appleby, 1971; Papendick 
et al., 1973; Schillinger and Papendick, 1997). In fact, under 

dry spring conditions, June can be too late for a 15-cm mulch to 
maintain maximum soil moisture. In the same location and soil 
as our study, Oveson and Appleby (1971) had the best results 
with tillage in April. In our 2007 and 2008 study, May and June 
rainfall delayed the start of net soil drying.

Using water content measured at the deepest depth as an in-
dication, signifi cant amounts of stored soil water were lost without 

Table 2. Differences (Diff.) of least square means and standard errors (SE) of the difference for gravimetric water content for con-
trasts where P > |t| was <0.05. Analyses were made at four equivalent masses, 125, 150, 200, and 250 kg m–2.

Contrast 125 kg m–2 150 kg m–2 200 kg m–2 250 kg m–2

Depth Date Depth Date Diff. SE Diff. SE Diff. SE Diff. SE
cm cm ———————————————— kg kg–1 ————————————————

0 June 10 June –0.0113 0.0039 –0.0105 0.0034
July –0.0096 0.0041 –0.0088 0.0035
Aug. –0.0098 0.0041 –0.0079 0.0035

15 June –0.0156 0.0039 –0.0153 0.0034
July 0.0180 0.0084 –0.0165 0.0041 –0.0153 0.0035
Aug. 0.0407 0.0084 0.0237 0.0065

July 10 June –0.0103 0.0041 –0.0105 0.0035
July –0.0086 0.0039 –0.0088 0.0034
Aug. –0.0088 0.0041 –0.0079 0.0035

15 June –0.0146 0.0041 –0.0154 0.0035
July –0.0155 0.0039 –0.0153 0.0034
Aug. 0.0396 0.0084 0.0245 0.0065

Aug. 5 Aug. –0.0109 0.0043
10 June –0.0142 0.0054 –0.0168 0.0044

July –0.0125 0.0054 –0.0151 0.0044
Aug. –0.0127 0.0052 –0.0142 0.0043

15 June –0.0185 0.0054 –0.0216 0.0044
July –0.0194 0.0054 –0.0216 0.0044
Aug. 0.0328 0.0115 0.0179 0.0088 –0.0111 0.0043

5 June 10 June –0.0097 0.0042 –0.0106 0.0036
July –0.0089 0.0037
Aug. –0.0080 0.0037

15 June –0.0140 0.0042 –0.0155 0.0036
July 0.0231 0.0092 –0.0149 0.0044 –0.0154 0.0037
Aug. 0.0458 0.0092 0.0289 0.0071

July 10 June –0.0085 0.0037
15 June –0.0118 0.0044 –0.0134 0.0037

July –0.0127 0.0042 –0.0134 0.0036
Aug. 0.0414 0.0092 0.0282 0.0071

Aug. 15 June –0.0106 0.0044 –0.0107 0.0037
July 0.0197 0.0092 –0.0115 0.0044 –0.0107 0.0037
Aug. 0.0425 0.0092 0.0265 0.0071

10 June 15 July 0.0256 0.0092
Aug. 0.0483 0.0092 0.0353 0.0071 0.0137 0.0044

July 15 July 0.0260 0.0092
Aug. 0.0488 0.0092 0.0355 0.0071 0.0119 0.0044

Aug. 15 July 0.0213 0.0092
Aug. 0.0441 0.0092 0.0335 0.0071 0.0122 0.0042

15 June 15 Aug. 0.0376 0.0092 0.0318 0.0071 0.0179 0.0041 0.0106 0.0032
July 15 Aug. 0.0228 0.0092 0.0299 0.0071 0.0189 0.0041 0.0105 0.0032
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an early, deep mulch. Th e data also suggest that there 
may be a water content toward which a particular soil 
tends if evaporation is not reduced below the self-
mulching tendency of the soil in its untilled state. 
Evidence for this can be seen in Fig. 3, the mid-August 
treatment date, where all the mulch treatments result-
ed in very similar water contents at the lowest depth. 
Th is water content probably corresponds to soil tex-
ture characteristics that govern the matric potential, in 
addition to the balance between the water supply and 
evaporative demand.

In examining Fig. 3, note that all three graphs 
show water contents measured in late September. 
Th e diff erences between treatments imposed at 
1-mo intervals is due to changes in the pretreatment 
(untilled) water loss before a particular tillage treat-
ment, plus diff erences in performance of the mulch 
between the treatment date and the late-September 
sample date. Th e diff erences in pretreatment condi-
tions can be seen in Fig. 1 and 2.

A 5-cm mulch created in mid-June made little 
diff erence in deep water content compared with 
no tillage (Fig. 3). It allowed the soil above 7 cm to 
become drier, similar to the deeper tillages, but had 
little if any eff ect on deep moisture levels. It could 
be that water fl ux is dominated by vapor fl ow in the 
top 7 cm and that diff erences in bulk density and 
residue cover have little overall eff ect. On the other 
hand, the shape of the 5-cm mulch curve is similar to 
the deeper mulches (Fig. 3 and 4), indicating that it 
has changed the evaporation dynamics in a lesser but 
similar way. Papendick et al. (1973) found that there 
was a substantial diff erence in the performance of a 
6-cm mulch depth compared with 11 cm, similar to 
what we found in 5- and 10-cm mulches.

Progressively deeper tillage resulted in a consis-
tent progression of soil water profi le curves (Fig. 3). 
Deeper tillage increased the depth to which the soil 
was close to surface dryness. Because the three tilled 
mulches were structurally identical above 5 cm, it is 
reasonable to think that the curves diff er because of 
water transport diff erences near the bottom of each 
tillage depth. Th e most horizontal section of each 
curve indicates where the greatest soil water gradi-
ents occurred. Moving down the curve, the profi le 
change from horizontal to vertical indicates higher 
resistance above that point and lower resistance be-
low. In the Walla Walla soil (Fig. 4), the change in 
bulk density in both the 10- and 15-cm tillage treat-
ments is close to that transition, at a mass-depth of 
about 125 to 150 kg m–2.

Although the bend points of the moisture 
profi les appear to have some relation to the points 
where bulk density changes were measured, the exact 

Fig. 5. Example of soil moisture profi les in plots without tillage and those tilled using 
commercial equipment on the Walla Walla soil. Three sample dates are shown. The 
plots were tilled with an undercutter-sweep on 7 May 2008 and then rod-weeded on 
19 June 2008 at 10-cm depth, and rod-weeded again on 4 Aug. 2008 at 4-cm depth. 
Winter wheat was planted into the tilled plots after the measurement on 4 September. 
The 4 September sample date includes a moisture profi le from recently harvested 
winter wheat plots to show the difference summer fallow makes in available soil water.

Fig. 4. Comparison of Ritzville and Walla Walla soil water profi les measured in late 
September, mean of mid-June and mid-July tillage treatments for both years. Short 
horizontal bars show the depth where bulk density change indicates the bottom of the 
tilled layer for each treatment.
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relationships are not obvious. Th is is partly due to 
insuffi  cient precision in the bulk density measure-
ments. Changes that occur within a 2-cm increment 
will only partially infl uence that sample, and the 
full change will become evident in the neighboring 
samples. It is clear that progressively deeper tillage 
treatments caused corresponding trends in the soil 
moisture profi les, and the point above which water 
gradients increased (water profi les become more 
horizontal) is near to where bulk density changes 
were measured. To understand the relationships 
between bulk density, heat fl ux, and water fl ux and 
how tillage infl uences them, it will be necessary to 
measure these breakpoints with more precision.

Th e depth of the soil mulch was also measured 
at the end of the experiment by inserting a measuring 
stick until fi rm soil was felt (data not shown). Th is 
mulch depth measurement gave similar results to 
the bulk density change data but generally indicated 
deeper mulch depths. Th e measuring stick method 
would probably be most useful if measurements were 
made throughout the experiment to determine if the 
mulches settled with time. To make accurate com-
parisons between water content data and a distance 
measurement such as measuring-stick-based mulch 
depth or data on temperature from 1-cm-spaced tem-
perature sensors, it will be necessary to accurately in-
dex core sample increment depths to the original sur-
face. In fi rm soils, this is not diffi  cult, but under loose 
mulches the soil tends to compact in the sample tube 
as a core is taken, and it is not possible to know at what 
depths the compaction has taken place.

Many reports comparing tilled and untilled 
summer fallow have concluded that there were no 
diff erences in total root-zone water between the 
two systems (Oveson and Appleby, 1971; Hammel 
et al., 1981), but some have measured diff erences 
(Schillinger and Bolton, 1993). Research and farmer 
focus has been on diff erences in seed-zone moisture, 
but diff erences found there will be limited if there are truly no 
diff erences in the deeper water supply. It is possible that sig-
nifi cant diff erences would have been found in earlier research if 
methods with greater precision were used for the zone immedi-
ately below the seed zone. In this study, we used mass-depth to 
eliminate variation due to bulk density diff erences. Th is allowed 
comparison of soil water at depths that do not vary depending 
on how tillage has changed the elevation of the soil surface. In 
Fig. 3 and 4, it can be seen that 30-cm samples collected more 
soil mass from untilled plots than from tilled plots; in eff ect, the 
untilled plots were sampled deeper. In a net evaporation environ-
ment, deeper samples have greater water content. If water pro-
fi le comparisons are made using linear depth, as is traditionally 
done, the diff erence in eff ective depth of sampling would have 
created a bias that gives the appearance of greater than actual wa-

ter content in soils with greater overall bulk density. Th e mass-
depth method is not infl uenced by bulk density, so bulk density 
changes that occurred during the course of the experiment did 
not change the amount of soil collected from the diff erent treat-
ments. It also reduced sample variance (Wuest, 2009), which 
should improve statistical power.

Monitoring soil water at 30 cm or deeper during the spring 
may be a way to determine the optimum tillage timing. Th e data 
might seem to indicate that earlier tillage is better, but tilling ear-
lier than necessary reduces the infi ltration of late spring rains. It 
is also possible that evaporative loss is minor early in the spring 
when soil temperatures are cooler at lower depths and solar ra-
diation on the soil surface tends to drive water fl ux downward 
(Pikul et al., 1985). Th e timing and importance of these rela-
tionships will depend on local soil and weather conditions, so a 

Fig. 6. Soil temperature amplitude profi les for the mid-July treatment date on the Walla 
Walla soil in 2008. Diurnal temperature amplitude (i.e., range for 24-h period starting 
at 0400 h) for each depth, as the ratio with the surface temperature amplitude, plotted 
on a natural-log scale. The fi rst date (16 July) was 2 d after the tillage treatment. The 
September measurement is the average of three consecutive days. All data represent 
the average of two independent thermistor arrays placed in each treatment.
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method for monitoring the direction of water fl ux might become 
an important tool for determining when to till.

Th e bend in temperature amplitude at about 4 cm (Fig. 6) 
was similar for all treatments 2 d aft er tillage when the tilled soil 
was still uniformly moist. Th e deeper tillage treatments demon-
strated diff erences from the shallow tillage at the later two mea-
surement dates. Th ese temperature profi les follow the same pat-
tern described for heat fl ux by Ochsner et al. (2007). Greater slope 
of the amplitude ratio curve occurs with depth and also with in-
creasing diff usivity. On 16 July, the soil moisture would have been 
relatively low at the soil surface in the untilled treatment (Fig. 1). 
In the 5-cm tillage depth, the dry surface soil would have been 
loosened and homogenized to 5-cm depth. Th e 10- and 15-cm 
tillage depth treatments loosened and homogenized the soil to 
10- and 15-cm depths, and small bends can be seen in relation to 
these depths in the 16 July data. Th e straightening of the upper 
curves at the second two measurement dates may indicate drying 
of the surface soil, resulting in a reduction in heat capacity, which 
reduces the decay in amplitude with depth. Bend points in the lat-
ter two measurements appear to refl ect diff usivity or heat capacity 
changes due to soil bulk density. Detailed measurements of soil 
bulk density and water content would make better interpretation 
of the curves possible, but these data serve to demonstrate that 
temperature profi les at 1-cm resolution can detect discontinuities 
in heat fl ux related to soil physical changes.

Th e minimum and maximum soil temperature profi les 
(Fig. 7) appear to give three distinct responses to the four treat-
ments. Th e two deepest mulch treatments are almost identical. 
Th e shape of the 5-cm mulch temperature profi le is more like the 
untilled treatment than those of the deeper tillage mulches but has 
the same average as the deeper mulches. Th e untilled treatment 
has a narrower diff erence between minimum and maximum and 
is shift ed left , having a lower average temperature. Part of the dif-

ference is probably due to the untilled treatment hav-
ing surface residue cover, where the other treatments 
had none. In addition, the treatments had diff erent 
water content profi les (Fig. 4). On a linear depth ba-
sis, they also had diff erent dry soil mass profi les. For 
the treatments in Fig.  7, the untilled treatment had 
383 kg m–2 dry soil mass and 60 kg m–2 water in the 
top 30 cm, whereas the 15-cm soil mulch treatment 
had only 355 kg m–2 dry soil and 52 kg m–2 water. 
Unfortunately, our procedures did not allow accurate 
indexing of linear, surface-based measurements and 
mass-based measurements because of the compac-
tion of the soil mulch samples during the sampling 
procedure. Th is means that in this data set, we cannot 
assign a certain soil and water mass to each tempera-
ture depth. It is clear, however, that the temperature 
profi les in the top third of the untilled treatment were 
measured in a greater mass of soil and water and there-
fore greater heat capacity.

Both Hammel et al. (1981) and Papendick et al. 
(1973) found shallow mulch or untilled soil profi le 

temperatures to be a degree or more warmer than under a deep 
soil mulch. In contrast, Fig. 7 shows lower temperatures in the un-
tilled plots than all three tilled mulches. Our untilled soil had resi-
due cover, which might help explain the lower temperature, but 
the data of Hammel et al. (1981) also had residue on the untilled 
soil. An important consideration in the comparison of soil tem-
perature is whether the soil is under a warming trend or a cooling 
trend during the measurement period. If the tillage systems cre-
ate diff erent response times (a layer of residue slowing soil warm-
ing and cooling, for example), then the temperature diff erences 
may be temporary. From Fig. 1 it appears that the last days of 
September 2008 were under a warming trend, so the lower mean 
temperatures measured in the untilled vs. the tilled treatments 
might be because the untilled soil took longer to warm up during 
warming trends. Th e relationship might have been reversed if the 
measurement had been made during a cooling trend. Data from 
longer periods will be necessary to sort out these issues.

Past research has shown crop residue to have only short-
term eff ects on soil moisture profi les in this climate (Papendick 
et al., 1973), but its eff ect on albedo and temperature profi les 
should be measured to complement other measurements. Th e 
eff ects of surface roughness can also have an eff ect on the absorp-
tion of solar radiation. In any case, our temperature data suggest 
that detailed comparisons of soil temperature profi les with con-
sideration of surface albedo, surface residue, and the mass and 
moisture content of the soil above the measurement point might 
be useful in characterizing the eff ectiveness of diff erent mulch 
conditions. In addition, diff erent nighttime temperature minima 
(Fig. 7) may help to explain the diff erences between untilled and 
tilled treatments because water loss during soil cooling cycles 
that begin in August under Inland Pacifi c Northwest conditions 
can be a major component of evaporation (Pikul et al., 1985).

Fig. 7. Minimum and maximum temperatures vs. depth in the mid-July tillage treatment 
on the Walla Walla soil. Temperatures are the average of three consecutive days, 27 to 
30 Sept. 2008.
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CONCLUSIONS
Depletion of the water supply below the seed zone by a 

delay of tillage or tillage of insuffi  cient depth appears to limit 
the maintenance of high moisture levels in the seed zone at the 
end of summer. Th ese relationships were similar on two soils of 
diff erent water-holding characteristics. Linear measurements 
such as tillage depth, mulch thickness, and temperature profi les 
should be indexed to mass-depth measurement of the soil water 
and bulk density changes. Th is will make it possible to accurately 
identify soil characteristics aff ecting moisture profi les without 
the confounding eff ect of diff erent bulk densities in diff erent 
treatments. And fi nally, temperature profi les showed substantial 
diff erences between mulch treatments. Because detailed profi le 
measurements can be easily made, it is worthwhile to character-
ize temperature profi les in an attempt to develop a tool for pre-
dicting mulch performance.
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