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EFFECTS OF SILICON ON SOIL CRUSTING AND SOIL QUALITY

Abstract

by Taylor Lynn-Marie Beard, M.S.
Washington State University
December 2013

Chair: Dr. William L. Pan

Silicon (Si) levels have a wide range of variation in plant and soil systems
depending on abiotic and biotic factors. In the inland Pacific Northwest the predominant
cropping system relies on wheat (a Si accumulator). Within this region, studies have
shown high levels of total soil Si and evidence of Si compounds becoming potential
cementing agents therefore degrading soil quality. The dependence of Si cycling on plant
type, environmental factors, and agronomic inputs needs to be assessed in order to
determine if introduction of canola (a non-accumulator of Si) could enhance soil quality
by reducing the occurrence or severity of soil crusting in comparison to wheat-dominated
systems. Both wheat and canola were grown in a greenhouse and upon harvest the wheat
residue accumulated between 40–65% more Si than canola. This residue was then used in
a laboratory incubation with soil pH as a variable. The results suggest that a higher pH,
rather than residue type, was the primary factor positively affecting surface resistance,
water soluble Si (Siws), and amorphous Si (Siam). The greenhouse residues were also used
in a decomposition study, which showed wheat had a slightly faster decomposition rate
compared to canola, consistent with the lower starting C:N ratio of the wheat residue. An
additional incubation with applications of amorphous silica (SiO2) confirmed that such
iv

applications positively influence water loss, soil Si, surface resistance, and crust
thickness. In addition to the silica treatments, soils from two cropping systems were used:
one previously cropped in wheat and the other in canola. The soil previously cropped in
wheat had higher soil Siam, surface resistance, and crust thickness compared to the canola
system demonstrating the influence crop rotation can have on Si related soil properties. A
field survey of Siws, Siam, and surface resistance showed little dependence across cropping
systems. As shown from the experiments under controlled conditions, it can be concluded
that Si cycling does affect important soil physical properties. The lack of confirmation in
the field survey suggests that other factors influence the state of Si in active cropping
systems and should be the focus of further research.
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CHAPTER 1
INTRODUCTION
Soil Silica Cycling:
Silicon (Si) is the second most common element of the earth’s crust with a mean
content of 28.8 wt% (Hans Wedepohl, 1995). Although it is a common element, the
understanding of Si pools and fluxes in terrestrial biogeosystems is lacking due to the
complex weathering and neo-formation processes, which create a variety of Si phases
within the soil. The solid phase of Si occurs in mineral soils developed from rocks or
sediments and are mainly composed of primary crystalline silicates such as quartz,
feldspars, mica, and secondary silicates, especially clay minerals (Sauer et al., 2006).
These minerals can also contain cations such as iron, aluminum, copper, zinc,
magnesium, and calcium (Farmer et al., 2005). Silicate minerals generally have a
tetrahedral arrangement of Si surrounded by four oxygen atoms (Lindsay, 1979). The
solubility of such minerals in terms of silicic acid (H4SiO4) is expected to range from 102.74

M (SiO2am) to 10-4.0 M (quartz) with other silicate minerals having intermediate

solubilities (Strober, 1967).
Most soils contain Si of biogenic origin (BSi), mainly in the form of phytoliths,
and pedogenic amorphous silica (SiO2am) (Drees et al., 1989). The solubility of such
silica in soils is intermediate between quartz and SiO2am. An example of an equilibrium
reaction would be SiO2(soil) + 2H2O

H4SiO20 (Lindsay, 1979). The chemistry of

silica is very complex and equilibrium relationships are difficult to attain. This difficulty
was demonstrated by Strober in 1967 when he measured the solubility of silicic acid in
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aqueous suspensions containing different forms of silica and concluded that surface
adsorption of silicic acid often prevents equilibrium relationships from being achieved.
In the liquid phase, dissolved silicic acid primarily occurs as monomeric silicic
acid (H4SiO4) (Iler, 1979). It is within this phase that the readily available pool of Si can
be found. Typical concentrations of Si in soil solutions fall between less than one and 65
mg Si/L; however, concentrations can differ widely in space and time depending on the
particular soil minerals present and other abiotic and biotic factors (Sadiq et al., 1980;
Wickramasinghe and Rowell, 2005). The dissociation of silicic acid and the
polymerization of silicate species in solution also vary, however an example of an
equilibrium reaction would be H4SiO40

H3SiO4- + H+ (Lindsay, 1979). Under the

conditions that silicic acid in soil solution is controlled by soil SiO2 levels, Lindsay
(1979) found that only at pH values above 8.5 do the ionic silicates contribute
significantly to the total SiO2 in solution. In the normal pH range of soils, silicic acid
comprises the major silicate species.

Silicon and its effects on plants:
Silicon is absorbed in the form of uncharged monomeric silicic acid, H4SiO4, by the
plant root when the solution pH is below nine (Ma and Yamaji, 2006). Uptake can occur
either passively, coinciding with the uptake of water, or as an active form of nutrient
recruitment depending on the plant species (Prychid et al., 2004). Following uptake by
the roots, Si is translocated to the shoots via the xylem. In the shoot, silicic acid is further
concentrated through transpiration and is ultimately polymerized to Siam (Richmond and
Sussman, 2003). Deposition usually takes place in cell lumens, cell walls, and
intercellular spaces or external layers (Casey et al., 2003). It is present in roots, leaves,
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and inflorescence bracts of cereals (Epstein 1993). The incorporation of silicon into cell
walls has at least two energetically positive effects. First, the role of Si is comparable to
lignin in that it is a compression resistant structural component of cell walls (Epstein,
1993). However, the metabolic cost of synthesizing one silicon atom is only one
adenosine triphosphate (ATP) while an equivalent amount of lignin costs about 27ATP
(Van Soest 1996). Silica can therefore be considered an energetically inexpensive
structural component of the cell wall. Second, the erect habit and disposition of the leaves
of plants with high amounts of Si favor light interception and consequently
photosynthesis (Epstein, 1993).
Of all the elements found in plants, Si has shown the greatest variation between
plant parts, plant type, and species ranging from 0.1 to 10% on a dry weight basis
(Epstein, 1993; Bilbro et al., 1991). The only significant trend is that monocots have the
ability to accumulate more Si than dicots. Differences in Si uptake occur because the
transport of Si in plants is much more complex than in other silicon-utilizing organisms.
In plants, additional modes of transport are needed to enable long distance transport
across specialized tissues and compartments from the roots to the stomata. Studies done
by Mitani and Ma (2005) suggest that the density of the transporter that transports Si
from the external solution to the cortical cells, and the occurrence of a transporter to
transport Si from the cortical cells to the xylem, differs among plant species. In addition
to the transport system a number of ecological factors including climate, soil
characteristics, moisture, and plant maturity affect silica body development by
influencing the amount of silica in the soil that is available to plants (Prychid et al.,
2004).
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Silica positively affects the growth and development of many plants by contributing
to the mechanical strength of cell walls, keeping the plant erect, and helping in the
positioning of leaves for light interception (Bilbro et al., 1991). Silica also helps protect
against multiple abiotic and biotic stresses. An additional effect of Si is that numerous
studies have shown it is effective in inhibiting diseases caused by both fungi and bacteria
in different plant species. This is primarily due to the reinforcement of the cell wall by
deposited, polymerized silica, which acts as a physical barrier (Epstein, 2009). The silica
in trichhomes lends leaves the roughness and toughness that impede the penetration of
herbivores and pathogens through the cell walls. Other benefits of Si include aiding in
multiple biotic and abiotic stresses including toxic metals, high salinity, water deficits,
and lodging in wheat (Euliss et al., 2005; Currie and Perry, 2007; Hashemi et al, 2010;
Janislampi, 2012).
The dissolution of straw silica, which releases Si to the soil solution, depends not
only on the purity of the silica, but also on the degree of exposure of the phytoliths.
Surface dumbbell cells and protuberances are more exposed than granular amorphous
silica enclosed in the plant matrix and are likely the source of the readily soluble fraction
when straw is placed in solution or in the soil (Ma and Yamaji, 2006). Decomposition of
the straw will in the long term expose more silica because phytoliths will be released
from the plant matrix and dissolved. However, the rate of decomposition appears to be
influenced by the concentrations of inherent silica and other structural components
(hemicellulose, cellulose, and lignin) in the straw. When crop residues are incorporated
into the soil, the ultimate concentration of Si in the soil solution is expected to depend on
the rate of decomposition, dissolution rate of the phytolith-Si, adsorption of Si by the soil,
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and other environmental factors (Brown and Mahler, 1987b). While there is no single
indicator of the rate of residue decomposition in soil, positive correlations have been
observed between high hemicellulose levels and decomposition rate (Voroney et al.,
1989) while high lignin content, high C:N ratios, and low total N can lower
decomposition rates (Soon and Arshad, 2002; Lupwayi et al., 2006; Stubbs et al., 2009).
Therefore crop residue management may have an important impact on Si solubility and
movement.
Why should we be concerned with Si levels?
With such variability of Si levels within plants, residue management has an
important impact on Si solubility and movement. Studies have shown that Si levels can
be linked to pan formation at deeper depths within the soil profile increasing mechanical
resistance to roots, impairing drainage, and therefore may reduce plant growth and
production (Brown and Mahler, 1987b; Gollany et al., 2006). While this relationship has
been well researched, the relationship between Si levels and surface crusting has yet to be
determined. Surface crusting is a common occurrence in many cultivated soils in arid and
semi-arid regions. Important effects of a surface crust include reduction of infiltration
rate (IR), enhancement of runoff, alteration of erosion, and most importantly interference
with seed germination. The Pacific Northwest (PNW) has the deepest seeding depth in
the world (up to 20 cm) for both canola and winter wheat in order to reach adequate
water for germination. Due to this extreme seeding depth, it is not the coleoptile that
emerges from the soil, but the first leaf. This can be an issue because the first leaf is thin,
has weak structural support, lacks the emergence force or lifting capacity, and is therefore
susceptible to kinking resulting in no emergence (Schillinger, 2011). Kinking generally
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occurs when rainfall takes place after planting, but before emergence, causing the
formation of a thin, fragile soil crust that the first leaf cannot penetrate.

Crusting formation:
The general sequence of events that leads to crust formation under rainfall
conditions are as follows: (i) breakdown of soil aggregates caused by raindrop impact or
slaking; (ii) movement of fine particles into the upper few millimeters of the soil, where
they are deposited in the voids; and (iii) subsequent drying of the soil surface to form a
thin film, which restricts further entry of water and movement of soil particles
(Wakindiki and Ben-Hur, 2002). Two main types of soil crust, namely structural and
depositional crusts, are generally recognized, according to their mechanisms of
formation. Structural crusts are due mainly to water-drop impact, whereas depositional
crusts are formed by translocation of fine particles and their deposition at some distance
from their original location. The tendency of a soil to form a crust depends on aggregate
stability. Aggregate stability has been found to increase with increasing clay content but,
conversely, increasing clay content can also promote crust formation. Ben- Hur et al.
(1985) explained this paradox by suggesting that in soils containing more than 20% clay,
the clay fraction acts as a cementing material, stabilizing soil aggregates against the
beating action of raindrops, and so preventing crust formation. On the other hand, in soils
containing less than 20% clay, the clay acts as a substrate for crust formation, decreasing
the steady-state hydraulic conductivity of the crust. Soils with high amounts of silt, low
organic matter, and therefore low aggregate stability, such as those found in the PNW,
have been identified as particularly susceptible to crusting.
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Factors affecting crusting:
In addition to climate, there are multiple management factors that can influence the
development of surface crusts however, for the purpose of this research the main focus
will be on two factors: the effects of fertilizer use and the influence of cropping rotation.
Increased use of ammonium (NH4+) based fertilizers in farm management systems during
the last 70 years has affected the chemistry of surface soils in the Palouse area of northern
Idaho and eastern Washington (Brown and Mahler, 1987a). The nitrification of NH4+ has
acidified the top 25 cm of the soils and has resulted in reduced plant productivity and
increased levels of soluble Si (Gollany et al., 2005). Variations in acidity influence
reactions of Si, either causing adsorption (higher pH) or maintaining Si in the solution
phase (lower pH). Additional research done by Gollany et al. (2006) examined the
interactive effects of N fertilizer and crop residue management on water soluble Si (Siws)
in a wheat-fallow cropping system on a Walla Walla silt loam. Nitrogen fertilizer
application decreased Siws by 17% as a result of leaching. Amendments including larger
quantities of crop residue increased the soil organic carbon (SOC) concentration and Siws
by 10%. High SOC, reduced Si dissolution, illuviation, and deposition. Although the
form of this Siws and SOC association was not determined, it is likely that the SOC
reduced the siliceous surface available for dissolution. Gollany et al. (2006) suggested
that the additions of sufficient crop residue might increase SOM and Siws interactions by
forming phytoliths, Siam, or Si complexes. Either one of these processes can account for
reduced biodegradation and reduced siliceous surface area available for dissolution.
In arid and semi-arid areas, where soils are more susceptible to crusting, it may be
beneficial to consider both the structural composition (specifically Si levels) of crops and
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fertilizer use within the cropping system. Introduction of crops that accumulate less Si,
such as canola or other dicots, may aid in decreasing the severity or occurrence of soil
crusting therefore improving seedling emergence and subsequent crop productivity.
RESEARCH GOAL
The overall goal of this research was to determine if introducing canola into a crop
rotation could reduce the occurrence or severity of soil crusting in comparison to wheat
dominated systems.
Objectives:
The thesis objectives are to:
1) Determine the role and allocation of Si in both wheat and canola grown with
varying fertilizer rates.
2) Determine how various fertilizer rates influence the hemicellulose, cellulose, and
lignin levels of both wheat and canola in order to suggest potential decomposition
rates.
3) Evaluate the decomposition and release of Si into the soil from wheat and canola
residue and the effects on soil crusting.
4) Determine how wheat and canola may affect soil crusting and silicon levels over a
long period of time.
THESIS ORGANIZATION
Each chapter of this thesis is self-contained. Chapter 2 addresses objectives 1&2
through a greenhouse experiment. Chapter 3 contains two laboratory studies addressing
objective 3. Chapter 4 introduces a laboratory/field study addressing objective 4 as well
as additional questions raised by the experiments reported in chapter 3.
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CHAPTER 2
THE CYCLING AND ALLOCATION OF SILICON IN CANOLA AND WHEAT
GROWN WITH VARYING NITROGEN RATES
SUMMARY
Silicon (Si) content of crops can be an important factor to consider for
residue management due to the fact that rate of decomposition can be affected by the
inherent Si content and other structural components (hemicellulose, cellulose, and lignin)
of the straw. In addition to decomposition rate, the cycling of Si back into the soil is also
an important factor due to its potential as a cementing agent (Brown and Mahler, 1987).
Therefore it may be beneficial to introduce crops into a rotation that have lower Si levels
such as canola rather than Si accumulators such as wheat in order to assist with residue
decomposition and lower soil crusting potential. Fertilizer use and its effect on soil pH is
another influential management factor of soil Si levels. Variations in pH can influence
reactions of Si, either causing sorption in calcareous soils or maintaining Si in the
solution phase for plant uptake as seen in more acidic soils (Brown and Mahler, 1987). In
order to further explore the role and allocation of Si and other structural components with
varying fertilizer rates, spring wheat (Triticum aestivum ‘Louise’), and spring canola
(Brassica napus) were grown in a greenhouse experiment. Plants were grown in a 50/50
mix of Palouse silt loam and Sunshine Mix #2. Labeled fertilizer (15NH4)2SO4 was
applied at four different rates: 6, 60, 180 and 420 mg N kg-1. Each treatment was split
into three applications: emergence, tillering, and stem elongation. Once plants reached
maturity, they were harvested and partitioned to separate grain, residue, roots, and soil
components. Plant samples were analyzed for total C and N, atom % 15N, fiber, and Si
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content. Soil samples were analyzed for total C and N, NH4+, NO3, pH, water soluble Si
(Siws), and amorphous Si (Siam). Canola produced more biomass with increasing fertilizer
however; the recovery of fertilizer N in wheat biomass was greater. The Si and fiber
analyses showed that the biochemistry differed between wheat and canola, but not
significantly with fertilizer rate. Wheat had significantly more Si and hemicellulose
compared to canola, which had significantly more lignin and cellulose than wheat. This
suggests that canola may rely more on lignin for strength and protection while wheat
relies on Si.
INTRODUCTION
Silicon (Si) is the second most common element of the earth’s crust (Hans
Wedepohl, 1995), however, the importance of Si in soil systems and therefore plant
nutrition had not been brought to light until fairly recently. Emanuel Epstein (1967, 1994,
1999, 2009) has been the main advocate for recognizing Si as an essential element for
plant nutrition due to the fact that multiple crops benefit from Si application. Although Si
is a dominant element in most soils, weathering and neo-formation processes create a
variety of Si phases and the understanding of the phases and fluxes is not completely
understood. In addition to natural processes, agricultural management practices can also
effect the Si cycle. The most influential management factor on soil Si adsorption is
fertilizer use and its effect on soil pH. The soil solution pH influences reactions of Si in
soil, either causing adsorption in calcareous soils or maintaining Si in the solution phase
as seen in more acidic soils (Brown and Mahler, 1987). Increased use of ammonium
(NH4+) based nitrogen (N) and phosphorus (P) fertilizers during the last 70 years has
affected the chemistry of surface soils in the Palouse region (northern Idaho and eastern
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Washington). The nitrification of NH4+ has acidified the top 25 cm of the soil and
therefore increased the levels of soluble Si available for plant uptake (Gollany et al.,
2005).
The Si content of crops can be an important factor to consider for residue
management due to the fact that the rate of decomposition appears to be affected by the
Si content and other structural components (hemicellulose, cellulose, and lignin) of the
straw. With the increased adoption of no-till or reduced tillage management practices in
the Palouse region, slowly decomposing residue can become an issue. Excessive residue
can slow planting, reduce the rate of soil warming in the spring, reduce soil to seed
contact, hinder seed germination, and inhibit seedling emergence (Stubbs et al., 2009).
While there is no single indicator of straw quality that can predict residue decomposition
in the soil, the structural components of residue and total C and N have shown
correlations with decomposition rates (Baggie et al., 2004; Goh and Tutuna, 2004). High
hemicellulose has generally been linked to rapid decomposition while high lignin content,
high C:N ratios and low total N are associated with slower decomposition (Stubbs et al.,
2009). However, composition and decomposition rates vary with crop type and even
among cultivars. Therefore, knowledge of how fertilizer application effects residue
composition may aid in designing rotations that incorporate more rapidly decomposing
crops and cultivars while maintaining economic feasibility. Consequently, the objectives
of this study are to 1) determine the role and allocation of Si in both wheat and canola
grown with varying fertilizer rates in a greenhouse environment and 2) determine how
varying fertilizer rates influence hemicellulose, cellulose, and lignin content of both
wheat and canola in order to infer potential decomposition rates.
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MATERIALS AND METHODS
Two plants were used in the experiment: wheat (Triticum aestivum ‘Louise’), and
canola (Brassica napus). The plants were grown in one kg oven dried 50/50 mixture of
soil acquired from Palouse Conservation Field Station (Palouse fine-silty, mixed,
superactive, mesic pachic ultic haploxerol) and Sunshine Mix #2, with a background N
content of 20 mg N kg-1 (see Table 2.1). Labeled fertilizer (15NH4)2SO4 was applied at
four different rates: 6 (control), 60 (low), 180 (medium) and 420 (high) mg N kg-1.
Fertilization was split into three applications: emergence, tillering, and stem elongation.
There were five replications per treatment for a total of ten pots per fertilizer rate, with a
total of 40 pots. Plants were thinned after emergence to attain three plants per pot. The
bottom of each pot was sealed in order to try and eliminate leaching and therefore loss of
15

N. Pots were randomly distributed within the greenhouse, and re-randomized and

watered every two to three days with a measured amount of distilled water as needed. Pot
weights and water amounts were recorded in order to maintain consistent moisture within
treatments. Senesced canola leaves were collected throughout the course of the
experiment and kept in a room temperature oven until analysis. Once plants reached
maturity, they were harvested and partitioned to separate grain, residue, roots, and soil
components in addition to the previously collected canola leaves. The plant materials
were dried at 45°C for 48 hours and ground to a fine powder using a roller grinder. Plant
samples were analyzed for total C and N, atom % 15N, fiber, and silicon content. Soil
subsamples were stored in a 0ºC freezer until extraction for total C and N, NH4+, NO3-,
pH, water soluble Si (Siws), and amorphous Si (Siam) content.
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Plant analyses
Total C and N were determined through combustion using a Truspec Carbon and
Nitrogen Analyzer (LECO). Plant 15N atom % was determined using a coupled elemental
combustion system (Costech Instruments) and Thermo Finnigan delta plus Advantage
stable isotope ratio mass spectrometer (Thermo Fisher Scientific). Fiber analysis was
conducted using a modified version of the VanSoest et al. (1991) procedure using the
ANKOM automated system utilizing filter bags (ANKOM Technology Corp., Fairport,
N.Y.). This includes a series of extractions to determine the fiber content of a plant
sample. The neutral detergent fiber (NDF) solution removes soluble cell contents such as
carbohydrates, lipids, pectin, starch, soluble proteins, and non-protein nitrogen. The
fraction that is left contains hemicellulose, proteins bound to the cell walls, cellulose,
lignin, and other recalcitrant materials such as Si. The acid detergent fiber (ADF) process
removes hemicellulose and bound proteins. The fraction left behind contains cellulose,
lignin, and recalcitrant materials. The final acid detergent lignin (ADL) process removes
cellulose, leaving only lignin and other recalcitrant materials. After the ADL procedure,
samples are ashed using a muffle furnace in order to determine the amount of recalcitrant
materials. Plant silica was extracted and analyzed using methods modified from Van der
Vorm (1987). A 0.1 g subsample of residue was ashed in a muffle furnace at 500°C for
six hours. Forty mL of 0.08 M H2SO4 was used to rinse ash into polyethylene centrifuge
tubes and 1.6 mL of 48-51% HF was then added to each sample. Tubes were shaken for
one hour and allowed to sit over night. The solution was then adjusted to 50 mL with
0.08 M H2SO4 and three mL of 2.5% boric acid was added to neutralize the remaining
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HF. Silica amounts were then determined by the colorimetric method outlined by Van der
Vorm (1987).
Soil analyses
Ammonium and NO3- were measured calorimetrically with a Quickchem 8000
Series FIA+ system and AutoSampler (Lachat Instruments). Soil pH was measured using
a 1:1 soil to water ratio. For each sample 10 g of soil and 10 g of water were placed into a
polyethylene container and shaken vigorously for 30 seconds. Samples were allowed to
settle for 15 minutes then agitated before the pH meter was submerged into the soil
slurry. Water soluble silicon extraction methods from Albrecht et al. (2005) were
followed. Five g of soil and 25 mL of distilled water were placed in polyethylene tubes,
shaken for 30 minutes, allowed to settle overnight, centrifuged for 10 minutes, and then
filtered with Whatman No. 42 filter paper. Amorphous soil silica is operationally defined
as the Si extracted by a Na2CO3 solution (Follett et al., 1965). This method is used due to
the fact that the solubility of Siam strongly increases at higher pH levels. One g of soil and
25 mL of 0.5 M sodium carbonate were combined in a polyethylene tube, shaken in an
80C water bath for 10 minutes at 100 RPM’s. Samples were then allowed to cool and
settle at room temperature and centrifuged at 2,500 RPM’s for 10 minutes. Extracted
solution was filtered with Whatman No. 42 filter paper and stored in a cool environment
until analysis. Both Siws and Siam solutions were analyzed using colorimetric procedures
outlined by Van der Vorm (1987). One mL of extract was pipetted into small
polyethylene container and diluted to three mL with DI water. Samples extracted with
sodium carbonate had one mL HCl added and a few drops of potassium permanganate to
adjust the color from a slightly yellow solution to a clear solution. One mL of 0.5 M
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H2SO4 was added and samples were agitated and incubated at 40.2C for 20 minutes.
One mL of 5% ammonium molybdate was added, agitated, and left to sit for five minutes.
One mL of both 5% oxalic acid and 1.5% ascorbic acid were also added. Solution level
was adjusted to 10 mL with DI water and agitated. Samples were left to sit for 20 minutes
and then read with a spectrophotometer set at an absorbance of 700 nm. If color was too
dark samples were diluted 10 times in order to reach an attainable reading.
Statistical analyses
All results were analyzed using a two-way ANOVA in the SAS system. To
establish differences between treatments the Tukey method was used with a p-value of
0.05. The two factors analyzed were fertilizer treatment and crop type. Plant organs were
analyzed separately.
Calculations
%Ndff = (atom % 15N plant – 0.3665)/(atom % 15N excess in fertilizer)
Where atom % 15N excess in fertilizer = 4.6
Reference background atom % 15N = 0.3665
Utilization% = (atom % 15N excess in plant * Dry yield of specific plant organ * Plant
organ N)/ (atom % 15N excess in fertilizer * Fertilizer application rate) * 100
Recovery % = (Fertilizer N in soil, roots, residue, grain)/ (Applied fertilizer N) *100
%NDF = ((NDF dry wt. – bag wt.)/sample wt. @105°C)*100
%ADF = ((ADF dry wt. – bag wt.)/sample wt. @105°C)*100
%ADL = ((ADL dry wt. – bag wt.)/sample wt. @105°C)*100
%Ash = ((Ash dry wt. – bag wt.)/(sample wt. @105°C*sample moisture))*100
Soluble cell components = ((100 - %NDF)* total residue dry wt)/100
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Hemicellulose = ((%NDF - %ADF)* total residue dry wt)/100
Cellulose = ((%ADF - %ADL)* total residue dry wt)/100
Lignin (recalcitrant components) = ((%ADL - %Ash)* total residue dry wt)/100
Ash (including silica) = (%Ash * total residue dry wt)/100
g Si/100 g = ((*(1/1000)*(50/sample wt)*(1/1000))*100)*(28.0855/60.0855)
Si g/pot = (g Si/100 g * total residue dry wt)/100
Table 2.1. Initial greenhouse soil data
Parameter
Initial Value
pH
7.1
Total N (mg N/kg soil) 20
Siws g Si/kg soil
0.4
Siam g Si/kg soil
13.8
15
Atom % N
0.37

RESULTS
Yield response to N rates
Both plant type (p-value < 0.001) and fertilizer treatment (p-value < 0.0001)
proved to be significant factors for straw, grain, root, and total yield (Table 2.2). Wheat
straw increased from an average of 12.7 g/pot to 22.5 g/pot with increasing N rates while
canola straw increased from 9.5 g/pot to 23.8 g/pot. Both wheat and canola grain yield
increased with increasing fertilizer rates, however wheat grain yields were much higher
than canola. The wheat grain yields ranged from an average of 6.1 g/pot in the control
treatment to 17.6 g/pot in the high treatment while canola grain yields ranged from 2.8
g/pot in the control treatment to 11.1 g/pot in the high treatment. The canola leaves were
collected separately and also showed an increase in yield with increasing fertilizer (2.1
g/pot – 5.9 g/pot). The roots showed a slight response to increasing fertilizer rates, but the
relationship was not as severe as the residue and grain yields. The high fertilizer wheat

20

treatment resulted in the most roots (5.3 g/pot) followed by the medium (4.2 g/pot),
control (3.0 g/pot), and the low fertilizer treatments (2.3 g/pot). The high fertilizer canola
treatment produced less roots compared to wheat with a value of 4.0 g/pot followed by
the medium (3.1 g/pot), low (2.2 g/pot), and control (2.1 g/pot) fertilizer rates. Canola
generated the most total residue compared to wheat under the medium and high N
fertilizer rates. Total canola yield ranged from 16.5 g/pot in the control to 44.8 g/pot in
the high fertilizer treatment while total wheat yield ranged from 21.8 g/pot in the control
to 35.4 g/pot in the high treatment.
Total N
Total N for both wheat and canola positively responded to N rates (Table 2.3).
Compared to canola, wheat straw had the highest amount of N in the control, low, and
high fertilizer treatments. The total N amounts for the wheat straw ranged from 54
mg/pot in the low treatment to 128 mg/pot in the high treatment while the total N
concentrations for canola straw ranged from 39 mg/pot in the control to 102 mg/pot in the
high treatment. The grain total N increased with increasing fertilizer rates and was
generally higher in the wheat treatments. The total N amounts for the wheat grain ranged
from 68 mg/pot in the control to 291 mg/pot in the high fertilizer treatment whereas the
canola ranged from 65 mg/pot in the control to 296 mg/pot in the high fertilizer
treatment. The canola leaves showed the same trend of increasing total N with increasing
fertilizer levels (22 to 51 mg N/pot). When taking into account the total above-ground
biomass (straw, grain, and leaves), total N was greatest for canola at the low, medium,
and high rates mostly due to the accumulation of N in its leaves (Figure 2.1). In terms of
below-ground N, wheat consistently had more N accumulated in roots at each rate of
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fertilizer. The wheat root total N ranged from 17 mg/pot at the low fertilizer rate to 45
mg/pot at the high fertilizer rate while canola only ranged from 13 mg N/pot at the low
fertilizer rate to 31 mg N/pot at the high fertilizer rate. Total N in the soil after harvest
was not significantly different between treatment, however, there was slightly less N in
the wheat treatments (ranging from 1843 mg N/pot to 1908 mg N/pot) compared to the
canola treatments (ranging from 1804 mg N/pot to 1913 mg N/pot). The greater biomass
production accounted for the increased N accumulation in canola and wheat straw, thus
resulting in increased C accumulation as well. As a result, increasing fertilizer N rates did
not lead to significantly lower C:N ratios of wheat and canola straw (Table 2.4).
15

N enrichment
Canola and wheat exhibited similar patterns for the % N derived from fertilizer

(%Ndff) among the different plant organs (Table 2.5). As fertilizer levels increased so
did the %Ndff in the straw. Wheat had higher levels of %Ndff (5.2 – 57.1%) than canola
(3.2 – 56.6%) at all fertilizer rates. Canola leaves also showed an increase in %Ndff with
increasing fertilizer levels and was even slightly higher than amounts found in the canola
straw ranging from 4.0 – 61.9%. Therefore if the leaves and canola straw were combined
as would be in an agricultural field the canola would have higher %Ndff values than
wheat (Figure 2.2). The %Ndff in the grain was very similar when comparing wheat and
canola at each fertilizer rate. Greater proportions of grain N originated from fertilizer at
higher rates, which ranged from about 22% in the low N rate to 70% at the highest rate.
Incorporation of fertilizer N into soil N was minimal and could have been masked by
high levels of soil organic N.
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The recovery of fertilizer in the system ranged from 73% to 111% with canola
having slightly higher values than wheat (Table 2.6). The various fates of fertilizer N
included straw, senesced canola leaves, grain, roots, and soil. Increasing the level of N
fertilizer generally resulted in a higher utilization of fertilizer N in grain, leaves, and
residue. Additionally, less fertilizer N was recovered in the soil at higher rates. The
partitioning of fertilizer N was similar in canola and wheat plants. At the highest N rate,
about half of the fertilizer N was utilized in the canola and wheat grain. More fertilizer N
remained in the total canola residue (including leaves) than wheat, while wheat roots
generally contained more fertilizer N than canola. Interestingly, more fertilizer N
remained in the soil after canola than wheat at the medium and high rates, perhaps due to
loss of fibrous canola roots or a lower uptake efficiency.
Plant Hemicellulose, Cellulose, Lignin, and Silicon
Only the residue (straw and canola leaves) of both crops was analyzed for fiber
and silicon components. Without taking yield into account, the fiber concentrations did
not vary among fertilizer treatments, but they did vary between crop type (Figure 2.3 and
2.4). However, when multiplying the concentrations by the yield, the fiber concentrations
increased with increasing biomass (Table 2.7). Canola accumulated higher amounts of
soluble components, cellulose, and lignin than wheat. In contrast, wheat accumulated
more hemicellulose and Si than canola. The amounts of ash were very minute and similar
across all treatments. Without considering yield, the Si concentrations seemed to decrease
with increasing fertilizer levels from approximately 5.5% to 3.5% in wheat and from
1.9% to 1.5% in canola (Figure 2.5). However, when multiplying this concentration by
the plant yield, Si levels increased with increasing fertilizer rates (Figure 2.6). Silicon
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amounts were significantly higher in wheat residue ranging from 0.65 g/pot to 0.79 g/pot
compared to the amounts found in canola ranging from 0.21 g/pot to 0.48 g/pot (Table
2.7). From these results, it seems as though plant type has the greatest significance in
allocation of fiber and silicon components rather than fertilizer levels. However, any
effect N levels may have on these factors is obscured due to the increased residue levels
with increasing N rates.
Si Cycle
In order to better understand the Si cycle a Si budget was completed on the
greenhouse samples. The initial soil Siam level for all treatments was approximately 13.8
g Siam/kg soil. Soil samples taken after harvest indicated that plant type was the most
significant factor in the amount of Si left over in the soil (p-value <0.001) with more Si
remaining in the soil in which canola was grown. This may be due to the fact that canola
takes up less Si compared to wheat as seen in Tables 2.7 and 2.8. The increase in soil Siam
content (10.4 g/kg soil to 12.9 g/kg soil) with increasing fertilizer as seen in the canola
treatments may be due to the acidifying effect the fertilizer has on the soil. The pH for the
canola treatments ranged from 7.3 in the control to 6.9 in the high N rate. The wheat
treatments, however, showed the opposite trend, the pH ranged from 7.0 in the control to
7.2 in the high fertilizer treatment. Although this range is slight, the post-harvest soil
samples reflected this effect of pH in the Siam results ranging from 9.7 g/kg soil in the
control to 9.5 g/kg soil in the high fertilizer treatment. With increasing fertilizer and
therefore increased yields the straw, root, and grain Si increased. Wheat accumulated
significantly more Si in both the straw (0.65 g/pot to 0.79 g/pot) and the roots (0.41 g/pot
to 0.98 g/pot) compared to canola straw (0.21 g/pot to 0.48 g/pot) and roots (0.09 g/pot to
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0.27 g/pot), especially at the higher N rates. The amount of Si found in the grain of both
crops was minimal. Taking the post-harvest soil, residue, roots, and grain Si content into
account the difference seen in the last column of Table 2.8 ranges from 0.1 g/pot to 3.1
g/pot or 0.8-22.5% of Si unaccounted for.
Table 2.2. Average yield per pot for each N fertilizer rate
Yields (g/pot)
Fertilizer
Leaves
mg N/kg
Straw
Grain
Wheat
6
12.7 c
6.1 c
60
13.1 c
6.1 c
180
17.6 b
12.4 b
420
22.5 a
17.6 a
6
60
180
420

9.5 d
11.6 dc
17.6 b
23.8 a

2.1 c
3.4 c
4.4 b
5.9 a

Canola
2.8 d
3.4 d
6.3 c
11.1 b

Table 2.3. Average total N per pot for each N fertilizer rate
Total N (mg/pot)
Fertilizer
mg N/kg
Straw
Leaves
Grain
Roots
Wheat
6
61 bc
68 e
19 cb
60
54 c
78 ed
17 c
180
63 bc
168 b
31 b
420
128 a
291 a
45 a
Canola
6
39 d
22 c
65 e
14 c
60
50 c
26 cb
84 c
13 c
180
69 b
33 b
154 b
20 cb
420
102 a
51 a
296 a
31 b

25

Roots

Total

3.0 bdc
2.3 dc
4.2 ba
5.3 a

21.8 d
21.5 d
34.2 b
35.4 b

2.1 d
2.2 d
3.1 bdc
4.0 bac

16.5 e
20.6 d
31.4 cb
44.8 a

Soil
1844 a
1908 a
1860 a
1843 a
1911 a
1804 a
1913 a
1902 a

Table 2.4. Average residue C, N, and C:N per pot for each N fertilizer rate
Fertilizer mg
g C/pot
g N/pot
C:N
N/kg
Wheat
6
5.9 dc
0.06 bc
98.7 a
60
6.1 dc
0.05 c
113.1 a
180
6.2 dc
0.08 bc
80.8 a
420
10.6 b
0.13 bac
83.2 a
Canola
6
5.4 dc
0.06 c
89.4 a
60
6.7 c
0.07 bc
98.5 a
180
10.1 b
0.10 bc
100.1 a
420
13.7 a
0.15 ba
89.9 a

Table 2.5. Average percent of N derived from fertilizer (%Ndff)
Fertilizer
mg N/kg Straw
6
60
180
420
6
60
180
420

%Ndff

Leaves Grain
Wheat
5.2 fe
3.8 f
18.2 c
21.8 e
39.1 b
48.0 c
57.1 a
70.0 a
Canola
3.2 f
4.0 d
3.5 f
16.3 dc 17.5 c 24.8 e
36.0 b 39.5 b 54.6 cb
56.6 a 61.9 a 70.5 a

Roots

Soil

2.4 gf
13.8 def
24.4 dc
40.3 ba

0.7 f
2.8 d
3.6 cd
5.6 b

4.1 gf
16.1 de
28.8 bc
43.6 a

1.1 fe
2.1 edf
4.9 cb
7.6 a

Table 2.6. Utilization of fertilizer N by plant organs and recovery efficiencies
Utilization %
Fertilizer
Recovery %
mg N/pot Residue Leaves
Grain Roots
Soil
Total
Wheat
6
12.4 ba
10.1 cd 1.7 a 48.2 bdc 72.3 b
60
12.3 ba
21.1 cb 2.7 a 66.7 ba
102.7 a
180
12.3 ba
40.4 a
3.7 a 33.9 ed
90.3 ba
420
16.7 a
46.4 a
4.1 a 23.5 e
90.7 ba
Canola
6
5.0 b
3.4 b
8.7 d
3.1 a 80.8 a
101.0 ba
60
10.2 ba
5.5 b
25.8 b
2.9 a 48.0 bdc 92.4 ba
180
12.5 ba
6.5 b
42.2 a
3.0 a 47.2 bedc 111.3 a
420
13.2 ba
7.3 a
47.4 a
3.0 a 32.7 ed
103.5 a
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Table 2.7. Average soluble components, hemicellulose, cellulose, lignin, ash, and Si in
wheat and canola straw
Fertilizer Soluble Hemicellulose Cellulose Lignin
Ash
Si
Total
mg N/kg (g/pot)
(g/pot)
(g/pot)
(g/pot) (g/pot) (g/pot) (g/pot)
Wheat
6
60
180
420

3.4 f
3.5 fe
4.1 fed
5.0 ced

3.5 dc
3.7 c
5.0 b
6.4 a

6
60
180
420

4.7 cfed
5.8 cb
7.0 b
10.0 a

1.5 fe
1.9 e
2.9 d
3.9 c

4.3 edf
4.6 ed
7.3 cb
9.2 b

1.5 b
1.2 b
1.3 b
1.8 b

0.02 a
0.01 a
0.01 a
0.02 a

0.65 ba
0.66 ba
0.71 ba
0.79 a

13.4 de
13.7 de
18.4 c
23.2 b

0.02 a
0.02 a
0.02 a
0.02 a

0.23 de
0.21 de
0.34 dc
0.48 bc

12.8 de
15.2 dc
22.3 b
30.2 a

Canola (Shoots + Leaves)
4.8 ed
5.6 cd
8.9 b
12.2 a

1.5 b
1.7 b
3.1 a
3.6 a

Table 2.8. Average amounts of Si found in the initial soil, post-harvest soil, plant residue,
roots, grain, and the difference or unaccounted for Si
Fertilizer
mg N/kg

pH

Initial Soil
Si (g/kg)

Post-Harvest
Soil Si (g/kg)

Straw Si
(g/pot)

Root Si
(g/pot)

Grain Si
(g/pot)

Difference
(g/pot)

0.65 ba
0.66 ba
0.71 ba
0.79 a

0.41 cb
0.47 b
0.95 a
0.98 a

0.010 a
0.011 a
0.012 a
0.023 a

3.0 ab
2.7 ab
2.5 ab
2.5 ab

0.23 de
0.21 de
0.34 dc
0.48 bc

0.09 cb
0.13 cb
0.26 cb
0.27 cb

0.005 a
0.004 a
0.007 a
0.023 a

3.1 ab
2.6 ab
1.0 b
0.1 b

Wheat
6
60
180
420

6.96
7.06
7.14
7.22

13.8
13.8
13.8
13.8

9.7 c
10.0 bc
9.6 c
9.5 dc

6
60
180
420

7.34
7.26
7.24
6.86

13.8
13.8
13.8
13.8

10.4 bc
10.9 bac
12.2 ba
12.9 a

Canola
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Figure 2.1. Average total N of above ground biomass per fertilizer treatment for wheat
and canola
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Figure 2.2. Average % nitrogen derived from fertilizer (Ndff) for wheat and canola
(straw + leaves) residue per fertilizer rate (mg N/kg)
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Figure 2.3. Fiber concentrations in wheat residue per fertilizer treatment
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Figure 2.4. Fiber concentrations in canola residue (straw+leaves) per fertilizer treatment
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DISCUSSION
As expected, crop yields, %Ndff, %N utilization, %N recovered, Total N and C
generally increased with increasing fertilizer rates as seen in multiple other field and
greenhouse studies (Hocking et al., 1997a; Hocking et al., 1997b; Cheema et al., 2001;
Hocking et al., 2002; Malhi et al. 2006; Malhi and Lemke, 2007; Gan et al., 2010;
Gombert et al., 2010). Increased yields and therefore increased leaf area with higher N
rates resulted in a higher rate of photosynthesis causing an increase in total C and
therefore no significant differences in C:N ratios were found between fertilizer rates. The
results from the chemical composition analyses indicated that crop type is the
distinguishing factor for fiber and silica allocation and accumulation due to physiological
differences. When just considering concentrations of NDF, ADF, and ADL no significant
differences were seen between fertilizer treatments suggesting that fertilizer rates did not
have an effect on fiber concentrations. However, when the increasing yields with
increasing fertilizer rates are taken into account the accumulation of these components
does increase. These results are consistent with multiple studies exploring the effects of N
rates on crop fiber content (Keady et al., 2000; Lemus et al., 2008; Guretzky et al., 2011).
Si concentrations without factoring in yield appeared to decrease in both crops with
increasing fertilizer rate. Early studies have obtained similar results (Lawes and Gilbert,
1884; Jones and Handreck, 1967) and determined that this could be a result of the
dilution factor which is defined by Jarrell and Beverly (1981) as when the relative rate of
dry matter accumulation increases more rapidly than the rate of nutrient accumulation,
resulting in lower final concentrations in treated plants. An inverse relationship between
silicon and lignin levels can be seen in these results suggesting that canola relies
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primarily on lignin while wheat relies on Si for structural support. From this experiment,
it seems that fertilizer levels did not have a significant effect on C:N, fiber, or Si levels,
and therefore may not affect decomposition rates. Crop type consistently had the biggest
effect on such factors. Future studies might include using such residue in incubations or
decomposition studies in order to determine how the different crop types may affect fiber
and Si release into the soil.
The Si mass balance showed that wheat accumulated more Si in both the residue
and roots compared to canola resulting in less post-harvest Siam levels in the soil. This is
primarily due to the wheat roots ability to take up Si from the soil (Ma and Yamaji,
2006). For both crops, the most unaccounted Si was found in the control and low N rates
suggesting that due to the lower yields the total Si uptake was also lower and therefore
may have been lost from the system. Although the greenhouse experiment was
considered a closed system due to taping the bottom of the pots, it is possible that some
of the unaccounted Si was leached out of the soil. Another possibility is that some of the
Si was transformed into a less labile or less soluble form.
CONCLUSION
In this experiment, it is clear that the characteristics of residue production varied
among crops. Both crops produced more biomass with increasing fertilizer, but overall
canola produced a higher quantity of residue than wheat. In terms of N accumulation,
canola had a higher amount than wheat when considering both leaves and straw.
However, neither fertilizer level nor crop type proved to establish significantly different
C:N ratios. The recovery of fertilizer N in wheat biomass was greater than canola.
Therefore, wheat was more efficient in taking up N from fertilizer, and produced more
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grain per unit of N. The fiber analysis showed that the biochemistry differed between
wheat and canola, but not significantly with fertilizer rate and did not show any evidence
of a dilution effect. Crop type had the most significant effect on Si levels and an inverse
relationship between ADL and Si was recognized suggesting that plants with lower Si
content and high lignin may rely more on lignin for strength and protection. When
looking at Si concentrations among the different fertilizer rates, a decrease with
increasing fertilizer rates was shown. However, when taking into account the yield it is
evident that this pattern was due to a dilution effect. These results suggest that fertilizer
rate does not have a significant effect on fiber or Si accumulation.
The Si cycle analyses showed that the higher fertilizer treatments utilized the most
Si. Wheat accumulated the most Si in both the roots and straw therefore leaving less Siam
remaining in the soil post-harvest. Higher amounts of unaccounted Si occurred at the
lower fertilizer rates. Due to the lower yields and therefore lower Si requirements at these
N levels the unaccounted amounts of Si could have been leached from the system. These
results suggest that crop type does in fact influence fiber and Si uptake regardless of
fertilizer level and therefore crop type should be an important consideration in systems
wary of decomposition rates, fiber and Si release into the soil.
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CHAPTER 3
EFFECTS OF WHEAT AND CANOLA RESIDUE ON SOIL CRUSTING AND
SILICON LEVELS
SUMMARY
Depending on the type of residue, large amounts of Si can be cycled through the
plant and back into the soil. In the Palouse region (northern Idaho and eastern
Washington) the dominant crop is wheat, which can have large amounts of Si compared
to other crops such as canola (Casey et al., 2004). When crop residues are incorporated
into the soil, the ultimate concentration of Si in soil solution is expected to depend on the
rate of decomposition, dissolution rate and extent of phytolith-Si, adsorption of Si by the
soil and other environmental factors (Wickramasinghe and Rowell, 2005). Once in
solution or suspension, Si compounds are subject to leaching within the soil profile and
possible deposition as potential cementing and blocking agents resulting in surface
crusting (Brown and Mahler, 1987). In order to apprehend the relationship between the
decomposition of Si from wheat and canola, a laboratory incubation and decomposition
study was initiated. The laboratory incubation consisted of 100 g of Ritzville silt loam
and 0.8 g of wheat or canola residue. Half of the samples received a surface application
of 200 mg N/kg of soil. The incubation lasted 20 weeks and was kept at room
temperature (25°C). The results from this incubation showed that pH rather than crop
type was the dominant factor influencing the soil Si levels, crust thickness, and surface
resistance. Samples that received fertilizer applications had lower pH, less soil Siam, Siws,
lower surface resistance, and reduced crust thickness. The decomposition study utilized
six different residue types: field grown wheat fertilized 0, 50, and 100 lbs N/ac, field
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grown canola fertilized at 0 lbs N/ac, and wheat and canola grown in a greenhouse
fertilized with 440 mg 15N/kg. Hoagland’s solution was applied and moisture was
maintained within the storage container in order to enhance microbial activity and residue
decomposition over a 12 week period. These results showed that residue weight
decreased over time while %Si increased. The most dramatic differences occurred
between weeks 0 and 8 when more labile components were decomposed leaving less
labile Si and more recalcitrant organic materials behind for a much slower decomposition
rate.
INTRODUCTION
Crop residue management may have an important impact on silicon (Si) solubility
and movement. Depending on the type of residue, large amounts of Si can be cycled
through the plant and back into the soil. In the Palouse region (northern Idaho and eastern
Washington) the dominant crop is wheat, which can have large amounts of Si compared
to other crops such as canola (Casey et al., 2004). The dissolution of straw Si depends not
only on the purity of the Si, but also on the degree of exposure of the phytoliths. Surface
dumbbell cells and protuberances are more exposed than granular amorphous Si (Siam)
enclosed in the plant matrix and are likely the source of the readily soluble fraction when
straw is placed in solution or in the soil (Ma and Yamaji, 2006). Decomposition of the
straw will in the long term expose more Si because phytoliths will be released from the
plant matrix and dissolved. However, the presence of Si in the plant matrix appears to
increase resistance to decomposition (Richmond and Sussman, 2003). When crop
residues are incorporated into the soil, the ultimate concentration of Si in the soil solution
is expected to depend on the rate of residue decomposition the rate and extent of
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phytolith dissolution, adsorption of Si by the soil, and environmental factors such as
temperature, moisture, and soil properties (Wickramasinghe and Rowell, 2005). One of
the most important factors affecting the adsorption of Si is the soil pH. At higher pH
levels adsorption occurs while at more acidic pH levels the Si is released into solution.
Within the Palouse region, soil pH within the top 25 cm of the soil is primarily affected
by fertilizer type and application rate (Gollany et al., 2006). Once in solution, Si
compounds are subject to leaching within the soil profile or surface deposition as
cementing and blocking agents resulting in surface crusting (Brown and Mahler, 1987).
Surface crusting is a common occurrence in many cultivated soils in arid and
semi-arid regions. Important effects of a soil crust on surface and other phenomena
include: reduction of infiltration rate (IR) (Dao, 1993; Zuzel and Pikul, 1994; Ben-Hur et
al., 2004), enhancement of runoff (Clymans et al., 2011; Cornelis et al., 2011), alteration
of erosion (Remley and Bradford, 1989; Feng et al. 2011), and interference with seed
germination (Schillinger, 2011). In order to decrease the occurrence of surface crusting
and therefore Si levels in the soil solution it may be beneficial to consider the addition of
crops with lower Si levels, such as canola, into a cropping rotation. Therefore the
objective of this research is to evaluate the decomposition and release of Si into the soil
from wheat and canola residue and the effects on soil crusting through a laboratory
incubation and a decomposition study.
MATERIALS AND METHODS
Laboratory Incubation
In order to determine the relationship between the release of Si from wheat and
canola, an incubation was initiated for a period of 20 weeks. Each sample contained 100
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g of Ritzville series silt loam acquired from Ralston, WA (See table 3.1). Soil was air
dried and sieved through a two mm sieve prior to incubation. The wheat and canola
residue was grown with 200 mg labeled 15N fertilizer per kg of soil in a greenhouse
study. The residue was cut into small pieces ranging from two to five cm and 0.8 g was
added to each 100 g soil sample and thoroughly mixed. A total of 120 samples of wheat
and 120 samples of canola were created following this procedure. Half of the samples
from each residue type received 200 mg N/kg of soil for a total of four treatments: canola
with no fertilizer (CNF), canola with fertilizer (CF), wheat with no fertilizer (WNF), and
wheat with fertilizer (WF). Samples were placed in polyethylene containers, arranged in a
completely randomized design and stored in a room temperature oven (25°C). Every
three days samples were brought up to field capacity (~30%) in order to simulate a
wetting and drying cycle. Prior to watering, each sample was weighed to determine the
amount of water loss between wetting cycles and to ensure samples were all receiving
approximately the same amount of water. Destructive sampling occurred every two
weeks and analyses included: pH, total C & N, 15N, soil water soluble Si (Siws), soil
amorphous Si (Siam), surface strength, crust thickness, and residue Si content. During the
destructive sampling process, soil and residues were separated using a two mm sieve.
Decomposition Study
A 12-week soil incubation with six different residue treatments was conducted
under laboratory conditions. An autoclaved, acid washed, coarse grain sand was used
instead of soil. A subsample of 15 g was weighed into 50 ml polyethylene centrifuge
tubes prior to amendment with residue. There were six residue treatments and one soil
control, in quadruplicate for each week of sampling. Four of the residues were collected
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from previous field fertility studies: spring wheat fertilized with 0 lbs N/ac, 50 lbs N/ac,
and 100 lbs N/ac from Spillman Agronomy Farm in Pullman, WA, harvested in 2011,
and spring canola fertilized with 0 lb N/ac from the Palouse Conservation Field Station
(PCFS) in Pullman, WA, harvested in 2010. Two residue treatments were collected from
a greenhouse study of wheat and canola fertilized with 440 mg 15N/kg. Residues were
steamed prior to the addition to sand at a rate of 1:10 residue/sand mixture. To obtain a
microbial inoculum containing a large number of different microorganisms with a wide
range of decomposer abilities and land management histories, a mixture of four eastern
Washington soil series were used including: Prosser, Ritzville, Broadax, and Palouse,
each contributing equally to the mix. After incubation of the mixture for ten days at 50%
water holding capacity, a soil:water suspension was prepared following the procedures of
Marschner et al. (2010). The residues were inoculated with a total of 2.5 mL of microbial
solution. Soils were extracted with a ratio of one g of soil with 10 ml of deionized water,
and allowed to settle overnight. An additional 2.5 ml of a modified Hoagland’s solution
was added to each sample (providing 210 ppm N). The tubes were then placed in a sealed
plastic container with an open water source to maintain constant moisture and prevent
drying at 20°C. Tubes were destructively sampled for residue weight loss and Si levels
after 0, 8, and 12 weeks. During the destructive sampling process, soil and residues were
separated using a two mm sieve.
Laboratory analyses
Soil solution pH was represented by a 1:1 soil to water extract. For each sampling
period 10 g of soil and 10 g of water were placed into a polyethylene container and
shaken vigorously for 30 seconds. Samples were allowed to settle for 15 minutes then
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agitated before the pH meter was submerged into the soil slurry. Total C and total N were
determined through combustion using a Truspec Carbon and Nitrogen Analyzer (LECO).
15

N atom % was determined using a coupled elemental combustion system (Costech

Instruments) and Thermo Finnigan delta plus Advantage stable isotope ratio (Thermo
Fisher Scientific).
Water soluble silicon extraction methods from Albrecht et al. (2005) were
followed. Five g of soil and 25 mL of distilled water were placed in polyethylene tubes,
shaken for 30 minutes, allowed to settle overnight, centrifuged for 10 minutes, and then
filtered with Whatman No. 42 filter paper. Amorphous soil silica is operationally defined
as the Si extracted by a Na2CO3 solution (Follett et al., 1965). This method is used due to
the fact that the solubility of Siam strongly increases at higher pH levels. One g of soil and
25 mL of 0.5 M sodium carbonate were combined in a polyethylene tube, shaken in an
80C water bath for 10 minutes at 100 RPM. Samples were then allowed to cool and
settle at room temperature and centrifuged at 2,500 RPM’s for 10 minutes. Extracted
solution was filtered with Whatman No. 42 filter paper and stored in a cool environment
until analysis. Both Siws and Siam solutions were analyzed using colorimetric procedures
outlined by Van der Vorm (1987). One mL of extraction was pipetted into small
polyethylene container and diluted to three mL with DI water. Samples extracted with
sodium carbonate had one mL HCl added and a few drops of potassium permanganate to
adjust the color from a slightly yellow solution to a clear solution. One mL of 0.5 M
H2SO4 was added then samples were agitated and incubated at 40.2C for 20 minutes.
One mL of 5% ammonium molybdate was added, agitated, and left to sit for five minutes.
One mL of both 5% oxalic acid and 1.5% ascorbic acid were also added. Solution level
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was adjusted to 10 mL with DI water and agitated. Samples were left to sit for 20 minutes
and then read with a spectrophotometer set at an absorbance of 700 nm. If color was too
dark samples were diluted 10 times in order to reach an attainable reading.
In order to determine surface strength a Humboldt MFG. CO. pocket penetrometer
was used. Measurements with the penetrometer always occurred at the end of each
wetting and drying cycle in order to maintain consistency between measurements. Crust
thickness was measured in mm using a caliper.
Residues were extracted and analyzed for Si using methods modified from Van
der Vorm (1987). A 0.1 g subsample of residue was ashed in a muffle furnace at 500°C
for six hours. Forty mL of 0.08 M H2SO4 was used to rinse ash into plastic tubes and 1.6
mL of 48-51% HF was then added to each sample. Tubes were shaken for one hour and
allowed to set over night. The solution was then adjusted to 50 mL with 0.08 M H2SO4.
Three mL of 2.5% boric acid was then added to neutralize remaining HF. Silica amounts
were then determined by the colorimetric method outlined by Van der Vorm (1987).
Calculations
%15Ndfp (%15N in the soil derived from labeled plant residue) = (15N atom% treated soil
– 0.37) / 15N atom% plant residue – 0.37)
Value 0.37 is a standard value for natural 15N abundance in soil
Soil Si = Si ppm * (mL of extractant/g of soil) * (1 L/1000 mL) * (1000 g/1 kg) * 10 (if
diluted) = g of Si/kg of soil
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Statistical analyses
Data was analyzed by the PROC GLM procedure in SAS 9.3 at a 95% confidence
interval using Tukey’s method of comparison. Three factors were used in the statistical
analyses: crop type, fertilizer treatment, and time.
Table 3.1. Initial soil data
Soil Parameter
% Sand
% Silt
% Clay
% Moisture
pH
Total C %
Total N %
NO3- mg/kg
NH4+ mg/kg
Water soluble Si (mg/kg soil)
Amorphous Si (mg/kg soil)
Bulk density (g/cm3)

Initial Value
18.6
67.8
13.6
16.5
5.5
0.99
0.09
8.0
1.0
5.0
1852
1.4

Table 3.2. Initial residue analysis
Residue

%15N

%NDF

%ADF

%ADL

%Ash

%Si

C:N

Wheat

2.2

28.4

40.8

7.6

0.07

0.38

80.7

Canola

2.0

13.2

40.1

14.4

0.10

0.15

100.1

RESULTS
Laboratory Incubation
Water Loss
Water loss stayed fairly consistent amongst treatments for each watering cycle
and showed no significant differences over time (see Figure 3.1).
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pH
The application of fertilizer was the determinant of soil pH (p-value <0.0001). On
average, the application of fertilizer caused the soil pH to drop to approximately 4.6
while the treatments without added N had an average pH of 5.5. The WNF treatment had
the highest average pH of 5.6 followed by CNF 5.5, CF 4.6, and WF 4.5 (Table 3.3). The
effects of fertilizer application were rapid and pH levels were quite stable throughout the
experiment.
Total C&N
The total soil C did not show any significant effects with crop type, fertilizer
treatment, or time. Soil total N only showed significant differences with fertilizer
treatment (p-value <0.0001). Fertilizer application for both wheat and canola residues
resulted in higher amounts of soil N (0.099%) compared to control samples, which did
not receive any fertilizer (0.085%). This effect on soil N also caused the soil C:N ratios to
decrease in samples that had fertilizer application (see Table 3.3). Plant total C and total
N were primarily affected by crop. Canola residue consistently had the most total C
throughout the incubation with a value of 26.91% C compared to the wheat residue value
of 22.81% C. The canola residue consistently had more total N (0.77%) compared to the
wheat residue (0.70%). Taking these total C and N values into account the average C:N
ratios after the initial two week period can be evaluated. Plant C:N ratio was significantly
affected by crop type (p-value = 0.0085). The CNF had the highest C:N after two weeks
with a value of 38.71 followed by CF 34.57, WNF 33.15, and WF 32.80 (see Table 3.3).
When considering the initial residue C:N with canola at 100.1 and wheat with a value of
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80.7 these ratios were almost halved by week two. This suggests that during this two
week period, significant mineralization may have occurred.
%15

Ndfp
Over time, the level of N15 in the soil was expected to increase as the labeled plant

residue was decomposed in the soil. However, the only significant difference was seen
between crop types primarily due to different starting values of 15N as seen in Table 3.2.
Throughout the entire incubation regardless of fertilizer application, wheat residue
consistently contributed ~30% more 15N to the soil compared to canola. The WNF soil
had the highest %15Ndfp (0.20%) followed by WF 0.19%, CF 0.14%, and CNF 0.14%
(Table 3.3 & Figure 3.4).
Soil Siws & Siam
Water soluble Si showed the biggest differences not between crop type, but
between fertilizer treatments (p-value <0.0001). Throughout the course of the incubation,
the WNF treatment had the highest average amount of Siws (0.86 g Si/kg soil) followed
by CNF (0.81 g Si/kg soil), CF (0.59 g Si/kg soil), and WF (0.55 g Si/kg soil) (Table 3.3).
In addition to the differences seen between treatments, time also showed significance (pvalue >0.0001). From week two to week six the values were fairly consistent. However,
starting at week eight and lasting until week fourteen a peak in all treatments values for
Siws was seen (see Figure 3.5). Week sixteen through twenty the values decreased back to
values similar to those seen in the beginning of the incubation.
The fertilizer treatments had the most significant effect on Siam (p-value = 0.04) as
seen in the Siws results. Throughout the course of the incubation, the WNF treatment had
the highest average amount of Siam (37.6 g Si/kg soil) followed by CNF (37.2 g Si/kg
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soil), WF (31.6 g Si/kg soil), and CF (28.8 g Si/kg soil) (Table 3.3). These results suggest
that with higher pH more Siws and Siam is being adsorbed to the soil particles within the
upper few mm of the soil. Time also showed significance (p-value >0.001). Weeks two
through six were variable however, a peak in Siam levels starting from week six lasting
until week twelve was seen (see Figure 3.6). From week twelve to the end of the
experiment the Siam values stayed fairly consistent between treatments.
Surface Strength
The biggest factor in determining surface strength, and therefore the strength or
presence of the crust, was the application of fertilizer (p-value <0.0001). The WNF
treatment consistently showed the strongest surface strength throughout the course of the
incubation with an average value of 62.7 g/cm2 followed by CNF 51.0 g/cm2, CF 42.5
g/cm2, and WF 34.0 g/cm2 (Table 3.3). Although treatments had a significant effect on
surface strength, an increase in strength over time was not seen (see Figure 3.7).
Crust Thickness
Fertilizer treatments had the most significant effect on crust thickness (p-value
<0.0001). The overall average by treatment showed WNF had the thickest crust 23.1 mm
followed by CNF 22.0 mm, WF 19.0 mm, and CF 18.7 mm (Table 3.3). Over time, the
crust thickness for all treatments steadily increased from approximately 16.5 mm to 24.7
mm (p-value <0.0001)(see Figure 3.8).
Plant Si
The samples gathered for plant Si throughout the experiment showed significant
differences between plant type (p-value <0.0001), fertilizer treatment (p-value = 0.009),
and time (p-value <0.001). As expected, wheat had the highest average amount of Si with
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a value of 0.51% while canola was only comprised of 0.31% Si. The average individual
treatment values are as follows: WNF 0.53 % Si, WF 0.49 % Si, CNF 0.34 % Si, and CF
0.28 % Si (Table 3.3). These values suggest that the application of fertilizer enhances
residue decomposition therefore decreasing the concentration of Si within the WF and CF
treatments. The percent Si for all treatments was fairly consistent from weeks two to ten
then a peak in %Si was seen beginning from week ten and lasting throughout the rest of
the experiment (see Figure 3.9).
Table 3.3. Average values by treatment for pH, C:N, %15Ndfp (derived from labeled
plant residue), Siws, Siam, surface strength, crust thickness, and plant %Si
Treatment

pH

C:N
Soil

C:N
Crop

%15N
dfp

Wheat no
fert (WNF)
Wheat fert
(WF)
Canola no
fert (CNF)
Canola fert
(CF)

5.6
a
4.5
b
5.5
a
4.6
b

11.94
a
10.27
b
12.22
a
10.24
b

33.15
b
32.80
b
38.71
a
34.57
ba

0.20
a
0.19
a
0.14
b
0.14
b

Siws
g/kg
soil
0.86
a
0.55
b
0.81
a
0.59
b

Siam
g/kg
soil
37.6
a
31.6
b
37.2
a
28.8
b

Surface
Strength
g/cm2
62.4
a
34.0
b
51.0
a
42.5
b

Crust
Thickness
(mm)
23.1
a
19.0
b
22.0
a
18.7
b

Plant
%Si
0.53
a
0.49
a
0.34
b
0.28
b

Average Water Loss (g)
CF

CNF

WF

WNF

30.5

Water Loss (g)

30.0
29.5
29.0
28.5
28.0
27.5
27.0
0

5

10
Weeks

15

20

Figure 3.1. Average water loss (g) per pot for each watering cycle during a two week
period for each treatment
49

Average Soil C:N
C Fert

C NF

W Fert

W NF

14
13

C:N

12
11
10
9
8
0

5

10
Weeks

15

20

Figure 3.2. Average soil C:N over time per treatment
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Figure 3.3. Average plant C:N over time per treatment

50

15

20

Average %15Ndfp
C Fert

C NF

W Fert

W NF

0.30

%15Ndfp

0.25
0.20
0.15
0.10
0.05
0.00
0

2

4

6

8

10
Weeks

12

14

16

18

20

Figure 3.4. Average %15Ndfp (%15N found in the soil derived from labeled plant residue)
over time per treatment
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Figure 3.5. Average soil Siws (g/kg soil) over time per treatment
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Figure 3.6. Average soil Siam (g/kg soil) over time per treatment
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Figure 3.7. Average soil surface resistance (g/cm2) over time per treatment
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Figure 3.8. Average soil crust thickness (mm) over time per treatment
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Figure 3.9. Average concentration (%) of plant Si over time per treatment
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Decomposition Study
Weight Loss
Both crop type (p-value = 0.0009) and time (p-value <0.0001) significantly
effected weight loss. Wheat had a higher rate of weight loss starting at 1.5 g/pot at week
zero and ending at approximately 0.8 g/pot at week twelve. Canola started at 1.5 g/pot
and by week twelve the residue weight was approximately 1.0 g/pot (see Table 3.4 and
Figure 3.10).
Plant Si
Silicon concentrations were affected by crop type (p-value <0.0001), fertilizer
level (p-value<0.0001), and week (p-value = 0.0052). Wheat consistently had higher Si
concentrations than canola as expected due to wheat being a Si accumulator. Throughout
the duration of the experiment, the wheat residue that was grown under the 100 lbs N rate
had the highest Si concentration followed by wheat 0 lbs N, wheat 50 lbs N & wheat GH,
canola 0 lbs N, and canola GH. Over time, the wheat Si concentrations increased while
the canola Si concentrations slightly decreased (Figure 3.11). By multiplying the Si
concentration by the residue weights at each time point the g of Si per sample was
determined. These values were also significantly affected by crop (p-value <0.0001),
fertilizer rate (p-value <0.0001), and week (p-value <0.0001). Over the 12 week period
all residue treatments decreased in the amount of g of Si due to the overall weight loss of
the residue (see figure 3.12). This suggests that other soluble components are being
decomposed first including some soluble or labile Si leaving behind the more recalcitrant
pool to be decomposed later on.
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Table 3.4. Average residue weight loss (g), concentration of Si (%), and g of Si over time
per treatment
Week

Canola 0

Canola

Wheat 0

Wheat 50

Wheat

Wheat

lbs N

GH

lbs N

lbs N

100 lbs N

GH

Weight (g/pot)
0

1.49 a

1.49 a

1.49 a

1.49 a

1.50 a

1.49 a

8

1.08 b

1.12 b

0.96 cb

1.08 b

1.09 b

0.96 cb

12

0.97 cb

1.02 cb

0.76 c

0.79 cb

0.88 cb

0.79 cb

% Si
0

0.31 fe

0.21 fe

1.24 bc

0.81 dc

1.59 ba

0.61 de

8

0.28 fe

0.15 fe

1.65 ba

0.87 dc

1.80 a

0.97 dc

12

0.19 fe

0.13 f

1.62 ba

1.03 dc

1.79 a

0.99 dc

g of Si/pot
0

0.005 hgf

0.003 hgf

0.019 bac

0.012 edc

0.024 a

0.009 edf

8

0.003 hgf

0.002 hg

0.016 bdc

0.009 edf

0.020 ba

0.009 edf

12

0.002 hg

0.001 h

0.012 edc

0.008 egf

0.016 bdc 0.008 ehgf

Residue Weight (g/pot)

Residue Weight Over Time
Canola 0

Canola GH

Wheat 0

Wheat 50

Wheat 100

Wheat GH

1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0

2

4

6

8

10

Weeks

Figure 3.10. Average residue weight (g/pot) over time per treatment.
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Residue Concentration of Si %
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Figure 3.11. Average residue Si concentration (%) over time per treatment.
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Figure 3.12. Average grams of Si/pot over time per treatment
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DISCUSSION
Plant Si concentration differences were seen primarily between crop types. The
treatments containing wheat residue were expected to have higher soil Siws and Siam
levels compared to canola due to the higher amount of Si present in wheat. However,
crop type was not as significant as expected within this parameter. The fertilizer
treatments had the biggest effect by decreasing the pH and apparently enhancing Si
release into the soil solution. This release could have led to leaching of the silicon
towards the bottom of the container as seen in field studies conducted by Brown and
Mahler (1987). Since samples were only collected from the surface crust in this
experiment it would be interesting for future experiments to collect samples from both
the crust and the bottom of the container to obtain a complete mass balance.
Since the residue was mixed into the soil it was impossible to retrieve all residue
during destructive sampling. This prevented weighing the residue to determine weight
loss and therefore total residue weight at each sampling time point. This is why the plant
Si values can only be expressed as a concentration. Such obstacles lead to the initiation of
the decomposition study.
The decomposition study showed that most of the decomposition took place
during the first eight weeks. With a decrease in more labile components of the residue,
the Si concentration was slightly higher at week eight than at time zero. The wheat 0 lbs
N/ac treatment was expected to have the lowest concentrations of Si within the wheat
treatments. However, this was not the case as seen in Figure 3.11. The reason for the
much higher concentrations of Si within this treatment is unknown, but could be due to
different environmental factors (Epstein, 2009). When considering the weight loss, loss
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of Si in g was much less than the residue as a whole confirming that the Si concentration
does in fact increase over time (Daughtry et al., 2010; Kriauciuniene et al., 2012).
Comparing the Si concentrations from the laboratory incubation and the decomposition
study, the decomposition study seemed to have a faster rate of decomposition. The
laboratory incubation did not show an increase in Si concentration until week twelve
rather than week eight as seen in the decomposition study. Having the weight loss rates
from the decomposition study, the hypothesis that the concentration of Si increased as
decomposition increased in the laboratory incubation cannot be rejected.
CONCLUSIONS
Although the laboratory incubation showed no drastic differences between soil
parameters over time, some important interactions were observed between treatments.
The samples that did not receive fertilizer treatments had higher pH, Siam, Siws, and
surface strength values compared to the treatments that did receive a fertilizer
application. This suggests that pH is the primary factor influencing soil Si levels and
therefore surface strength. The wheat treatments contributed more 15N to the soil and had
higher Si concentrations compared to the treatments containing canola residue. However,
these results are primarily due to the physical aspects of the crop and the conditions in
which the crop was grown rather than any affects from the incubation. As seen in Table
3.2, the wheat residue started out with a lower C:N ratio and higher %Si therefore the
wheat residue was able to decompose slightly faster releasing more 15N into the soil and
maintained higher Si levels in the residue compared to the canola treatments. When
considering the original C:N ratios of the residue, they were almost halved by week two
suggesting that a large amount of C and N was lost from the residue during this period.
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The decomposition study showed that decomposition occurred most rapidly between
week zero and week eight then slowed down from week eight to week twelve. Although
the residue weights decreased, %Si increased with time as seen in the laboratory
incubation. When looking at the amount of Si in g lost over time, the greenhouse residues
lost more between week 0-8 and slightly less between 8-12 weeks. Like the laboratory
incubation, this suggests that less Si is being recycled back into the soil. While both
studies showed distinct differences between Si levels in crop type, such levels did not
seem to have an effect on the other soil parameters analyzed. The most important factor
that effected soil Si levels, crust thickness, and surface resistance was pH. Future studies
are needed in order to learn more about the effects of Si cycling with different crops.
Although this work did not confirm the hypothesis that by introducing canola into a
cropping system soil crusting would become less of an issue, it did confirm that fertilizer
management plays a significant role in Si cycling within the soil and therefore may
contribute to soil crusting, surface strength, and crust thickness.
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CHAPTER 4
A COMPARISON OF TWO ROTATION HISTORIES
SUMMARY
Plants greatly differ in their ability to accumulate Si, a non-essential, but
beneficial element and therefore, the amount of silicon cycled is highly dependent on the
crops occurring in the system (Richmond and Sussman, 2003; Ma and Yamaji, 2006). In
order to determine the effects of the decomposition of Si from wheat and canola on soil
crusting, an incubation and field survey was initiated. Each sample contained 250 g of
Ritzville series silt loam acquired from Ralston, WA. The soil was harvested from two
fields. The first field was previously cropped in wheat and the second field was
previously cropped in canola. Four levels of a monomeric silicic acid solution (H4SiO4)
solution was randomly applied to 21 samples of each soil type: 0 g/pot (control), 0.105
g/pot (low), 1.05 g/pot (medium), and 10.5 g/pot (high). Samples were destructively
sampled every 1, 3, 7, 10, 14, 21, and 28 days. Analyses included: surface resistance,
moisture, water soluble silica (Siws), amorphous silica (Siam), crust thickness, and
scanning electron microscopy (SEM). The results confirmed that application of H4SiO4
increased water loss, soil Si, surface resistance, and crust thickness. Significant
differences were not seen with increasing H4SiO4 levels, just between the control and the
treatments. The soil that was previously cropped in wheat had higher soil Si, surface
resistance, and crust thickness compared to the canola soil. A field survey was conducted
in order to further determine the long-term influence canola might have on a rotation in a
field setting. Six research locations were chosen throughout eastern Washington:
Davenport, Reardan, Ralston, LaCrosse, Odessa Irrigation Site #1, and Odessa Irrigation
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Site #2. Each field was sampled 10 times by a field penetrometer and three one-foot soil
cores were taken. Each soil core was separated into 0-10 cm, 10-20 cm, and 20-30 cm
depth increments. Each core and respective depth increment was sampled for moisture,
Siws, Siam, and pH. The field survey did not show much significance with crop rotations
and these parameters. Penetration resistance, soil Si levels, moisture, and pH all varied
with location and soil depth suggesting that the climatic differences were too great for
relationships to be seen across all sites.
INTRODUCTION
Terrestrial ecosystems recycle large quantities of silicon (Si) through the Si
uptake by crops, grasslands, and forest vegetation (Bartoli, 1983; Alexandre et al., 1997;
Epstein, 1999; Meunier et al. 1999; Blecker et al., 2006). Plants greatly differ in their
ability to accumulate Si, a non-essential, but beneficial element and therefore, the amount
of silicon cycle is highly dependent on the types of plants occurring in the system
(Richmond and Sussman, 2003; Ma and Yamaji, 2006). Most studies of Si uptake in
higher plants have been focused on monocots, which are typical Si-accumulators. Silicon
is taken up as aqueous monosilicic acid (H4SiO4) and translocated to transpiration sites
within the plant where it polymerizes as phytoliths, which consists of amorphous
biogenic opal. Phytoliths return to the soil within organic residues (Cornelis et al. 2010)
so that this biogenic silicon (BSi) is distributed between plant and soil in terrestrial
ecosystems. Research on forested ecosystems demonstrates a prominent biologic role in
silica storage and export from terrestrial environments. The annual Si uptake in forested
systems has been linked to transpiration and thus depends on tree species (Cornelis et al.,
2011). Bartoli (1983) found that the biological cycle of silicon is fast in the deciduous
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forest ecosystem (26 kg/ha/yr absorbed) and, in contrast, slow in the coniferous system (8
kg/ha/yr absorbed). These different rates of Si recycling strongly influence the rate of BSi
restitution to the topsoil, given the high mobility of Si in soil-plant systems.
Recent papers have demonstrated that land use changes can have significant
effects on Si mobilization. A study performed by Clymans et al. (2011) compared silica
(SiO2) pools within soil profiles under four different land use types in southern Sweden:
continuous forest, grazed forest, pasture, and arable land. The continuous forest area had
the highest amount of amorphous SiO2 (66,900 kg/ha) and water soluble SiO2 (952
kg/ha). The arable land had the second highest values with an amorphous SiO2 content of
28,800 kg/ha and water soluble SiO2 at 239 kg/ha. Pasture had slightly lower amorphous
SiO2 (27,300 kg/ha) compared to the arable land, but had higher water soluble SiO2 levels
(370 kg/ha). The grazed forest had amorphous SiO2 amounts of 23,600 kg/ha and water
soluble levels at 346 kg/ha. This study demonstrates how differences in vegetation and
management can very easily effect the terrestrial Si cycle.
Silica cycling in agricultural sites have not been as extensively studied as in the
forested areas and no significance has been placed on crop type thus far. A long term
wheat residue management field experiment was initiated in 1931 at the Pendleton
Agriculture Research Center in northeastern Oregon on a Walla Walla silt loam. In 1984,
Douglas et al. conducted a study on the silicic acid and oxidizable carbon movement
within these research plots. They found that H4SiO4 levels tended to decrease with soil
depth. Within the top 15 cm, H4SiO4 levels ranged from 22.5-38.6 g Si/m2. The 15-30 cm
depth range had showed values between 28.1-38.6 g Si/m2. Both the 30-45 and 45-60 cm
depth ranges had H4SiO4 ranging from 22.5-33.7 g Si/m2. Penetrometer readings were
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also taken. The sites and the depths requiring the greatest amount of force also had the
highest amounts of Si. Twenty-two years later, Gollany et al. (2006) conducted another
study on these sites looking at the source carbon (C) and nitrogen (N) fertilization effects
on carbon storage and soluble silica (Siws) levels. All plots had approximately the same
amount of Siws ranging between 18.6-26.3 g Si/m2 in the Ap horizon and 11.4-13.2 g
Si/m2 in the BA horizon for 75 years of establishment. The goal of the present research is
to determine whether long term cropping with cereals versus cropping systems including
canola affect soil Si levels or surface resistance through a laboratory incubation and field
survey.
MATERIALS AND METHODS
In order to determine the relationships among cropping systems, residue
decomposition, and soil Si from various crops, soils from different cropping systems
were incubated for 28 days. Each sample contained 250 g of Ritzville series silt loam
acquired from Ralston, WA (See table 4.1). The soil was collected from the top 15 cm of
the surface from two different fields. The first field has been cropped in a cereals rotation
(winter wheat, summer fallow, barley, and spring wheat) for over 50 years and the second
field has been cropped in a canola, summer fallow, winter wheat rotation for
approximately 29 years. Both soils were air dried and sieved through a two mm sieve. A
total of 84 samples of wheat soil and 84 samples of canola soil were created following
this procedure. Four levels of H4SiO4 solution were then randomly applied to 21 samples
of each soil type: 0 g/pot (control), 0.105 g/pot (low), 1.05 g/pot (medium), and 10.5
g/pot (high). The low value is approximately equivalent to the amount of Si found in two
g of canola residue and the medium value represents the amount found in two g of wheat
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residue. Samples were placed in polyethylene containers, arranged in a completely
randomized design and stored in a room temperature oven (25°C). Every three days
samples were brought up to field capacity (~23%) in order to simulate a wetting and
drying cycle. Prior to watering, each sample was weighed to determine the amount of
water loss between wetting cycles and to ensure samples were all receiving
approximately the same amount of water. Samples were destructively sampled every 1, 3,
7, 10, 14, 21, and 28 days. Analyses included: surface resistance, moisture, water soluble
silica (Siws), amorphous silica (Siam), crust thickness, and scanning electron microscope
(SEM).
In addition to the laboratory incubation, a field survey was conducted in order to
determine the long term influence canola may have on a rotation in a field setting. Six
research locations were chosen throughout eastern Washington: Davenport, Reardan,
Ralston, LaCrosse, Odessa Irrigation Site #1, and Odessa Irrigation Site #2. Depending
on the rotation history and presence of canola at the research site anywhere between two
and six fields were sampled at each location. The representative field was sampled 10
times by a field penetrometer (fieldscout SC 900) and three one-foot soil cores were
taken. Each soil core was separated into 0-10 cm, 10-20 cm, and 20-30 cm depth
increments and sampled for moisture, Siws, Siam, and pH. A summary of each site’s
general conditions can be seen in Figure 4.1.
Laboratory analyses
During the laboratory incubation, the surface strength was determined by using a
Humboldt MFG. Co. pocket penetrometer. Measurements always occurred at the end of
each wetting and drying cycle in order to maintain consistency between measurements.
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The field survey utilized a field penetrometer (fieldscout SC 900) that has the ability to
sample up to a 46 cm depth. Moisture was determined by weighing a portion of each
sample, placing it in a drying oven for 48 hours, and recording the dry weight. Moisture
was recorded in addition to water loss in the laboratory incubation in order to be sure the
samples were all at the same moisture level at the time of sampling.
For both the laboratory incubation and the field survey, Siws extraction methods
from Albrecht et al. (2005) were followed. Five grams of soil and 25 mL of distilled
water were placed in polyethylene tubes, shaken for 30 minutes, allowed to settle
overnight, centrifuged for 10 minutes, and then filtered with Whatman No. 42 filter
paper. Amorphous soil silica is operationally defined as the Si extracted by a Na2CO3
solution (Follett et al., 1965). This method is used due to the fact that the solubility of
Siam strongly increases at higher pH levels. For both the laboratory incubation and the
field survey, one gram of soil and 25 mL of 0.5 M Na2CO3 solution were combined in a
polyethylene tube, shaken in an 80C water bath for 10 minutes at 100 RPM. Samples
were then allowed to cool, settle at room temperature and centrifuged at 2,500 RPM for
10 minutes. The extract solution was filtered with Whatman No. 42 filter paper and
stored in a cool environment until analysis. Both Siws and Siam solutions were analyzed
using colorimetric procedures outlined by Van der Vorm (1987). One mL of extraction
was pipetted into a small polyethylene container and diluted to three mL with DI water.
Samples extracted with sodium carbonate had one mL HCl added and a few drops of
potassium permanganate to adjust the color from a slightly yellow solution to a clear
solution. After adding one mL of 0.5 M H2SO4, samples were agitated and incubated at
40.2C for 20 minutes. One mL of 5% ammonium molybdate was added, agitated, and
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left to sit for five minutes. One mL of both 5% oxalic acid and 1.5% ascorbic acid were
also added. Solution level was adjusted to 10 mL with DI water and agitated. Samples
were left to sit for 20 minutes and then read with a spectrophotometer set at an
absorbance of 700 nm. If color was too dark samples were diluted 10 times in order to
reach an attainable reading. Upon destructive sampling at different time points, crust
thickness was measured in mm using a caliper.
Scanning Electron Microscopy (SEM) analysis was done on samples randomly
selected from each treatment. A sub-sample was taken from the selected specimen before
and after the final soil silica extraction. Samples were thoroughly dried and carefully
removed from their containers. The crust samples were fixed to a SEM stub by firmly
pressing the stub covered with a carbon tab against the targeted area of the soil crust.
Loose soil and large pieces of organic matter were removed. The samples were then
coated with a thin layer of gold ~40 nm in thickness using a sputter coater. This thickness
was chosen after trial and error with soil samples to determine how much gold was
required to keep the samples from charging while in the SEM. Once this process was
complete the samples were placed in the Hitachi SEM and micrographs were taken at 50,
100, 300, 500, and 2k times magnification.
The soil solution pH was determined in a 1:1 soil to water solution. For each
sampling period 10 g of soil and 10 g of water were placed into a polyethylene container
and shaken vigorously for 30 seconds. Samples were allowed to settle for 15 minutes
then agitated before the pH meter was submerged into the soil slurry.
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Calculations
Soil Si = Si ppm * (mL of extractant/g of soil) * (1 L/1000 mL) * (1000 g/1 kg) * 10 (if
diluted) = g of Si/kg of soil
Statistical analyses
For the laboratory incubation, the soil parameters were analyzed individually using
a two factor completely randomized design. The two factors considered were soil type
and SiO2 treatment. For the field survey, each research location was analyzed
individually using a two factor randomized complete block design. The two factors
considered were: crop rotation and depth increment. The analyses were done using the
PROC GLM procedure in SAS 9.3 at a 95% confidence interval via Tukey’s method of
comparison.
Table 4.1. Initial soil data
Soil Parameter
% Sand
% Silt
% Clay
% Moisture
pH
Total C %
Total N %
NO3- mg/kg
NH4+ mg/kg
Water soluble Si (g/kg soil)
Amorphous Si (g/kg soil)
Bulk Density (g/cm3)

Wheat Soil Initial Value
18.6
67.8
13.6
16.5
5.5
0.99
0.09
8.0
1.0
0.005
1.85
1.4
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Canola Soil Initial Value
13.1
70.6
16.3
12.2
5.6
1.1
0.11
21.0
0.7
0.008
1.42
1.4

Davenport
• 30-35 cm rain/year
• Silt loam
• Canola present for 4
years
• Rotation:
• NTF/SW/SW
• SW/WW/SW
• NTF/SW/C
• SW/WW/C
• WW/C/SW
• C/SW/WW

LaCrosse
• 35-40 cm rain/year
• Ritzville silt loam
• Canola present for 7
years
• Rotations:
• PEA/SW/WW
• WW/C/SF
• C/SF/WW

Reardan
• 35-40 cm rain/year
• Reardan clay & silt
loam
• Canola present for 5
years
• Rotations:
• WW/BAR/SW
• WW/C/BAR
• C/WW/BAR

Odessa Site #1
• 18-23 cm rain/year
• Sandy loam
• Canola present for 15
years
• Rotations:
• WW/WW/POT
• C/WW/WW

Ralston
• 29 cm rain/year
• Ritzville silt loam
• Canola present for 29
years
• Rotations:
• WW/BAR/SW
• WW/SF/C/SF
• C/SF/WW

Odessa Site #2
• 18-23 cm rain/year
• silt loam
• Canola present for 5
years
• Rotations:
• WW/WW/BAR
• WW/C/WW
• C/C/WW

Figure 4.1. General description of each site including: annual rainfall, soil type,
years since introduction of canola, and the rotations sampled. NTF = no till fallow,
SW = spring wheat, WW = winter wheat, C = canola, BAR = barley, SF = summer
fallow, PEA = peas, and POT = potatoes
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RESULTS
Laboratory incubation
Water loss & soil moisture
Water loss between each wetting cycle was fairly consistent between H4SiO4
treatments. For both soil types, the control lost significantly less water (p-value < 0.0001)
when compared to the treatments (see Table 4.2). This might be the result of Siam filling
pores and increasing the capillarity of water to the surface compared to the controls. Each
treatment with soil collected from the field previously cropped in wheat had slightly more
water loss than that collected from the canola field. Visual cracking occurred on the soil
surface between wetting and drying cycles for all treatments. Soil moisture varied slightly
throughout the incubation however no statistical differences were found.
Surface Resistance
When comparing the two soil types, the soil previously cropped in wheat showed
significantly higher surface resistance for all H4SiO4 treatments compared to canola (pvalue <0.0001). A significant effect was also seen among treatments (p-value <0.01)
(Table 4.2) with wheat high having the highest surface strength at 0.74 kg/cm2. Such
resistance differences supported the hypothesis that higher Si would increase the surface
resistance and the wheat soil also increased resistance.
Crust Thickness
There was no significant difference seen between soil types. A significant
difference (p-value < 0.0001) was found between the treatments and the control (Table
4.2) with the control being at least two mm thinner supporting the hypothesis that Si
additions would lead to deeper crusting.
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Soil Si
Overall, the soil previously cropped in wheat had significantly higher amounts of
Siam for all treatments (p-value 0.0001). The Siam showed the expected pattern with the
highest significance found between the two highest treatment applications (p-value of <
0.0001) (Table 4.3). These results support the hypothesis that soils predominantly
cropped in wheat over a long period of time will have higher levels of Siam and the
addition of H4SiO4 also increases Siam. Water soluble Si was variable and did not have
high enough levels to show significance.
SEM
The pictures taken with the Hitachi SEM can be found in Appendix II. Although
visual differences could be seen between treatments, a way to quantify the amount of Siam
within the images has yet to be determined.

Table 4.2. Average water loss, surface resistance, and crust thickness by treatment
Treatment
Water Loss
Surface Resistance
Crust Thickness
(g/pot/watering cycle)
(kg/cm2)
(mm)
Wheat
High
55.4 a
0.74 a
25.3 a
Medium
55.5 a
0.71 ba
24.6 a
Low
55.5 a
0.67 bac
23.8 a
Control
52.4 b
0.56 dc
20.3 b
Canola
High
54.4 a
0.68 ba
24.5 a
Medium
54.6 a
0.65 bac
24.8 a
Low
54.6 a
0.60 bdc
23.5 a
Control
51.4 b
0.51d
21.2 b
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Table 4.3. Mean Siws, and Siam per treatment
Treatment
Siws (g/kg soil)
Siam (g/kg soil)
Wheat
High
0.007 a
6.51 a
Medium
0.005 a
2.54 c
Low
0.004 a
2.03 c
Control
0.007 a
2.12 c
Canola
High
0.006 a
5.01 b
Medium
0.004 a
2.22 c
Low
0.006 a
1.82 c
Control
0.005 a
1.83 c

Field survey
Surface resistance
Davenport and Reardan consistently showed the highest penetration resistance from
approximately 137.9 kPa to a resistance impenetrable by the field penetrometer at the
depths of 10-20 cm (see Tables 4.4&4.5). The highest resistance at this depth was found
in the fields most recently producing winter wheat. The resistance found at the surface
depths (0-10 cm), was less in the fields most recently producing canola than those
producing cereal crops, as seen in figures 4.2 & 4.3. However the resistance values at
these sites were highly variable among rotations and only seemed to show much
significance by depth suggesting these differences are primarily due to the specific
climate, soil type, and other management practices. Ralston and LaCrosse also had the
highest penetration resistance occur at the 10-20 cm depth ranging from 110.3 to 241.3
kPa (see Tables 4.6&4.7); however, the fields most recently cropped in canola showed
the highest resistance at both the 0-10 cm and 10-20 cm depth ranges (see figures
4.4&4.5). The irrigated sites had significantly lower penetrometer readings, which may
be due primarily to the more frequent watering and more intense tillage practices (Tables
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4.8&4.9). The highest resistance for these sites was found at the lower depth range of 2030 cm rather than the 10-20 cm range as seen at the other sites possibly due to the use of
disc rippers. Despite these lower numbers, irrigated site #2 showed higher penetration
numbers in the field in which canola has never been a part of the rotation (see figure 4.6).
Moisture
Both Davenport and Reardan showed an increase in moisture with increasing
depth in the soil profile. The fields in Davenport, which are currently in fallow showed
significantly more moisture than those that were not in fallow (Table 4.4). Reardan
moisture levels also varied with crop rotation. The field most recently cropped in canola
and previously winter wheat (C/WW/BAR) had the highest overall average moisture
content (23%) followed by the field that has never had canola in the rotation (16%) and
the field most recently cropped in winter wheat and previously canola (WW/C/BAR) had
the least amount of moisture (8%) (Table 4.5). The research plots in Ralston contained
the most moisture in the 10-20 cm and 20-30 cm depths (Table 4.6). Crop rotation also
proved to be significant for moisture levels (p-value <0.0001). The field that has never
had canola in the rotation (WW/BAR/SW) had the most moisture with an overall average
value of 13% followed by a field most recently cropped in winter wheat and previously
cropped in canola (WW/SF/C/SF) (11%) and the field most recently cropped in canola
(C/SF/WW/SF) has the lowest average moisture value (8%). The moisture values in
LaCrosse actually showed the opposite trend with depth, the highest values were seen in
the top 0-10 cm in all crop rotations (Table 4.7). The WW/C/SF field showed the highest
overall average moisture value followed by the field that has never had canola and the
field with the lowest moisture levels was the C/SF/WW field. The moisture values at the
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irrigated sites were highly variable most likely due to the amount of irrigation and the
irrigation schedule (Tables 4.8&4.9)
pH
The most significant factor determining pH levels at all the research sites is depth.
In Davenport the top 0-10 cm had an average value of 5.1 while the 10-20 cm depth had
an average of 5.0 followed by a slightly more calcareous 20-30 cm with an average pH of
6.2 (Table 4.4). The research plots in Reardan showed a similar trend, as soil depth
increased so did pH (Table 4.5). The C/WW/BAR field had a slightly calcareous overall
pH with a value around 8.2 followed by the field that has not had canola (6.4) and finally
the WW/C/BAR field with an average pH of 5.5. Both Ralston and LaCrosse only
showed significant differences with depth. Both sites had an average pH value of 5.4 at
the 0-10 cm depth, 5.2 at the 10-20 cm depth, and 6.1 at the 20-30 cm depth across all
rotations (Tables 4.6&4.7). Irrigated site #1 for both crop rotations showed an increase in
pH with an increase in depth (Table 4.8). The average pH for the field most recently
grown in canola was significantly higher (6.2) than the field that has not had canola in the
rotation (5.5). Irrigated site #2 showed a decrease in pH with an increase in depth (Table
4.9).
Soil Si
The amorphous Si levels in Davenport did not change significantly with crop
rotation, but depth did prove to be significant (p-value = 0.0022). The highest amount of
Siam was found in the 0-10 cm depth range followed by the 20-30 cm range. The 10-20
cm depth had the least amount of Siam (Table 4.4). In Reardan the Siam levels decreased
with increasing depth. The 0-10 cm depth has significantly more Siam (p-value = 0.0173)

76

compared to the lower depths (Table 4.5). The research plots in Ralston had the highest
accumulation of Siam out of all sites sampled. Depth was the primary factor determining
Siam levels with levels decreasing with increasing depth (Table 4.6). The Siam levels in
LaCrosse did not show significance with depth. Crop rotation, however, did seem to have
a slight effect. The C/SF/WW field had the highest amount of Siam followed by the
WW/C/SF field and lastly the field with no canola in the rotation had the least amount of
Siam (Table 4.7). Irrigation site #1 had the most Siam levels in the no canola present
rotation and did not change much with depth (Table 4.8). Irrigation site #2 had the most
Siam in the top 0-10 cm depth and the levels decrease with increasing soil depth (Table
4.9).
The water soluble Si levels significantly changed with soil depth across all
research sites. In Davenport, the NTF plots had the highest amount of Siws in the top 0-10
cm and slightly decreased with soil depth. The fields that were not in fallow however
showed the highest Siws in the 20-30 cm depth (Table 4.4). Although the distribution of
Siws was different among such cropping rotations the overall total Siws was similar. In
Reardan, crop rotation also showed significance (p-value = 0.0002). The field most
recently cropped in canola had the highest total Siws with the highest accumulation in the
0-10 cm depth. The WW/C/BAR and no canola rotation accumulated Siws in the 20-30
cm (Table 4.5). The Ralston and LaCrosse research plots did not differ between crop
rotations, but depth did prove to be significant (p-value <0.0001) with the most Siws
accumulating in the 20-30 cm depth followed by the 10-20 cm depth and the least amount
in the 0-10 cm depth (Table 4.6). Irrigation site #1 showed differences between both crop
rotations (p-value = 0.0065) and depth (p-value = 0.0109). The field most recently

77

cropped in canola had a higher amount of Siws with a value of 1.47 g Si/kg soil compared
to the field that has no canola in the rotation with a value of 1.28 g Si/kg soil. In both
fields the Siws accumulated mostly in the 20-30 cm depth followed by 10-20 cm and
finally 0-10 cm (Table 4.8). Irrigated site #2 did not show a difference in Siws levels
between fields however a decrease with an increase in depth was seen (Table 4.9).

Table 4.4. Penetrometer (kPa), moisture (%), pH, Siam (g Si/kg soil), and Siws (g Si/kg
soil) values for each crop rotation by depth located in Davenport, WA
Depth
(cm)

NTF/SW/SW

SW/WW/SW

0-10
10-20
20-30

91.9 bc
133.2 ba
140.3 ba

110.2 b
154.1 a
127.3 ba

0-10
10-20
20-30

10.00 dc
18.33 ba
19.00 a

5.33 d
8.33 dc
8.66 dc

0-10
10-20
20-30

5.11 dc
4.87 d
6.25 a

5.12 dc
5.13 bdc
6.20 bac

0-10
10-20
20-30

57.66 a
16.68 a
17.89 a

36.19 a
18.04 a
32.06 a

0-10
10-20
20-30

1.55 bac
1.20 bc
1.25 bc

1.19 bc
1.38 bac
1.64 ba

NTF/SW/C

SW/WW/C

Penetrometer (kPa)
59.7 c
114.8 b
152.0 a
151.6 a
126.9 b
147.4 ba
Moisture (%)
13.00 bc
5.00 d
18.00 ba
7.66 dc
23.00 a
9.00 dc
pH
5.06 d
5.11 dc
5.36 bdac
5.09 d
6.40 a
6.24 ba
Siam (g Si/kg soil)
32.62 a
37.93 a
15.20 a
26.30 a
18.21 a
26.72 a
Siws (g Si/kg soil)
1.82 a
1.25 bc
1.27 bc
1.30 bc
1.33 bac
1.55 bac
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WW/C/SW

C/SW/WW

110.2 b
N/A
N/A

78.1 b
161.5 a
N/A

5.33 d
8.66 dc
9.66 dc

4.66 d
8.00 dc
9.00 dc

5.18 bdac
4.95 d
6.20 bac

5.07 d
4.84 d
5.88 bdac

30.47 a
18.46 a
26.07 a

46.45 a
20.81 a
42.55 a

1.17 c
1.44 bac
1.78 a

1.33 bac
1.47 bac
1.82 a

Table 4.5. Penetrometer (kPa), moisture (%), pH, Siam (g Si/kg soil), and Siws (g Si/kg
soil) values for each crop rotation by depth located in Reardan, WA
Depth (cm)
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30

WW/BAR/SW
WW/C/BAR
Penetrometer (kPa)
114.8 c
119.4 c
199.8 a
166.3 ab
150.2 bc
N/A
Moisture (%)
14.33 a
5.66 a
15.66 a
9.00 a
18.50 a
9.33 a
pH
6.26 bc
5.59 cd
6.47 bc
5.12 cd
6.86 bc
6.18 bcd
Siam (g Si/kg soil)
43.54 a
26.75 ba
17.77 ba
13.19 ba
19.24 ba
8.61 b
Siws (g Si/kg soil)
0.88 b
0.87 b
0.91 b
0.97 b
0.91 b
1.18 ba

C/WW/BAR
105.6 c
161.2 ab
154.0 b
22.33 a
24.00 a
23.66 a
7.99 ba
8.59 a
8.48 a
31.60 ba
28.35 ba
23.65 ba
1.47 a
1.23 ba
1.13 ba

Table 4.6. Penetrometer (kPa), moisture (%), pH, Siam (g Si/kg soil), and Siws (g Si/kg
soil) values for each crop rotation by depth located in Ralston, WA
Depth (cm)
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30

WW/BAR/SW
WW/SF/C/SF
Penetrometer (kPa)
41.3 e
52.8 ed
114.8 bcad
146.4 ba
100.5 bcaed
114.8 bcad
Moisture (%)
12.53 cbad
8.38 cbd
14.24 a
12.84 cba
14.46 a
13.62 ba
pH
5.23 cb
5.99 ab
5.51 acb
5.57 acb
6.52 a
6.19 ab
Siam (g Si/kg soil)
54.52 ba
50.54 bac
59.10 a
48.76 bac
21.74 ba
47.93 bac
Siws (g Si/kg soil)
0.51 c
0.57 c
0.65 bac
0.73 bac
0.90 a
0.78 cab
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C/SF/WW/SF
80.4 bced
155.0 a
157.9 a
7.95 d
9.81 cbad
8.63 cbd
5.25 cb
5.17 cb
5.99 ba
45.73 bac
39.33 bac
23.12 bac
0.48 c
0.76 cab
0.86 ab

Table 4.7. Penetrometer (kPa), moisture (%), pH, Siam (g Si/kg soil), and Siws (g Si/kg
soil) values for each crop rotation by depth located in LaCrosse, WA
Depth
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30

PEA/SW/WW
WW/C/SF
Penetrometer (kPa)
50.5 d
75.8 c
89.0 bc
169.4 a
N/A
134.9 ab
Moisture (%)
16.52 a
17.21 a
14.94 ba
13.68 bac
8.21 ef
8.65 edf
pH
5.41 bdc
5.33 bdc
4.77 d
4.91 d
6.54 a
5.47 bdc
Siam (g Si/kg soil)
28.34 a
24.63 a
13.61 bc
18.95 a
9.86 c
22.06 a
Siws (g Si/kg soil)
0.50 e
0.58 ed
0.67 ebdc
0.62 edc
1.00 a
0.75 ebdac

C/SF/WW
57.4 d
120.6 ab
N/A
13.52 bdac
10.75 ebdcf
9.76 edcf
5.67 bdac
5.34 bdc
6.14 bac
34.63 a
35.62 a
38.00 a
0.62 edc
0.77 ebdac
0.93 ba

Table 4.8. Irrigated site #1 penetrometer (kPa), moisture (%), pH, Siam (g Si/kg soil), and
Siws (g Si/kg soil) values for each crop rotation by depth located in Odessa, WA
Depth (cm)
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30

WW/WW/POT
Penetrometer (kPa)
29.9 b
81.8 ba
124.3 a
Moisture (%)
17.66 a
16.33 a
11.00 ba
pH
5.33 b
5.36 b
5.87 ba
Siam (g Si/kg soil)
35.47 a
35.77 a
35.73 a
Siws (g Si/kg soil)
1.12 b
1.26 ba
1.45 a

C/WW/WW
39.0 b
104.3 a
135.7 a
7.00 b
15.33 a
14.00 ba
5.88 ba
6.24 a
6.40 a
36.91 a
29.30 b
31.11 ba
1.36 ba
1.50 a
1.55 a
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Table 4.9. Irrigated site #2 penetrometer (kPa), moisture (%), pH, Siam (g Si/kg soil), and
Siws (g Si/kg soil) values for each crop rotation by depth located in Odessa, WA
Depth (cm)
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30

WW/WW/BAR
WW/C/WW
Penetrometer (kPa)
39.0 bc
6.9 c
97.4 ba
33.5 bc
134.3 a
91.7 ba
Moisture (%)
27.33 a
5.33 d
19.66 b
7.00 d
16.00 cb
N/A
pH
6.27 a
6.70 a
5.78 a
6.96 a
5.98 a
N/A
Siam (g Si/kg soil)
26.72 ba
36.34 a
20.92 ba
24.26 ba
21.74 ba
N/A
Siws (g Si/kg soil)
0.13
0.18
0.10
0.12
0.11
N/A

C/C/WW
18.4 c
31.2 bc
40.7 bc
14.66 c
20.33 b
17.5 cb
6.65 a
6.11 a
6.13 a
26.03 ba
27.02 ba
16.00 b
0.13
0.11
0.08
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Figure 4.2. Penetrometer measurements in kPa per cm for each crop rotation at the
Davenport research site
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Reardan
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Figure 4.3. Penetrometer measurements (kPa) per cm for each crop rotation at the
Reardan research site
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Figure 4.4. Penetrometer measurements (kPa) per cm for each crop rotation located at
the Ralston research site
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LaCrosse
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Figure 4.5. Penetrometer measurements (kPa) per cm for each crop rotation located at
the LaCrosse research site
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Figure 4.6. Penetrometer measurements (kPa) per cm for each crop rotation located at
the Odessa research sites
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DISCUSSION
The laboratory incubation with added silicic acid resulted in significant increases
in water loss, surface resistance, crust thickness, and Siam. The water loss levels between
wetting and drying cycles were consistent among treatments and slightly lower than the
control. Surface resistance slightly increased with increasing H4SiO4 levels as seen in
other field studies (Singleton et al., 1989). However, the biggest difference found was
between soil types; the wheat soil had higher surface resistance compared to canola. The
soil Siam levels showed a similar relationship, significantly more Siam was present in the
wheat soil compared to the canola soil. The H4SiO4 treatments did not vary much in Siam
except for the high treatment. Although a significant interaction effect was not seen
within these results, a relationship has been established with increasing Si levels,
increased surface resistance, and crust thickness suggesting that increased H4SiO4 does
contribute to soil crusting (Belnap, 2001; Ben-Hur and Wakindiki 2002).
The field survey unfortunately did not show any significant differences among
crop rotations within or across sites. Perhaps the research sites were not similar enough to
obtain significant interactions between such parameters (Wakindiki and Ben-Hur, 2002).
This field survey was limited by grower participation, however, care was taken to include
two research sites within 40 miles of each other for the Davenport/Reardan,
Ralston/LaCrosse, and Odessa area. It may be beneficial for future studies to include sites
that are closer together and to take more soil cores within the fields in order to try and
establish relationships between the previously mentioned soil parameters.
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CONCLUSIONS
The laboratory incubation results confirmed that application of H4SiO4 increases
water loss, soil Si, surface resistance, and crust thickness. Significant differences were
not seen with increasing H4SiO4 levels just between the control and the treatments. The
soil that was previously cropped in wheat had higher soil Siam, surface resistance, and
crust thickness compared to the canola soil demonstrating the influence crop rotation can
have on such soil parameters. The field survey, however, did not show much significance
with crop rotations regarding soil Si levels or penetration resistance. All parameters
measured varied with location and soil depth suggesting that these sites did not have
similar enough environmental factors or crop rotations to produce consistent results.
Although the results from the field study were inconclusive, effects due to Si treatments
and previous crops under controlled conditions warrants further study of field sites.
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CHAPTER 5
CONCLUSIONS
A few conclusions can be drawn from the experimental results throughout this
thesis. The greenhouse results expressed the importance of crop type on both fiber and Si
allocation. Wheat accumulated significantly more Si and hemicellulose while canola
accumulated higher amounts of lignin, cellulose, and other soluble components. The
increased fertilizer rates increased yields, but did not affect the fiber synthesis or Si
uptake. Although the fertilizer treatments did not affect crop uptake of Si in the
greenhouse, the laboratory incubation in which fertilizer was applied to the soil surface
did show an effect on soil parameters. The treatments without fertilizer had significantly
higher values for pH, Siam, Siws, and surface strength. This suggests that at higher pH
levels more Si is adsorbed to soil surfaces allowing Si to stay within the top few mm of
the soil rather than being translocated lower in the soil profile. Higher amounts of Si may
then be able to act as cementing agents by coating the insides of the soil pores resulting in
increased surface resistance. The decomposition study showed that over a period of 12
weeks, the concentration of Si in both residue types increases and the more soluble
components are being decomposed first. However when taking the residue weights into
consideration, the grams of Si slightly decreases with time. This suggests that there is a
soluble or readily available pool of Si within the residue that can be rapidly decomposed
and released back into the soil system. The rotation comparison incubation showed that
additions of silicic acid, regardless of the amount, increased water loss, Siws, Siam, surface
resistance, and crust thickness. These results suggest that any addition of Si to the soil
may result in a higher potential and severity of soil crusting. The soil which has been
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traditionally cropped in a cereal rotation for over 50 years did show significantly higher
surface resistance and Siam values when the highest amount of silicic acid was applied
compared to the soil in which canola has been a part of the rotation for 29 years. This
relationship suggest that long term crop rotations do influence surface strength and Siam
levels therefore affecting soil crusting potential. The field survey did not show any
significant trends with crop rotation however the environmental factors were variable
among sites which may have caused such variable results.
The main conclusion to be drawn from this research is that in arid and semi-arid
areas, where soils are more susceptible to crusting, it may be beneficial to consider both
the structural composition (specifically Si levels) of crops and fertilizer use within the
cropping system. Long-term cereal rotations and fertilizer additions may increase soil Si
levels and therefore potential surface crusting. Therefore the introduction of crops that
accumulate less Si, such as canola or other dicots, may aid in decreasing the severity or
occurrence of soil crusting aiding in seedling emergence and subsequent crop
productivity.
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APPENDIX I
PILOT INCUBATION: EFFECTS OF WHEAT AND CANOLA RESIDUE ON
SOIL CRUSTING AND SILICON LEVELS
RESEARCH GOAL
The overall goal of this preliminary research was to establish some connections
between differing silica levels in wheat and canola grown under different fertilizer
conditions and its effect on soil crusting.
Hypotheses:
1) Treatments with wheat residue will have more silica in the soil from
decomposition of residue and therefore have a higher surface strength compared
to treatments with canola residue.
2) Residue grown under the high N rates would lower the soil pH and therefore
increase the amount of Si in soil solution.
MATERIALS AND METHODS
In order to apprehend the relationship between the decomposition of Si from
various crops an incubation was initiated for a period of 63 days. Each sample contained
250 g of Warden series sandy loam acquired from the Prosser Research Station (See table
AI-1). Soil was air dried and sieved through a two mm sieve prior to incubation. The
residue used in this study was grown at the Palouse Conservation Farm Station under two
different nitrogen rates: 0 lbs/acre for wheat and canola, 150 lbs/acre for wheat, and 160
lbs/acre for canola (See table AI-2). The residue was cut into small pieces ranging from
two to five cm. Two g of residue was added to each 250 g soil sample and thoroughly
mixed. A control treatment was also employed consisting of only air dried soil. Samples
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were placed in polyethylene containers, arranged in a completely randomized design and
stored in a room temperature oven (25°C). Every three days samples were brought up to
field capacity (~23%) in order to simulate a wetting and drying cycle. Prior to watering,
each sample was weighed to determine the amount of water loss between wetting cycles
and to ensure samples were all receiving approximately the same amount of water. Subsamples were taken every 0, 1, 3, 7, 10, 14, 21, 28, 35, 42, 49, 56, and 63 days and
analyzed for pH, total C & N, NO3- & NH4+, water soluble Si (Siws), amorphous Si (Siam),
and surface strength. Sub-samples were taken at random after the completion of the
incubation for analysis using a scanning electron microscope (SEM).
Soil solution pH was determined by using a 1:1 soil to water solution. For each
sampling period 10 g of soil and 10 g of water were placed into a polyethylene container
and shaken vigorously for 30 seconds. Samples were allowed to settle for 15 minutes
then agitated before the pH meter was submerged into the soil slurry. Total soil C and N
was analyzed using a LECO CN2000. Soil nitrate and ammonium amounts were deduced
by conducting KCl extracts with a soil to KCl ration of 1:4 and analyzed via the lachet
XYZ autosampler ASX 500-series.
Water soluble silicon extraction methods from Albrecht et al. (2005) were
followed. Five g of soil and 25 mL of DI water were placed in polyethylene tubes, shaken
for 30 minutes, allowed to settle overnight, centrifuged for 10 minutes, and then filtered
with Whatman No. 42 filter paper. Amorphous soil silicon was extracted by following the
method of Follet et al. (1965). This method is used due to the fact that the solubility of
Siam strongly increases at higher pH levels. One g of soil and 25 mL of sodium carbonate
were combined in a polyethylene tube, shaken in an 80C water bath for 10 minutes at
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100 RPM’s. Samples were then allowed to cool and settle at room temperature and
centrifuged at 2,500 RPM’s for 10 minutes. Extracted solution was filtered with
Whatman No. 42 filter paper and stored in a cool environment until analysis. Both Siws
and Siam solutions were analyzed using colorimetric procedures outlined by Van der
Vorm (1987). One mL of extraction was pipetted into small polyethylene container and
diluted to three mL with DI water. Samples extracted with sodium carbonate had one mL
HCl added and a few drops of potassium permanganate to adjust the color from a slightly
yellow solution to a clear solution. One mL of 0.5 M H2SO4 was added then samples
were agitated and incubated at 40.2C for 20 minutes. One mL of 5% ammonium
molybdate was added, agitated, and left to sit for five minutes. One mL of both 5% oxalic
acid and 1.5% ascorbic acid were also added. Solution level was adjusted to 10 mL with
DI water and agitated. Samples were left to sit for 20 minutes and then read with a
spectrophotometer set at an absorbance of 700 nm. If color was too dark samples were
diluted 10 times in order to reach an attainable reading.
In order to determine surface strength a Humboldt MFG. CO. pocket penetrometer
was used. Measurements with the penetrometer always occurred at the end of each
wetting and drying cycle in order to maintain consistency between measurements.
SEM analysis was done on samples acquired after the incubation was complete. A
randomly selected sample from each treatment within all three incubations was used for
SEM analysis. A sub-sample was taken from the selected specimen’s before and after the
final soil silica extraction. Samples were thoroughly dried and carefully removed from
their containers. The crust samples were fixed to a SEM stub by firmly pressing the stub
covered with a carbon tab against the targeted area of the soil crust. Loose soil and large
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pieces of organic matter were removed. The samples were then coated with a thin layer of
gold ~40 nm in thickness using a sputter coater. This thickness was chosen after trial and
error with soil samples to determine how much gold was required to keep the samples
from charging while in the SEM. Once this process was complete the samples were
placed in the Hitachi SEM and micrographs were taken at 50, 100, 300, 500, and 2k times
magnification. Images can be seen in Appendix II.
Calculations
Total nitrate/ammonium = ppm * (0.025 L KCl/(5 g soil/MF)) = mg/g
MF = moisture factor (wet weight/dry weight)
Soil Si = Si ppm * (mL of extractant/g of soil) * (1 L/1000 mL) * (1000 g/1 kg) * 10
(only if diluted) = mg of Si/kg of soil
Statistical analyses
Data was analyzed by the PROC GLM procedure in SAS 9.3 at a 95% confidence
interval using Tukey’s method of comparison.
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Table AI-1. Initial soil data
Soil Parameter

Initial Value
46.1
46.1
7.8
3.2
8.21
0.52
0.02
2.6 x 10-2
2.7 x 10-4
66.3
214.3
1.5

% Sand
% Silt
% Clay
% Moisture
pH
Total C %
Total N %
NO3- mg/g
NH4+ mg/g
Water soluble Si (mg/kg soil)
Amorphous Si (mg/kg soil)
Bulk density (g/cm3)
Table AI-2. Residue analysis
Residue Type

C:N

%NDF

%ADF

%ADL

%Ash

%Si

Wheat 0 lbs N

138.0

73.9

45.3

11.3

0.11

0.81

Wheat 150 lbs N

138.0

74.0

50.7

9.8

0.08

0.72

Canola 0 lbs N

115.8

65.5

51.1

10.4

0.12

0.01

67.3

52.5

12.8

0.16

0.01

Canola 160 lbs N 42.9

RESULTS
Water loss
No significant difference was seen over time or between treatments for water loss
(see Table AI-3). This suggests that the soil moisture was kept at a consistent level
throughout the experiment and treatment did not have an effect on rate of water loss.
pH
pH varied slightly at each sampling period (between 8.0-8.8) and the only
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significant difference found was between the treatments and the control (p-value < 0.01).
It was expected that the treatments with biomass grown under higher amounts of fertilizer
would have slightly lower pH compared to the other treatments. This trend was shown in
the overall averages, however it was only slight (see Table AI-3 and Figure AI-1).
pH Over Time
Canola 0 lbs N

Wheat 0 lbs N

Canola 160 lbs N

Wheat 150 lbs N

Control

9.0
8.8

pH

8.6
8.4
8.2
8.0
7.8
1

3

7

10

14

Days

21

28

35

42

49

Figure AI-1. Graph of pH over time
Total C&N
The total soil C data showed a significant effect due to treatment (p-value < 0.001).
Canola 0 lbs N ranked the highest with a value of 59% C followed by canola grown at
160 lbs N (58% C), wheat 150 lbs N (56% C), wheat 0 lbs N (54% C), and finally the
control (50% C). Total soil N also showed a significant treatment effect (p-value <
0.001). Canola 160 lbs N ranked the highest with a value of 4% N followed by canola 0
lbs N (~3% N), control (~3% N), wheat 150 lbs N (~3% N), and wheat 0 lbs N (~3% N).
When the C:N values were calculated, they followed the same trend as seen in the pH
results (see Table AI-3). No pattern was seen over time and the biggest contrast was
between the residues grown without fertilizer and residues grown with a higher rate of
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fertilizer (p-value < 0.01) due to more available N.
Surface resistance
The purpose for this measurement was to establish a connection between crop type
and soil crusting. It was hypothesized that the wheat residue would contribute to soil
crusting more than the canola due to the higher content of silica within the straw. Over
time however, this relationship was not clearly defined (Figure AI-2) and the only
significant difference found (p-value <0.0001) was that the control had a much lower
average surface resistance compared to the treatments (see Table AI-3). This conclusion
in itself is somewhat of an anomaly because it has been found that generally surface
residue helps protect the soil surface from raindrop impact and therefore reduces soil
crusting.
Surface Resistance Over Time
Canola 0 lbs N

Wheat 0 lbs N

Canola 160 lbs N

Wheat 150 lbs N

Control

Surface Resistance (kg/cm2)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
1

3

7

10

14

Days

21

28

35

Figure AI-2. Graph of surface resistance for each treatment over time
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Table AI-3. Average water loss (g), pH, C:N, and surface resistance (kg/cm2) per
treatment
Treatment

Water Loss
(g)

pH

C:N
20.1 a

Surface Resistance
(kg/cm2)
0.55 a

Wheat 0 lbs N

47.8 a

8.49 a

Wheat 150 lbs N

48.2 a

8.40 ab 20.0 ab 0.47 a

Canola 0 lbs N

48.6 a

8.47 a

22.0 a

0.47 a

Canola 160 lbs N 48.1 a

8.39 ab 16.3 b

0.45 a

Control

8.34 b

48.1 a

19.9 ab 0.11 b

Soil Si
Crop type seemed to have the biggest effect (p-value < 0.05) on the total Siam
(including Siws) as wheat 0 lbs N had the highest (393.2 mg Si/kg soil) followed by wheat
150 lbs N (349.0 mg Si/kg soil), canola 0 lbs N (341.5 mg Si/kg soil), canola 160 lbs N
(336.6 mg Si/kg soil), and the control (281.4 mg Si/kg soil). When looking just at the Siws
there was a significant treatment effect (p-value <0.0001). Wheat 150 lbs N showed the
highest average (84.0 mg Si/kg soil) followed by wheat 0 lbs N (74.4 mg Si/kg soil),
control (65.6 mg Si/kg soil), canola 0 lbs N (63.4 mg Si/kg soil), and canola 160 lbs N
(62.9 mg Si/kg soil). When the Siws fraction is subtracted from the total Siam wheat 0 lbs
N had the highest with 317.3 mg Si/kg soil followed by canola 0 lbs N (279.4 mg Si/kg
soil), canola 160 lbs N (272.4 mg Si/kg soil), wheat 150 lbs N (266.0 mg Si/kg soil), and
the control (214.3 mg Si/kg soil) (see Table AI-4 and Figure AI-3). These results suggest
that as wheat breaks down in the soil it releases more Si into the soil compared to canola.
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Table AI-4. Mean amorphous + water soluble Si, water soluble Si, and amorphous Si per
treatment.
Treatment

Mean Siam + Siws
(mg/kg soil)

Mean Siws
(mg/kg soil)

Mean Siam
(mg/kg soil)

Wheat 0 lbs N

393.2 a

74.4 ba

317.3 a

Wheat 150 lbs N

349.0 a

84.0 a

266.0 ba

Canola 0 lbs N

341.5 a

63.4 c

279.4 a

Canola 160 lbs N 336.6 ba

62.9 c

272.4 ba

Control

65.6 bc

214.3 b

281.4 b

Amorphous & Water Soluble Si
450

Water Soluble

Amorphous

Si (mg/kg soil)

400
350
300
250
200
150
100
50
0
Canola 0 lbs N Canola 160 lbs N Wheat 0 lbs N Wheat 150 lbs N

Figure AI-3. Amorphous & water soluble Si per treatment
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APPENDIX II
SEM ANALYSES AND IMAGES
INTRODUCTION
Analysis of soil samples through a scanning electron microscope (SEM) is a
common practice in order to examine the structure and morphology of soil crusts (BenHur and Wakindiki 2002; Dietrich et al. 2003; Farmer, Delbos, and Miller 2005; Taylor,
Raupach, and Chartres 1990; Remley and Bradford 1989; Wickramasinghe and Rowell
2005). One of the objectives of this study is to utilize SEM analysis in order to get a
closer look at the soil surface under various treatments. To determine the relationship
between amounts of silica available in soil and soil crusting two incubations were
employed during the summer of 2012.
MATERIALS & METHODS
Samples were placed in polyethylene containers, arranged in a randomized block
design and stored in a room temperature oven (25°C). Each sample contained 250 g of
soil. Soil was air dried and sieved through a two mm sieve prior to incubation. Every
three days samples were brought up to field capacity in order to simulate a wetting and
drying cycle. Samples were watered with a squirt bottle to simulate the force of rain.
Prior to watering, each sample was weighed to determine the amount of water loss
between wetting cycles and to ensure samples were all receiving approximately the same
amount of water. Analyses that took place included: pH, total C and N, Si content,
surface resistance, and crust thickness. In addition to the specific treatments for the
incubations a control treatment was employed consisting of only air-dried soil.
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Residue comparison (APPENDIX I)
Soil used in this incubation was a Warden series silt loam acquired from the
Prosser Research Station. Two treatments were applied: wheat and canola residue.
Both residues were grown at the Palouse Conservation Farm Station. The wheat
was fertilized at a nitrogen rate of 150 lbs/acre and the canola was fertilized at a
nitrogen rate of 160 lbs/acre. The residue was cut into small pieces ranging from
two to five cm. Two g of residue was added to each soil sample and thoroughly
mixed into the soil.



Cropping history comparison (CHAPTER 4)
The soil used in this incubation was a Ritzville silt loam acquired from research
plots located in Ralston, WA. The soil was collected from the top 15 cm after
harvest from a field previously cropped in wheat and one previously cropped in
canola. Three levels of silicic acid were applied to the corresponding soil samples:
low 0.105 g/pot, medium 1.06 g/pot, and high 10.5 g/pot.

SEM sample prep
SEM analysis was done on samples acquired after the incubation was complete. A
randomly selected sample from each treatment within all three incubations was used for
SEM analysis. A sub-sample was taken from the selected specimen’s before and after the
final soil silica extraction. Samples were thoroughly dried and carefully removed from
their containers. The crust samples were fixed to a SEM stub by firmly pressing the stub
covered with a carbon tab against the targeted area of the soil crust. Loose soil and large
pieces of organic matter were removed. The samples were then coated with a thin layer of
gold ~40 nm in thickness using a sputter coater. This thickness was chosen after trial and
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error with soil samples to determine how much gold was required to keep the samples
from charging while in the SEM. Once this process was complete the samples were
placed in the Hitachi SEM and micrographs were taken at 50, 100, 300, 500, and 2k times
magnification.
RESULTS & DISCUSSION
Residue comparison
The micrographs for this incubation showed a visual difference in amorphous
silica levels between treatments. The amorphous silica (Siam) is considered the small
particles located on the surface of the soil. Areas with higher concentrations of Siam are
circled and indicated on the micrographs. The control appears to have the least amount of
amorphous Si and the wheat showed the most (see Figure A2-1). These images coincide
with our hypothesis that as wheat decomposes it does in fact result in more amorphous
silica on the soil surface. Other parameters measured in this incubation such as average
soluble silica and surface resistance (the force required to penetrate the crust) depict the
same pattern between treatments as seen on the micrographs. The control had the lowest
values for Si and surface resistance and the wheat treatment had the highest. The preextraction samples (see Figure A2-1) in comparison to the post-extraction samples (see
Figure A2-2) show that most of the particles seen on the soil surface were removed after
the extraction therefore suggesting that what the images are showing in the pre-extraction
micrographs is in fact amorphous Si.
Cropping history comparison
The micrographs from both soils showed that the amount of amorphous silica on
the soil particles increased with increasing silica levels added to the two soils. When
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comparing micrographs from both soils (see figures A2-3&A2-5) it appears there is less
amorphous Si present on the soil particles from the canola soil. These results suggest that
the soil previously cropped with wheat in general has more silica present compared to the
samples that were previously cropped in canola. This again strengthens the hypothesis
that wheat residue may contribute more silica to the soil than canola. Other measurements
of soil parameters during the incubation supports what is being seen on the micrographs.
Surface resistance, crust thickness, and soil Si all increased from the control to the high
treatment and on average the soil previously cropped in wheat had higher values for these
parameters (see Chapter 4). The pre versus post-extraction micrographs for both soils
showed similar results as the residue comparison. The particles seen on the soil surface in
the post-extraction samples were much less than in the pre-extraction samples suggesting
that the particles were amorphous silica and that the extraction process was successful.
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Figure A2-1. Pre-extraction SEM micrographs of residue comparison incubation at ~2Kx
magnification.
a) Control

b) Canola

P
P
V
P

P

V

V
P

C
c) Wheat
Legend for micrographs
Indicates areas that have
what appears to be a
group of amorphous silica

P

P - indicates a soil
particle
V – void
C – areas were soil surface
is charged meaning that
there is a buildup of
excess electrons on the
surface creating an
electron field and deflects
the electron beam in an
undesirable way
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Figure A2-2. Post-extraction SEM micrographs of residue comparison incubation at 2Kx
magnification.
a) Control

b) Canola
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Figure A2-3. Pre-extraction SEM micrographs of the cropping history comparison
incubation (previously cropped in wheat) at 2Kx magnification.
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Figure A2-4. Post-extraction SEM micrographs of cropping history comparison
incubation (previously cropped in wheat) at 2Kx magnification.
a) Control

b) Low
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Figure A2-5. Pre-extraction SEM micrographs of cropping history comparison
incubation (previously cropped in canola) at 2Kx magnification.
a) Control

b) Low
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Figure A2-6. Post-extraction SEM micrographs of cropping history comparison
incubation (previously cropped in canola) at 2Kx magnification.
a) Control

b) Low

C

P

V

P

P
V

P

c) Medium

d) High

P

V
P

P

P

110

P

CONCLUSION
The coinciding micrograph images and measurements of other soil parameters
suggests that crops with higher silica levels such as wheat contribute more amorphous
silica to the soil and therefore may contribute to soil crusting. When comparing the preextraction and post-extraction micrographs there is visual evidence suggesting that the
extraction process of soil silica was successful. The micrographs also confirm that the
amorphous pool of Si is the dominant form of silica affecting crust parameters. Future
work with the micrographs obtained will include attempting to quantify the amounts of
amorphous Si seen on the soil surface through image software.
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