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Annual NREC Project Report (Jan 2018-Jan 2019) 

I. Understanding Mechanisms and Processes of Dissolved Reactive Phosphate 

(DRP) Loss in Illinois Tile-Drained Fields 
 

II. Cooperators: This project will be conducted by an interdisciplinary team of faculty at the 

University of Illinois. 

PI: Yuji Arai, Assistant Professor, Department of Natural Resources and Environmental 

Sciences, University of Illinois, N-215 Turner Hall, 1102 S. Goodwin Ave., Urbana, IL 61801. 

(217)244-3602. Cell: (650)444-4206. yarai@illinois.edu. Dr. Arai has extensive experience in 

soil phosphorus chemistry in predicting dissolved reactive phosphorus in various agricultural 

soils.  

 

Co-PI: Mark B. David, Professor, Department of Natural Resources and Environmental 

Sciences, University of Illinois, W-503 Turner Hall, 1102 S. Goodwin Ave., Urbana, IL 61801. 

(217) 333-4308. mbdavid@illinois.edu. Dr. David has extensive experience in evaluating 

nutrient losses from tile drained fields in Illinois.  

 

Co-PI: Jennifer M. Fraterrigo, Associate Professor, Department of Natural Resources and 

Environmental Sciences, University of Illinois, W-423 Turner Hall, 1102 S. Goodwin Ave., 

Urbana, IL 61801. (217) 333-9428. jmf@illinois.edu. Dr. Fraterrigo has conducted extensive 

research in agriculturally dominated regions to understand relationships between landscape 

patterns and nutrient loss. 

Co-PI: Lowell E. Gentry, Principal Research Specialist in Agriculture, Department of Natural 

Resources and Environmental Sciences, University of Illinois, W-503 Turner Hall, 1102 S. 

Goodwin Ave., Urbana, IL 61801. (217) 333-1769. lgentry@illinois.edu. With more than 20 

years of experience in agricultural monitoring, he has the knowledge needed for documenting 

and interpreting the loss of nutrients from tile-drained fields. 

 

Locations: This project will leverage field and watershed infrastructure already in place in the 

Embarras River watershed of east-central Illinois supported by NREC, as well as additional 

agricultural fields in surrounding watersheds of this same area. East-central Illinois has poorly 

drained Mollisols, but with tile drainage supports intensive and extremely productive corn and 

soybean production. In addition, this watershed is relatively flat and surface runoff generally 

only occurs with major precipitation events, which are easily discernable with river flow events 

dominated by tile inputs. Much of our past work has focused on N, but we have completed three 

P studies (Xue et al., 1998; Royer et al., 2006; Gentry et al., 2007) that give us a good 

understanding of P loads and yields in this area. These studies have also shown the importance of 

tile drainage to DRP loads in the rivers, but have not explained the variation in P loss from tile 

system to tile system.  

 

We will make use of a wide range of fields we are currently monitoring for various nitrate 

projects, but where we also measure DRP and total P and will add our additional studies to. 

Table 1 summarizes the 22 tiles on eight different farms that we now have fully instrumented 

with Agri Drain structures, Solinst pressure transducers, and ISCO automatic samplers.  
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In addition we, have the 36 instrumented tiles on the NREC supported farm in Douglas County 

(described below), for a total of 58 instrumented tiles. This array of fields will allow us to 

conduct DRP research beyond what is available in most studies, and build on long-term data 

from the tiles and overall watershed in unprecedented ways. 

 

We have a unique field study near Tuscola, Illinois in Douglas County funded by NREC (David, 

Nafziger, and Gentry), where 36 individual tile laterals are being monitored in a N fertilizer 

timing study to examine nitrate losses. This is a typical farm that has a patterned tile system on 

100 foot centers. We were able to locate individual laterals, and install monitoring systems on 

each lateral. Each lateral drains about 5 acres, and again has an Agri Drain structure, continuous 

flow monitoring, and ISCO automatic samplers. The study is half in corn and half in soybean 

each year, with each of the six N treatments (fall, spring, split, sidedress, reduced rate, cover 

crop) replicated 3 times for each crop type. As with our other tile work, we are measuring P in all 

samples and have already found great variability in concentrations across this 240 acre field. 

This variation in P will allow us to examine individual lateral variation as explained in our 

approach. This will give us a better understanding of controls on P concentrations and forms 

where a patterned tile system, so typical of what is currently in use, has in effect been separated 

piece by piece. We have information or can obtain information about the management of each 

field (or portion of a field) in this study. We will have a wide range of field conditions, farming 

practices, and other factors to explore. Each farm receives P fertilizer at variable rates as DAP 

according to fertilizer recommendations for agronomic crops in Illinois or the farmers own 

experience. The Douglas County site has six replicated N rate/timing/cover crop treatments that 

will allow us to look at the interaction of N fertilization on P loss, as well as cover crop effects. 

Some of the other fields have cover crops as well, and the Eric Miller farm has a 

corn/soybean/wheat rotation. Taken together, we have a wide range of agronomic practices 

typical for corn and soybean production on tile-drained soils in east-central Illinois. 

 

Table 1. Farms in or near the Embarras River watershed that currently have tile monitoring by 

our team as part of other projects, and will be used in this study. 

 

 

 Tile # and type Tillage Cropping Drainage 

area 

    Acres 

Salt Fork 

Watershed 

    

 Farm 1  3 patterned 

fields 

chisel corn/soybean and 

corn/corn, one with 

cover crop 

20-60 

 Farm 2 2 patterned 

fields 

no-till (25+ 

years) 

corn/soybean 25-55 

 Farm 3 3 random 

drainage fields 

no-till and 

strip till 

corn and soybean 40-60 

     

Embarras 

Watershed 
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  Farm 4 2 patterned 

fields 

chisel seed corn/soybean 15 each 

  Farm 5 4 patterned 

fields 

chisel corn/soybean 20-250 

  Farm 6 1 patterned 

field 

chisel corn/soybean 50 

  Farm 7 1 patterned 

field 

chisel corn/soybean/wheat 12 

     

Lake Shelbyville 

Watershed 

    

  Farm 8 6 patterned 

tiles 

no-till and 

strip till 

corn/soybean/wheat 

with cover crops 

25-70 

 

 

III. Objectives 

 

The overall goal of this project is to evaluate physicochemical factors (e.g., soil test P, landscape 

topography, infiltration rate, and soil chemistry) influencing the seasonal distribution and 

movement of DRP in tile drainage systems. We will more fully understand the fate of DRP in 

relation to soil test P in current P management systems at long term tile-drained experimental 

fields in Illinois.   

 

The objectives are to: 

1. fully understand tile DRP losses in relation to soil test P (i.e., labile P in surface soils) for 

fields in east-central Illinois under typical corn and soybean production;  

2. assess tile DRP losses in relation to spatial variability (i.e., fine scale topography) across 

fields and landscapes; 

3. determine the relationship between land surface topography and tile DRP losses, 

examining soil physical properties (e.g., infiltration rate, hydraulic conductivity, soil P 

extraction relevant to soil test P);  

4. examine the processes responsible for seasonal DRP release to tile lines, including 

physicochemical properties (e.g., depth sequence distribution of DRP and agronomic P 

soil test P) of subsurface soils; and 

5. include a final report at the conclusion of this project that will address each of the 

objectives stated above and evaluate both the yield response and the tile losses of 

DRP/changes in soil test P. 

 

IV. Justification Statement 

 

Phosphorus loss from agricultural fields has long been an environmental issue due to its effects 

on aquatic ecosystems (Carpenter et al., 1998; Sharpley et al., 1994), but not an agronomically 

important one. Compared to nitrogen, little P is typically lost from fields, unusually on the order 
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of 0.2 to 2 kg P ha-1 yr-1 (Gentry et al., 2007). Larger amounts of DRP can be lost during major 

erosion events, and recently DRP losses at high concentrations have been reported through tile 

drainage in the Lake Erie watersheds of northwestern Ohio (King et al., 2015b). Concentrations 

of DRP can range from just detectable to many tenths of a mg L-1 in tile lines, and can be many 

mg L-1 in surface runoff, the two methods of P transport from fields to streams (King et al., 

2015a). These concentrations and loads of DRP are more than enough to lead to eutrophication 

and algal production in downstream water bodies. However, this loss of P is small compared to 

N losses, which in tile drained watersheds can be 8-50 kg N ha-1 yr-1 (David et al., 2010; Gentry 

et al., 2014). Without a crop yield response to P loss (i.e., importance of soil test P), economics 

alone will not solve this problem. Therefore, it is a major challenge to reduce P losses from 

agricultural fields by the large percentage called for in most states as part of the Gulf of Mexico 

Hypoxia Action Plan. Illinois has recently developed a nutrient loss reduction strategy that calls 

for 45% reductions in P losses (in addition to 45% nitrate reductions) from both point and non-

point sources (Illinois Nutrient Loss Reduction Strategy, 2015). This will be a major challenge 

for Illinois, as well as other states in the agricultural Midwest. Phosphorus loss has long been 

known to be transported primarily with sediment erosion through surface runoff. Many scientists 

downplayed tile drainage losses following early reports of little P in tile water (e.g., Logan et al., 

1980), although Co-PI David’s research group published their first paper on P and tile drainage 

losses in 1998 (Xue et al., 1998), and followed that up with work by Royer et al. (2006) and 

Gentry et al. (2007). This body of work demonstrated the importance of high flow events (i.e., 

during rainfall event and or snowmelt) in leading to losses of DRP, clearly pointing out the 

importance of tile P loads. More recently there has been great interest in tile drainage losses of 

DRP due to algal problems in Lake Erie, and a special issue of 17 papers in the 2015 March-

April issue of the Journal of Environmental Quality (JEQ) on “Phosphorus Fate, Management, 

and Modeling in Artificially Drained Systems” was just published. Review papers on transport 

by subsurface drainage (King et al., 2015a) and modeling of P losses through tiles (Radcliffe et 

al., 2015) summarized our current state of knowledge on understanding DRP losses by this 

transport method. These papers built on the older review by Sims et al. (1998). In addition, 

papers such as King et al. (2015b) showed the importance of tile drainage to watershed scale P 

transport. While these papers acknowledged that tile transport has been overlooked as an 

important transport pathway, we don’t know about how and when DRP is released in tile flow in 

relation to the landscape surface topography, the subsurface networks of solute transport and the 

depth sequence of soil properties. Our proposal will help to fill some of those gaps. 

 

 

V. Work Plan 

 

As described above, in year 1 we will conduct the spatial distribution analysis of terrain, and 

continue monitoring the seasonal tile flow and DRP at each of the fields in east-central Illinois 

listed in Table 1. Frequent saturation at topographic depressions with low permeability is known 

to accumulate DRP (Tomer and Liebman, 2014). However, it is not clearly understood how drain 

tiles may exacerbate ponding-induced subsurface DRP loss and changes in soil test P. 

Understanding how terrain variability might affect the translocation of DRP from surface to sub 

soils will allow us to predict how the DRP loss to tile lines affect soil test P. Terrain analysis will 

be performed using high-resolution (6 in.-2 ft.) digital elevation models (DEMs) derived from 

LiDAR (light detection and ranging) and combining terrain metrics with geospatial SSURGO 
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data (NRCS) to develop a probabilistic map of ponding severity for our study fields. Following 

ground-truthing with aerial imagery, we will use the map together with tile maps to prioritize 

tiles for soil and water sampling. We will take soil test P data at each field following Agronomy 

Handbook recommendations. All production information, including corn and soybean planting 

dates, soil moisture conditions at planting, plant stands, and yield response will be recorded.  

 

Each tile line requires equipment to allow for continuous measurement of flow and for 

automated collection of water samples for measurement of DRP, total P and others, but is 

already installed from previous projects. We are using a small Agri Drain structure with a 

pressure transducer and datalogger to gage flow on 15-min intervals on each tile lateral. ISCO 

automatic water samplers are used to collect flow proportional solution samples as frequently as 

every 15 min during runoff events, but from our experience a sample every 2-3 hours during 

flow events provides adequate sampling. Water samples will be analyzed for pH, DRP, total P, 

and DOC. Samples for dissolved constituents will be filtered through a 0.45 µm membrane. All 

sample processing and preservation follows standard methods (APHA, 1998).We use a Lachat 

QuikChem 8000 continuous flow analyzer for ammonium, DRP, and total P (following digestion 

with sulfuric acid and ammonium persulfate). Our flow monitoring and water quality 

measurements will allow us to determine the lb/acre loss of DRP from each tile line for each day, 

month, and season, as well as annually. We will be able to show producers how much and when 

DRP is released through tile lines in response to weather and the fluctuating tile flow.  

 

In year 2, prior to soil sampling (i.e., disturbance of terrain), infiltration and/or saturated 

hydraulic conductivity will be measured. Examination of the hydrological pathways (e.g., 

macropore flow) is critical in enabling transport of DRP from agricultural land during the 

rainfall/snowmelt events. Specific sites will be selected according to the results of high 

resolution terrain maps and the distribution of DRP in tile flow in year 1.We are particularly 

interested in sites that had high DRP with high or low flow and low DRP with high or low flow. 

This will allow us to examine how the terrain characteristics contribute to the DRP loss in tile 

flow. The double ring infiltrometer (DRI) can be used to measure the infiltration rate (Reynolds 

et al. 2000). A total of eight-nine locations in each farm, adjacent to the GeoProbe sampling 

sites, will be used for the DRI experiments and the fresh surface soil core sampling for porosity 

measurements. Two replicate DRI infiltration measurements will be performed on the surface 

soil with tap water. To prepare the surface soil for the DI experiments, any plants with > 30 in. 

will be carefully trimmed to the soil surface. The inner and outer steel rings of 8 and 16 in. 

diameter, respectively, will be secured about 4-8 in. deep into the soil, with minimum soil 

disturbance. The steady-state vertical water flux below the inner ring will be kept at the same 

hydraulic head as the outer ring. The vertical water flux under these conditions corresponds to 

the infiltration rate. If the sites are saturated due to excess precipitation, we will conduct the 

saturated hydraulic conductivity measurements using core samples. Other measurements will 

include surface soil sampling after the infiltration measurements to better understand soil P 

levels and physicochemical properties and how they relate to tile P losses. Samples will be taken 

with a tractor-mounted probe to a depth of 30 inches, and divided into 0-6, 6-12, 12-20, and 20-

30 inch depth increments. Samples will be processed and sent to a commercial lab for soil 

nutrient testing in addition to the porosity test. Analysis of mobile P speciation (e.g., DRP and 

soluble organic P) is important since they are influenced by the soil properties (e.g., organic 

carbon content, particle size distribution) and transport pathway.  



6 

 

 

In years 3 and 4, we will use the results of terrain data, seasonal DRP in tile flow, and 

physicochemical properties of surface and subsurface soils to select the sites to excavate 

established tile lines where high/low soil test P is associated with high/low DRP in tile flow. 

Depending on the size of field, 4-8 tile lines will be evaluated. Soil samples along with or away 

from tile lines will be collected to evaluate the soil chemistry of tile lines. This includes the 

particle size distribution, agronomic soil test, organic carbon, DRP, total P and sequential P wet 

chemical extraction. Corn and soybean yields will be determined by machine harvest. All data 

will be statistically analyzed using proper software described below. 

 

All endpoints will be statistically evaluated using MS excel, Statistical Analysis Software, and 

Origin graphic software. The statistical relationship of physiochemical parameters of surface and 

subsurface soils during the rainfall/snowmelt events may have critical role in assessing the 

movement of DRP in tile systems in IL agricultural soils. Finally, the distribution and 

translocation of DRP will be statistically evaluated with respect to agronomic soil test P and crop 

yield. In evaluating the statistical significance, T-test and ANOVA will be used. As a part of 

master thesis projects, the graduate students will be responsible for interpreting the overall data, 

statistical analysis and trends that will be supported by extensive literature reviews. 

 

We will use field days, web pages, and fact sheets for outreach. We will hold one field day per 

year at each site to attract farmers and outreach specialists to understand our results and their 

implications. Presentations will be made at local, regional, and national conferences, including 

the American Society of Agronomy annual meetings. This will allow us to inform a wide variety 

of audiences.  

 

Our written products will include fact sheets, a webpage, and scientific publications. Fact sheets 

will use information from a variety of sources along with the results from our research and place 

it in a form that can readily be used by farmers and their advisors to understand P management 

systems and possible DRP losses from tile lines. Information on field days, workshops, research 

results, and fact sheets will be placed on the webpage for The Bulletin 

(http://bulletin.ipm.illinois.edu/). 

 

We will evaluate Extension and other educational activities using simple survey instruments at 

meetings to measure increases in awareness of nitrogen management systems and how they can 

(or should not) be used in cropping systems. We will count page hits for websites and articles 

written form results of this project. While we will not be able to claim full credit for increases in 

nitrogen management systems in Illinois, we do think that this project will help expand their use 

if we find that nitrate reductions from tile lines can be documented.  

 

VI. Impact of the Research 

 

This study will improve our understanding of DRP loss from surface soils to tile systems and 

from tile-drained fields and watersheds using detailed geostatistical analysis of terrains, 

monitoring of seasonal tile flow and DRP, soil physiochemical analysis of surface and 

subsurface soils including soil test P. Growers should be able to better interpret the variability of 

soil test P through the understanding of temporal and spatial variability of DRP in tile systems. 

http://bulletin.ipm.illinois.edu/
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In the report, we will highlight the importance of DRP loss in tile flow events vs. variability of 

terrains and precipitation, soil physical properties events in transporting various forms of P from 

fields to streams throughout the year, testing each of our hypotheses. We will make use of Co-

PIs David and Gentry’s large monitoring network of tiles where we can put the geography, 

physics and chemistry of DRP loss into the overall context of how readily DRP is transported to 

tile systems. Our results will inform the Illinois Nutrient Loss Reduction Strategy that is now 

being implemented across the state, and help to both target and refine possible conservation 

practices to reduce DRP losses and improve the understanding of soil test P. 

 

The impact of this research is clear, as it will show for tile-drained fields what are “expected” 

DRP losses in relation to soil test P, as well as the effects on corn/soybean yield. The potential 

beneficiaries of the project will first and foremost be the agricultural producers of Illinois, 

followed by all citizens of the state who will benefit from improved water quality. Through our 

field days, educational materials, and other outreach methods, we will communicate the science-

based results summarized from across the state. 

 

The primary beneficiaries of this work will be crop producers, who are in need of answers about 

sustainable P management systems, crop yields, and corresponding tile-drainage P losses. 

Agriculture professionals, including NRCS personnel, will gain knowledge about how to work 

with producers to optimize their use of P management systems while minimizing the 

environment impacts. 

 

VII. Date of Initiation and Completion 

 

We will initiate this project beginning January 1, 2016. We anticipate this will be at least a 4-

year project, in order to be sure that we have a wide range in weather conditions and tile flow.  

 

Our timetable is a follows: 

 

 2016 2017 2018 2019 

Task W Sp Su F W Sp Su F W Sp Su F W Sp Su F 

Spatial distribution of 

terrain analysis 
 X X X             

Agronomic soil test, water 

sampling and analysis and 

tile flow measurements 

 X X X X X X X X X X X     

Infiltration and or 

hydraulic conductivity 

analysis 

     X X X  X X X     

Surface soil sampling and 

physicochemical analysis 

of surface soils 

      X X X X       

Excavation of tile systems 

and subsurface soil 

sampling and analysis 

         X X X X X   

Write up reports and 

research papers 
        X    X X X X 

Presentation & talks at 

conferences/meetings w/ 

target audiences/field days 

       X   X X X X X X 
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VIII. Project Budget Update for continuing project 

There is no change in the budget. 

 

Our budget for farms in or near the Embarras River watershed for 2016-2019 can be supported 

with the following funds. The inflation rate of 3% was applied to the salary and other direct costs 

excluding the permanent equipment cost.  

 

PI Arai requests one month of summer salary in years 1-4, and Co-PI Fraterrigo requests three 

weeks of summer salary in year 1 and two weeks of summer salary in year 2. 

  

We requested  (a) two graduate students in year 1-2 and one graduate student in year 3-4 at 50%-

RA support (11 months), (b) hourly undergraduate summer worker(s) ($11/hr) in years 1-4, (c) 

part-time laboratory technician for all project years, (d) funds for general laboratory supplies, (e) 

travel to the research site and national meetings, (f) farmers’ payment. 

 

The materials and supplies budget line includes the cost of two sets of double ring infiltometers 

in year 2 ($7500). Under the ongoing NREC project led by Dr. David, Lowell Gentry is 

supported as the overall farm manager of the same site. Therefore no salary is requested. 

 

 

IX. Reports 

 

Semi-annual reports will be submitted every 6 months, on June 1 and January 1 of each year, 

assuming an initial funding date of 1/1/2017 for each year of the project. Reports on findings will 

be produced annually, by January 15 of the year following completion of each year’s work. The 

project final report, covering all years in the study, will be submitted within 3 months of the end 

of the project. 
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Annual NREC Progress Report (March 2018-Jan 2019) 

 
Yuji Arai, Mark David, Jennifer M. Fraterrigo, and Lowell Gentry 

University of Illinois at Urbana-Champaign 

 

We are making steady progress toward the project goal. We completed objective 1, nearly 

completed objective 2 and made a progress in objective 3&4 according to the timetable. The 

annual progress report is summarized below.  

 

Synopsis 

Phosphorus (P) loss from agricultural fields is a pervasive problem generally associated with 

overland runoff following extreme precipitation events.  Phosphorus concentrations and loads are 

more than enough to lead to eutrophication and algal production in downstream water bodies. 

Without a crop yield response to P loss (i.e., importance of soil test P), economics alone will not 

solve this problem. Illinois has recently developed a nutrient loss reduction strategy that calls for 

45% reductions in P from both point and non-point sources (Illinois Nutrient Loss Reduction 

Strategy, 2015). This will be a major challenge for Illinois, as well as other Midwestern states. 

Phosphorus loss has long been known to be transported primarily with sediment, although 

several researchers reported P loss (dominantly dissolved reactive P) via tile drainage (Gentry et 

al., 2007; Royer et al. 2006; Xue et al., 1998). This body of work has been acknowledged in a 

recent special issue in the Journal of Environmental Quality which recognizes that tile transport 

has been overlooked and is an important P transport pathway (King et al. 2015a; King et al, 

2015b; Smith et al. 2015). However it is not known how and when DRP is released in tile flow in 

relation to the landscape surface topography, the subsurface networks of solute transport and the 

depth sequence of soil properties. Our proposed study will help to fill some of those gaps. This 

study will improve our understanding of DRP loss from surface soils to tile systems and from 

tile-drained fields and watersheds using detailed geostatistical analysis of terrains, monitoring of 

seasonal tile flow and DRP, soil physiochemical analysis of surface and subsurface soils 

including soil test P. Growers should be able to better interpret the variability of soil test P 

through the understanding of temporal and spatial variability of DRP in tile systems. 

 

Objectives 

 

The overall goal of this project is to evaluate physicochemical factors (e.g., soil test P, landscape 

topography, infiltration rate, and soil chemistry) influencing the seasonal distribution and 

movement of DRP in tile drainage systems. We will more fully understand the fate of DRP in 

relation to soil test P in current P management systems at long term tile-drained experimental 

fields in Illinois.   

The objectives are to: 

1. fully understand tile DRP losses in relation to soil test P (i.e., labile P in surface soils) for 

fields in east-central Illinois under typical corn and soybean production;  

2. assess tile DRP losses in relation to spatial variability (i.e., fine scale topography) across 

fields and landscapes; 
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3. determine the relationship between land surface topography and tile DRP losses, 

examining soil physical properties (e.g., infiltration rate, hydraulic conductivity, soil P 

extraction relevant to soil test P);  

4. examine the processes responsible for seasonal DRP release to tile lines, including 

physicochemical properties (e.g., depth sequence distribution of DRP and agronomic P 

soil test P) of subsurface soils; and 

5. include a final report at the conclusion of this project that will address each of the 

objectives stated above and evaluate both the yield response and the tile losses of 

DRP/changes in soil test P. 

 

Site Information:  
Site information is updated in Table 1. 

 

Table 1. Farms in east-central Illinois that currently have tile monitoring by our team, and will be 

used in this study. 

 Tile # and 

type 

Tillage Cropping Drainage 

area (Acres) 

Soil sampling 

for STP and 

tile map 

availability 

Salt Fork 

Watershed 

     

 Farm 1  3 patterned 

fields 

chisel corn/soybean and 

corn/corn, one with 

cover crop 

20-60 X 

 Farm 2 2 patterned 

fields 

no-till 

(25+ 

years) 

corn/soybean 25-55 X 

 Farm 3 

 

3 random 

drainage 

fields 

no-till 

and strip 

till 

corn and soybean 40-60 X  

(limited to 

field 

measurements, 

not tile map) 

      

Embarras 

Watershed 

     

  Farm 4 

 

2 patterned 

fields 

chisel seed corn/soybean 15 each X 

  Farm 5 

 

4 patterned 

fields 

chisel corn/soybean 20-250 X 

  Farm 6 1 patterned 

field 

chisel corn/soybean 50 X 

  Farm 7 1 patterned 

field 

chisel corn/soybean/wheat 12 X 
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  Farm 8 

 

6 patterned 

tiles 

no-till 

and strip 

till 

corn/soybean/wheat 

with cover crops 

25-75 X 

Lake 

Shelbyville 

Watershed 

     

Farm 9 36 tile 

laterals 

no-till 

and 

strip till 

corn/soybean 4-5 X 

 

 

Objectives 1& 2: Progress in Dec 2017 –Jan 2019 

As we reported in the last annual report, we assessed tile DRP losses in relation to spatial 

variability in Farm 9. We worked on the analysis of Soil Test P and establishing the relationship 

between landscape topography and tile lines for Farm 6 and 8. The following figure shows that 

correlation between the surface topography and P in lbs/acre in two farms. Except for Farm 8 

East, there is a positive correlation between STP and the depression depth. We will complete the 

assessment of tile DRP losses in relation to spatial variability in Farm 6 and 8 this summer. 

 

 

 
 

Figure 1: Relationship between depression depth and the results of soil test P in Farm 6. 
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Figure 2: Relationship between depression depth and the results of soil test P in Farm 8 West. 

 

 
 

Figure 3: Relationship between depression depth and the results of soil test P in Farm 8 East. 

 

 

We also conducted a detailed soil Bray P1 test (6 m grid) across the largest closed depression 

(near plot 4) in Farm 9/Douglas County. Piecewise regression revealed a critical threshold in the 

depression gradient at 0.38 m, at which soil P content abruptly shifted. Above this value, there 

was a strong positive association with soil P (R2=0.91). 
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Figure 4: Piecewise linear regression between soil test P and depression depth in Farm 9. 

 

 

Objective 2 & 3: Progress in Dec 2017-June 2018 

The objective 2 is to assess tile DRP losses in relation to spatial variability (i.e., fine scale 
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depression index.  
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Figure 5. Regression of soil Bray P1 interpolated mean values and tile DRP load in 2016 for 36 

tile laterals from Farm 9. 

 

The R2 value suggests there is a positive relationship between soil P and tile DRP load (Figure 

5). 

 

 
Figure 6. Regression of depression index values and tile DRP load in 2016 for 36 tile laterals 

from Farm 9. 

 

 

The R2 value suggests there is a positive relationship between depression index and tile DRP 

load, however, tile #4 (2425 m/ha; 0.158 kg/ha) is influencing the relationship (Figure 6). 

 

 

For Farm8, we obtained the DRP data for the west part of the farm 8, which was the first one to 

be monitored. Preliminary flow data that do not account for by-pass flow in the AgriDrain 
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index/soil test P.  
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Figure 7. Regression of depression index values and tile DRP load in 2017 from Farm 8 west. 

 

 
Figure 8. Regression of soil Bray P1 interpolated mean values and tile DRP load in 2017 from 

Farm 8 west. 
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While we observed correlation between tile DRP and depression index in Farm 9, we do not see 

any clear correlation between tile DRP and depression index in Farm 8 (Figure 7&8). The reason 

might be attributed to the acreage covered per tile line is much larger in Farm 8 than that in Farm 

9. In Farm 8, various soil physicochemical management factors (till vs no-till) might be 

influencing the tile DRP loads.  

 

 

 

Objectives 3 & 4: Progress in Jan 2018 –Feb 2019 

We collected the additional saturated hydraulic conductivity (Ksat) measurements in Farm 9 in 

spring. The measurements of Ksat we completed in March 2018. Ninety nine STP sampling 

points in Farm 9 were used to compare with the Ksat data in 2017. Based on the previous year’s 

measurements, we tested the hypothesis that crop specific roots system is driving the macropore 

structure in soils in soybean system. The Ksat measurements in two fields (previously corn and 

soybean were grown) are shown in Figures 9 and 10.  

In the field with tile #4-#27 where corn was grown in the preivous year, average Ksat is 2.3E-03 

cm/s (Figure 9). At the majority of sites, Ksat was greater than 0.001 cm/s (Figure 9). The 

average Ksat of the area (tile #28-48) is significantly lower, 8.03E-03 cm/s (Figure 10) than that 

in the soybean field. Although the data are variable (at only few locations), Ksat at most of sites 

are less than 0.001cm/s.   

We conducted the statistical analysis to evaluate the effect of cropping system on Ksat. In this 

particular year, we did not clearly observe the impact of crop specific roots system on the 

hydraulic conductivity values. Instead, we observed the preferential flow in both corn and 

soybean field. The soybean field tends to exhibit a few extreme cases. Similar to the last year, we 

did not observe any correlation between STP and Ksat (Figures 11 and 12). This suggests that 

observed P accumulation was not affecting the drainage as the result of P induced colloidal 

dispersion. 
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Fig 9. The results of saturated hydraulic conductivity measurement in Tile #4-Tile 26 where corn 

was grown in the previous year. 
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Fig 10. The results of saturated hydraulic conductivity measurement in Tile #28-Tile#48 where 

soybean was grown in the previous year. 
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Fig 11. Correlation between STP and Ksat in Tiles #4- 27 where corn was grown in the previous 

year. 
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Fig 12. Correlation between STP and Ksat in Tiles #28- 48 where soybean was grown in the 

previous year 
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In this annual report, the results of physiochemical characteristics of soils, the depth sequence 

inorganic- and organic-P distribution, and mineralogy at the tiles 7, 37 and 46 are reported. 

 

Materials 

Soil core samples were collected at a farm 9 located in Douglas country in east-central Illinois in 

Nov, 2017.  The field received no-till and strip till practices and has been used to grow corn and 

soybeans in simple rotation and for a rotation of corn and soybean with cover crops. For 

hundreds of years, most lands of Douglas County were prairie and mainly served as grazing land 

for livestock before it was organized as farmland in 1865 (Soil Survey, 2006). Soils in this area 

are poorly-drained dark-colored mollisols according to the U.S. Department of Agriculture 

(USDA) soil taxonomy. To facilitate the drainage of soils for crop growth, the construction of 

drainage ditches and tile pipes started at the same time from 1878-1879(Soil Survey, 2006). 

Since then, agriculture became the leading industry in Douglas County. In 2002, there were 576 

farms which accounted for 232,690 acres in Douglas County and about 404 acres on average 

(Soil Survey, 2006). The main crops are corn and soybeans which accounted for 108,357 acres 

and 104,025 acres, respectively. Other crops such as broomcorn, wheat, silage, and oats were 

also planted in this county (Soil Survey, 2006). The market value of agricultural products from 

Douglas County was about $62.5 million in 2002 (Soil Survey, 2006). The established drainage 

ditches have effectively influenced crop production as well as soil properties in this area. The 

samples were manually collected at six locations in 18 cm increments from 0 to 180 cm using a 

7.62 cm stainless steel standard soil auger. The study site has 6 patterned tiles, and three tile lines 

were chosen from the study site. They are tile line 7, 37 and 46 (Figure-1). The major soil series 

at the site are Drummer-Milford silty clay loams (0 to 2 percent slopes, fine-silty, mixed, 

superactive, mesic Typic Endoaquolls) and Milford silty clay loam (0 to 2 percent slopes, fine, 

mixed, superactive, mesic Typic Endoaquolls). A soil core was collected above tile line 7, 37, 

and 46 (from thereafter, they are called 7A, 37A and 46A). Fig-2 shows the location of soil cores 

on each tile line. The additional core samples were collected between two tile lines. They are a 

soil core between tile 7 and 8 (7B), a soil core between tile 37 and 38 (37B) and a soil core 

between tile 46 and 47 (46B) (Fig-2C). The collection of core samples between two tile lines was 

to compare the effect of hydraulic gradient on the P accumulation in subsoils. If the percolation 

of water in subsoils were facilitating the P transport to the tile line, we expect to see a greater P 

accumulation in subsoils in the core sample at the tile line than the core sample between tiles.  

Fresh samples were immediately processed for P-31 NMR analysis (see the NMR section), but 

the rest of samples were air-dried, crushed, and passed through a 2 mm sieve. American 

chemical society grade chemicals and ultrapure water were used in all experiments unless 

otherwise mentioned in the text. 
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Fig 1. The sample location at the Douglas county study site (39˚43’01” N, 88˚14’01” W) in east-central Illinois. Filled red rectangles 

and filled yellow circles represent tile lines and sample locations, respectively.



23 

 

 
Fig 2. Schematic cross-section showing artificially drainage systems, hydraulic gradient, water 

table and water movement at the study site during four seasons A) unsaturated condition during 

the dry summer season; B) saturated condition during wet winter/spring; C) tile lines controlled 

the hydraulic gradient during growing season.  
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Organic Carbon, Inorganic Carbon and Organic Matter 

 

Soil organic carbon content (% OC) and inorganic carbon content (% IC) are shown in Tables 1, 

2, and 3. Soil organic matter content (% OM) is shown in Table 4, 5, and 6. In all soils, an 

increase in depth lowers % OC from ~2.4% to ~0.5%, increases % IC from 0.1% to ~2.2%, and 

decreases % SOM from ~4.5%. to ~1.0%. The % OC corresponds well with % SOM in the 

topsoils. The SOM content is about 1.75 times of  the OC content that agrees with the previous 

study (Bianchi et al., 2008). A similar % OC content has been reported in surface soils of 

mollisols (Afif et al., 1993; Song et al., 2007; Eriksson et al., 2015b; Pizzeghello et al., 2011; 

Schmieder et al., 2018; Sui and Thompson, 2000; Whalen and Chang, 2001). The trends of % 

OC or % SOM in each soil core are quite similar in the soil profile. The % OC or % SOM is 

considered high in the surface soils (0-36 cm), moderate at the middle depth (36-72 cm), and low 

or very low in deep soils (72-180 cm). For the surface soils from the tile line 46,  % OC and % 

OM (~2.1% and ~3.9%, respectively) are slightly lower than those in soils form tile line 7 

(~2.3% and ~4.4%, respectively) and 37 (~2.3% and ~4.2%, respectively). At each tile line, % 

OC from the ‘A’ samples is slightly lower than that in the ‘B’ samples at the surface. It is 

possible that a better drainage right above the tile line (‘A’ samples) facilitated the leaching of 

OC, and % OC shows no significant difference between ‘A’ and ‘B’ in the subsoils. In each soil 

core, % IC increases with increasing depth. At each tile line, % IC is quite similar between ‘A’ 

and ‘B’ samples in the topsoils, while % IC from the ‘B’ samples is consistently higher than the 

‘A’ samples in subsoils for tile line 7 and 46. This indicates that carbonates are probably 

accumulated in soils between tile lines. However, this trend is not observed in the tile line 37. 

Inherent soil formation factors and parent materials might be influencing the content of 

carbonates in the tile 37.  

 

 

Texture 

 

Soil texture and textural classes are summarized in Tables 4, 5, and 6. Soils from the tile line 7 

mainly contains silty clay in the topsoils and silty clay loam with a small portion of clay in the 

subsoils (Table 4). Soil texture from the tile lines 37 and 46 is mainly silty clay or silty clay loam 

throughout the soil profile (Tables 4 and 5), but the surface soil in the tile 37 contains more clay 

(Table 5). For the tile line 7, % clay decreases from 40% to 30% from 0 to 144cm, and then 

increases with increasing depth for both ‘A’ and ‘B’ samples. However, the clay fraction from 

other 4 soil cores (37A, 37B, 46A, and 46B) do not show any depth sequence trend. It remains at 

a relatively high value (~38-50%) throughout the soil profile. The average % clay in the tile line 

7 (40.6%) is lower than that in the tile lines 37 and 46 (~45.0%). While the silt fraction in the tile 

lines 37 and 46 does not significantly vary in the soil profile, the tile line 7 shows a different 

trend. The % silt fraction increases up to 126 cm and then decreases. The average value of % silt 

in tile line 7 (47.3%) is significantly higher than that in tile lines 37 and 46 (~40.5%). In the case 

of % sand fraction, all samples do not significantly vary throughout each soil profile (~10-18%). 

Overall, % sand is ranked highest in the tile 46 (~15%) followed by the tile 37 (~13.4%) and the 

tile 7 (12.0%). According to the statistical analysis of % sand, silt, and clay fraction, for most soil 

samples, the difference between ‘A’ and ‘B’ samples is not significant.  



25 

 

 

Based on the result of this study, the trend in changes in % clay as a function of depth within 

each tile line between ‘A’ and ‘B’ samples is similar, but the depth sequence distribution of the 

clay fraction is different between ‘A’ and ‘B’ samples. Soil Survey report documented that both 

Milford and Drummer-Milford series are poorly drain (Soil Survey, 2006). Considering the 

existing tile lines, drainage is probably greater in soils above tile lines (i.e., ‘A’ samples) than 

between tile lines (‘B sample). Previous studies indicated that hydraulic conductivity and soil 

particle size distribution have interaction effects between each other (Cosby et al., 1984). With 

the gravitational function of water leaching from soils, fine particles are more likely to transport 

to deep soils (Frenkel et al., 1978; Dikinya et al., 2008). Thus, it is a reasonable interpretation 

that a higher clay content is presents in the ‘A’ subsoil samples due to the transport of clay and 

particles and colloids. However, the textural analysis of soils from the tile line 46 is inconsistent 

with this trend (higher clay fraction was shown in 46A (46.67%) than 46B (42.50%). This might 

be due to inherent geological factors and other soil formation factors. 

 

 

CEC and base saturation 

 

Cation exchange capacity (CEC) and percent base saturation are summarized in Tables 1, 2, and 

3. Cation exchange capacity for most soil samples is moderate (12-25 cmolc/kg) or high (25-40 

cmolc/kg). The highest CEC across all three tile lines is from the tile line 7. In soil samples from 

the tile line 37 and 46, most soil samples are moderate, especially for samples from subsurface 

soils. The CEC value in the tile line 7 decreases at first and then increases with increasing depth. 

For the tile lines 37 and 46, it gradually decreases with increasing soil depth. For the soil in the 

tile line 7, texture of the surface soil is silty clay loam and the clay content increases in subsoils. 

For the tile lines 37 and 46, texture of the surface soils is clay and subsoils are variable (silty clay 

loam, clay and silty clay) (Soil Survey, 2006). Within each tile line, CEC from ‘A’ samples are 

generally lower than ‘B’ samples because of the difference in the SOM content (Tables 1-3). All 

soil CEC values are consistent with the soil survey report (Soil Survey, 2006). The percent base 

saturation is very high (>80%) for most samples, and moderate to high (60-80%) for surface 

samples from the tile line 37 and 46. The samples from tile 7 have the highest % base saturation 

of three tile lines. The difference between ‘A’ and ‘B’ samples within each tile line is not 

significant.  

 

 

Mehlich III P and Bray I P 

 

The results of Mehlich III P (M3P) and Bray I P (B1P) test are listed in Tables 1, 2, 3. Both M3P 

and B1P are high in the surface soils and decreases with increasing depth across all samples. 

Overall, the extracted P concentration in the tile line 7 is lower than that in the tile line 37 or 46. 

The M3P in surface soils is considered high (17-25 mg/kg) or moderate (10-17 mg/kg) in the tile 

line 7 and very high (>25 mg/kg) in both tiles 37 and 46, while the M3P for the subsoils is very 

low (<5 mg/kg) across all samples. The B1P is consistently lower than the result of M3P, which 

followed the same trend as previously reported (Neyroud and Lischer, 2003). This is due to less 

aggressive nature of extractant composition in Bray I P solution. According to the Illinois 

Agronomy Handbook, P-supplying power in Douglas County is classed to medium supplying 
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power, and the recommended soil P test value for corn and soybean growth in this region is 

about 30-45 lb/A (15-22.5 mg/kg) for surface soils (Fernández and Hoeft, 2008). The M3P of the 

tile 37 and 46 top soils is ~65 mg/kg that is much greater than the recommended value, whereas 

the M3P of tile 7 in the surface horizon is within this range. This suggests that available P is 

already abundant in the surface soils (0-36cm) for corn and soybean, and no fertilization 

application is recommended in these soils. Similar soil P test values in surface layers were 

reported in previous literature (Ige et al., 2005; Rubio et al., 2008; Abdala et al., 2018), and the 

same trend of the extractable P values in subsoils were also reported in earlier researches 

(Pizzeghello et al., 2016). 
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Table 1. Physicochemical properties of soils near tile 7 at the Douglas County study site. 7A: a soil core above tile 7, 7B: a soil core between tile 7 and tile 8. 

 

Depth (cm) 

Tile 7 

Inorganic C† Organic C† CEC‡ Base saturation Mehlich III P Bray I P 

-------% by wt.------- cmolc/kg ----%---- ----mg/kg---- -----mg/kg----- 

0-18 
7B 0.29 (±0.09) 2.36 (±0.03) 33.26 (±0.36) 81.86 (±1.10) 20.00 (±0.00) 15.50 (±0.71) 

7A 0.11 (±0.03) 2.25 (±0.01) 26.72 (±2.86) 95.69 (±0.01) 14.50 (±0.71) 10.00 (±1.41) 

19-36 
7B 0.09 (±0.01) 2.17 (±0.01) 27.76 (±0.21) 95.38 (±0.17) 8.00 (±0.00) 5.50 (±0.71) 

7A 0.12 (±0.01) 1.87 (±0.02) 23.83 (±0.78) 95.85 (±0.08) 7.50 (±0.71) 4.00 (±0.00) 

37-54 
7B 0.16 (±0.00) 1.70 (±0.04) 23.31 (±1.33) 95.72 (±0.07) 5.00 (±0.00) 2.00 (±0.00) 

7A 0.01 (±0.00) 1.27 (±0.01) 25.11 (±2.28) 95.81 (±0.05) 5.00 (±0.00) 2.00 (±0.00) 

55-72 
7B 0.27 (±0.00) 1.00 (±0.03) 24.05 (±0.67) 94.62 (±1.96) 3.50 (±0.71) 2.00 (±0.00) 

7A 0.69 (±0.95) 0.89 (±0.02) 25.23 (±1.22) 96.10 (±0.07) 4.00 (±0.00) 2.00 (±0.00) 

73-90 
7B 0.48 (±0.06) 0.72 (±0.07) 26.38 (±0.02) 96.28 (±0.10) 3.00 (±0.00) 2.00 (±0.00) 

7A 0.27 (±0.06) 0.80 (±0.01) 23.23 (±0.46) 96.05 (±0.31) 5.00 (±0.00) 2.00 (±0.00) 

91-108 
7B 1.90 (±0.21) 0.62 (±0.01) 32.88 (±1.61) 96.56 (±0.04) 2.50 (±0.71) 1.00 (±0.00) 

7A 0.71 (±0.01) 0.52 (±0.04) 23.25 (±0.26) 96.31 (±0.01) 5.00 (±0.00) 4.00 (±2.83) 

109-126 
7B 2.78 (±0.02) 0.47 (±0.04) 31.33 (±0.62) 96.64 (±0.05) 1.50 (±0.71) <1 

7A 1.10 (±0.00) 0.41 (±0.07) 21.90 (±1.98) 96.35 (±0.04) 4.50 (±0.71) 2.00 (±0.00) 

127-144 
7B 2.38 (±0.08) 0.64 (±0.02) 34.75 (±1.03) 96.54 (±0.03) 1.50 (±0.71) <1 

7A 1.68 (±0.11) 0.37 (±0.04) 26.67 (±0.04) 96.45 (±0.06) 3.00 (±0.00) 2.00 (±1.41) 

145-162 
7B 2.07 (±0.10) 0.58 (±0.04) 29.94 (±1.93) 96.48 (±0.03) 2.00 (±0.00) <1 

7A 1.52 (±0.25) 0.70 (±0.23) 30.37 (±0.06) 96.41 (±0.01) 2.00 (±0.00) 1.50 (±0.71) 

163-180 
7B 1.95 (±0.04) 0.55 (±0.04) 26.73 (±0.11) 96.35 (±0.01) 1.50 (±0.71) <1 

7A 2.18 (±0.11) 0.54 (±0.02) 28.80 (±1.19) 96.37 (±0.03) 1.00 (±0.00) <1 

† Inorganic C and organic C is measured by the wet combustion method (Allison, 1960; Nelson and Sommers, 1996). Values are significant at the 0.01 probability 

level. ‡ CEC = Cation exchange capacity. Values are significant at the 0.01 probability level. 
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Table 2. Physicochemical properties of soils near tile 37 at the Douglas County study site. 37A: a soil core above tile 37, 37B: a soil core between tile 

37 and tile 38. 

Depth (cm) 

Tile 37 

Inorganic C† Organic C† CEC‡ Base saturation Mehlich III P Bray I P 

-------% by wt.------ cmolc/kg ----%---- ----mg/kg---- -----mg/kg----- 

0-18 
37B 0.05 (±0.00) 2.34 (±0.04) 30.27 (±2.61) 71.37 (±2.24) 36.00 (±2.83) 26.50 (±0.71) 

37A 0.36 (±0.22) 2.24 (±0.03) 23.46 (±2.18) 93.67 (±2.22) 47.00 (±1.41) 42.50 (±6.36) 

19-36 
37B 0.11 (±0.04) 1.81 (±0.01) 30.19 (±0.62) 80.18 (±1.16) 17.00 (±1.41) 10.00 (±0.00) 

37A 0.57 (±0.16) 2.12 (±0.04) 27.02 (±0.33) 93.00 (±1.11) 34.50 (±0.71) 27.50 (±2.12) 

37-54 
37B 0.08 (±0.10) 1.17 (±0.08) 27.17 (±0.06) 92.02 (±0.00) 4.50 (±0.71) 2.50 (±0.71) 

37A 0.62 (±0.08) 1.30 (±0.04) 26.06 (±2.16) 92.05 (±0.04) 6.00 (±0.00) 2.50 (±0.71) 

55-72 
37B 0.08 (±0.03) 0.93 (±0.01) 22.54 (±1.60) 94.10 (±1.57) 3.50 (±0.71) 1.50 (±0.71) 

37A 0.52 (±0.01) 0.98 (±0.01) 20.50 (±2.78) 95.42 (±0.20) 3.50 (±0.71) 2.50 (±0.71) 

73-90 
37B 0.02 (±0.00) 0.86 (±0.01) 22.26 (±0.02) 95.45 (±0.05) 3.50 (±0.71) 2.00 (±0.00) 

37A 0.57 (±0.16) 0.94 (±0.05) 21.62 (±1.34) 96.14 (±0.16) 5.00 (±0.00) 2.00 (±0.00) 

91-108 
37B 0.04 (±0.01) 0.87 (±0.07) 22.76 (±0.18) 95.95 (±0.01) 3.50 (±0.71) <1 

37A 0.26 (±0.07) 0.87 (±0.08) 22.06 (±0.48) 96.17 (±0.05) 3.00 (±0.00) 1.00 (±0.00) 

109-126 
37B 0.25 (±0.06) 0.72 (±0.07) 22.99 (±1.03) 96.12 (±0.02) 3.00 (±0.00) <1 

37A 0.53 (±0.16) 0.82 (±0.01) 20.45 (±0.63) 95.92 (±0.45) 3.00 (±1.41) <1 

127-144 
37B 0.75 (±0.07) 0.61 (±0.04) 23.40 (±1.22) 96.30 (±0.00) 1.00 (±0.00) <1 

37A 0.84 (±0.16) 0.85 (±0.16) 19.56 (±1.06) 96.38 (±0.01) 2.00 (±0.00) <1 

145-162 
37B 1.05 (±0.01) 0.43 (±0.04) 22.93 (±0.67) 96.28 (±0.01) 1.50 (±0.71) <1 

37A 1.02 (±0.01) 0.64 (±0.00) 20.56 (±0.62) 96.36 (±0.01) 2.50 (±0.71) <1 

163-180 
37B 1.20 (±0.04) 0.38 (±0.04) 20.93 (±0.57) 96.16 (±0.07) 2.50 (±0.71) 1.50  (±0.71) 

37A 0.93 (±0.10) 0.69 (±0.05) 20.09 (±0.34) 96.23 (±0.07) 2.50 (±0.71) <1 

† Inorganic C and organic C is measured by the wet combustion method (Allison, 1960; Nelson and Sommers, 1996). Values are significant at the 

0.01 probability level. ‡ CEC = Cation exchange capacity. Values are significant at the 0.01 probability level.  
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Table 3. Physicochemical properties of soils near tile 46 at the Douglas County study site. 46A: a soil core above tile 46, 46B: a soil core between tile 

46 and tile 47. 

Depth (cm) 

Tile 46 

Inorganic C† Organic C† CEC‡ Base saturation Mehlich III P Bray I P 

-------% by wt.------ cmolc/kg ----%---- ----mg/kg---- -----mg/kg----- 

0-18 
46B 0.44 (±0.09) 2.09 (±0.09) 33.26 (±0.85) 69.79 (±4.50) 31.00 (±1.41) 26.50 (±4.95) 

46A 0.31 (±0.01) 2.04 (±0.00) 33.03 (±0.18) 72.98 (±4.51) 64.50 (±3.54) 50.00 (±0.00) 

19-36 
46B 0.52 (±0.04) 1.84 (±0.06) 30.18 (±1.35) 80.99 (±2.25) 16.00 (±1.41) 11.00 (±0.00) 

46A 0.49 (±0.06) 1.76 (±0.05) 30.70 (±0.36) 84.09 (±2.28) 18.50 (±0.71) 12.50 (±2.12) 

37-54 
46B 0.57 (±0.01) 1.36 (±0.01) 30.48 (±1.13) 90.52 (±2.18) 4.50 (±0.71) 3.00 (±0.00) 

46A 0.61 (±0.13) 1.19 (±0.11) 28.12 (±0.49) 93.68 (±2.24) 3.50 (±0.71) 2.00 (±0.00) 

55-72 
46B 0.62 (±0.01) 0.97 (±0.02) 24.88 (±0.95) 94.50 (±1.12) 3.00 (±0.00) 2.00 (±0.00) 

46A 0.63 (±0.01) 1.01 (±0.08) 27.48 (±2.29) 94.53 (±1.19) 3.00 (±0.00) 2.00 (±0.00) 

73-90 
46B 0.24 (±0.06) 0.93 (±0.09) 20.34 (±1.03) 95.98 (±0.01) 3.00 (±0.00) 2.00 (±0.00) 

46A 0.48 (±0.21) 0.57 (±0.01) 23.75 (±0.62) 95.63 (±0.02) 3.00 (±0.00) 1.50 (±0.71) 

91-108 
46B 1.20 (±0.42) 0.68 (±0.08) 23.73 (±1.02) 96.41 (±0.01) 2.00 (±0.00) 1.50 (±0.71) 

46A 0.09 (±0.01) 0.61 (±0.00) 22.98 (±1.53) 96.23 (±0.12) 2.50 (±0.71) 1.00 (±0.00) 

109-126 
46B 1.17 (±0.03) 0.64 (±0.04) 23.64 (±0.67) 96.32 (±0.08) 2.50 (±0.71) 1.00 (±0.00) 

46A 0.19 (±0.01) 0.64 (±0.05) 19.34 (±0.39) 96.15 (±0.04) 3.00 (±0.00) <1 

127-144 
46B 1.52 (±0.03) 0.55 (±0.05) 24.07 (±0.49) 96.48 (±0.17) 2.00 (±0.00) <1 

46A 0.43 (±0.04) 0.62 (±0.10) 20.27 (±0.37) 96.22 (±0.00) 2.00 (±0.00) <1 

145-162 
46B 1.96 (±0.09) 0.48 (±0.05) 25.46 (±0.65) 96.58 (±0.08) 1.00 (±0.00) <1 

46A 0.80 (±0.10) 0.61 (±0.07) 21.34 (±0.76) 96.27 (±0.05) 2.50 (±0.71) <1 

163-180 
46B 1.79 (±0.00) 0.59 (±0.03) 25.34 (±0.80) 96.41 (±0.10) 1.50 (±0.71) <1 

46A 0.93 (±0.11) 0.61 (±0.01) 21.57 (±1.63) 96.14 (±0.28) 2.00 (±0.00) 1.00 (±0.00) 

† Inorganic C and organic C is measured by the wet combustion method (Allison, 1960; Nelson and Sommers, 1996). Values are significant at the 

0.01 probability level. ‡ CEC = Cation exchange capacity. Values are significant at the 0.01 probability level.  
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Table 4. Soil texture, textural class and % soil organic matter content of soils near tile 7 at the Douglas County study site. 7A: a soil core above tile 7, 

7B: a soil core between tile 7 and tile 8.  

Depth 

(cm) 
Location 

Tile 7 

Texture Sand Silt Clay OM† 

 ---------------------------------------------%-------------------------------------------- 

0-18 
7B Silty clay 14.27 (± 0.45) 43.68 (± 2.39) 42.04 (± 2.84) 4.54 (± 0.02) 

7A Silty clay 14.00 (± 1.47) 45.97 (± 2.86) 40.03 (± 1.38) 4.27 (± 0.02) 

19-36 
7B Silty clay 12.00 (± 0.58) 45.61 (± 1.21) 42.39 (± 0.63) 4.28 (± 0.01) 

7A Silty clay 10.96 (± 0.43) 48.52 (± 0.97) 40.53 (± 0.55) 3.84 (± 0.10) 

37-54 
7B Silty clay 11.10 (± 1.47) 44.77 (± 0.94) 44.13 (± 0.52) 3.62 (± 0.03) 

7A Silty clay 10.48 (± 2.11) 47.48 (± 2.11) 42.04 (± 0.01) 2.89 (± 0.01) 

55-72 
7B Silty clay 10.83 (± 0.28) 47.73 (± 0.16) 41.44 (± 0.12) 2.44 (± 0.02) 

7A Silty clay 11.43 (± 1.51) 48.15 (± 2.04) 40.43 (± 0.53) 2.17 (± 0.00) 

73-90 
7B Silty clay loam 12.06 (± 0.00) 48.47 (± 0.37) 39.47 (± 0.37) 2.04 (± 0.06) 

7A Silty clay loam 10.05 (± 1.01) 49.36 (± 1.66) 40.59 (± 2.67) 2.12 (± 0.02) 

91-108 
7B Silty clay loam 12.79 (± 3.31) 50.85 (± 0.97) 36.36 (± 2.34) 1.77 (± 0.06) 

7A Silty clay loam 11.46 (± 0.71) 50.79 (± 1.70) 37.75 (± 0.99) 1.59 (± 0.03) 

109-126 
7B Silty clay loam 14.25 (± 0.49) 52.87 (± 0.70) 32.88 (± 1.19) 1.45 (± 0.01) 

7A Silty clay loam 10.34 (± 1.34) 58.74 (± 0.04) 30.92 (± 1.39) 1.31 (± 0.03) 

127-144 
7B Silty clay loam 12.21 (± 1.18) 48.06 (± 0.73) 39.73 (± 0.45) 1.64 (± 0.01) 

7A Silty clay loam 11.73 (± 1.07) 56.71 (± 0.09) 31.56 (± 0.97) 1.12 (± 0.03) 

145-162 
7B Clay 14.81 (± 0.18) 36.68 (± 1.81) 48.51 (± 1.63) 1.44 (± 0.05) 

7A Silty clay loam 13.37 (± 1.03) 48.57 (± 1.21) 38.06 (± 0.18) 1.49 (± 0.01) 

163-180 
7B Clay 9.24 (± 0.70) 28.54 (± 0.29) 62.22 (± 0.41) 1.35 (± 0.01) 

7A Silty clay 13.31 (± 1.04) 45.01 (± 0.66) 41.68 (± 0.38) 1.39 (± 0.01) 

† OM, organic matter measured by loss-on-ignition (Schulte and Hopkins, 1996). 
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Table 5. Soil texture, textural class and % soil organic matter content of soils near tile 37 at the Douglas County study site. 37A: a soil core above tile 

37, 37B: a soil core between tiles 37 and tile 38. 

Depth 

(cm) 
Location 

Tile 37 

Texture Sand Silt Clay OM† 

 ---------------------------------------------%-------------------------------------------- 

0-18 
37B Clay 14.51 (± 0.92) 39.92 (± 0.32) 45.57 (± 0.60) 4.31 (± 0.02) 

37A Clay 14.42 (± 2.31) 41.36 (± 2.28) 44.22 (± 0.02) 4.10 (± 0.02) 

19-36 
37B Clay 14.67 (± 1.85) 37.59 (± 1.14) 47.75 (± 0.71) 3.61 (± 0.06) 

37A Silty clay 15.37 (± 0.55) 39.80 (± 0.42) 44.83 (± 0.97) 3.87 (± 0.01) 

37-54 
37B Clay 12.68 (± 0.85) 38.79 (± 0.08) 48.52 (± 0.93) 2.80 (± 0.02) 

37A Clay 13.35 (± 0.88) 38.96 (± 1.16) 47.68 (± 2.04) 2.96 (± 0.04) 

55-72 
37B Clay 14.35 (± 1.17) 39.91 (± 0.31) 45.74 (± 0.86) 2.36 (± 0.01) 

37A Clay 13.16 (± 1.44) 39.29 (± 2.13) 47.55 (± 0.69) 2.53 (± 0.02) 

73-90 
37B Silty clay 12.63 (± 0.66) 40.36 (± 0.80) 47.01 (± 1.47) 2.14 (± 0.03) 

37A Clay 11.71 (± 2.18) 40.97 (± 1.58) 47.31 (± 0.60) 2.20 (± 0.03) 

91-108 
37B Silty clay 12.43 (± 0.26) 41.22 (± 0.90) 46.36 (± 0.64) 2.14 (± 0.05) 

37A Silty clay 13.23 (± 1.20) 42.26 (± 1.87) 44.51 (± 0.67) 1.86 (± 0.01) 

109-126 
37B Silty clay 11.51 (± 0.56) 42.72 (± 0.42) 45.77 (± 0.14) 1.86 (± 0.01) 

37A Silty clay 14.76 (± 0.19) 41.99 (± 0.19) 43.25 (± 0.37) 1.54 (± 0.03) 

127-144 
37B Clay 13.99 (± 2.05) 40.34 (± 2.09) 45.67 (± 0.04) 1.72 (± 0.00) 

37A Silty clay 13.90 (± 0.16) 43.82 (± 0.06) 42.28 (± 0.22) 1.25 (± 0.00) 

145-162 
37B Silty clay 12.29 (± 0.50) 42.23 (± 0.39) 45.48 (± 0.11) 1.39 (± 0.01) 

37A Silty clay 12.09 (± 0.06) 43.33 (± 0.82) 44.58 (± 0.88) 1.20 (± 0.01) 

163-180 
37B Clay 13.85 (± 3.17) 40.30 (± 3.35) 45.84 (± 0.19) 1.20 (± 0.00) 

37A Silty clay 13.21 (± 0.51) 41.88 (± 0.44) 44.91 (± 0.95) 1.21 (± 0.04) 

† OM, organic matter measured by loss-on-ignition (Schulte and Hopkins, 1996). 
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Table 6. Soil texture, textural class and % soil organic matter content of soils near tile 46 at the Douglas County study site. 46A: a soil core above tile 

46, 46B: a soil core between tile 46 and tile 47. 

Depth 

(cm) 
Location 

Tile 46 

Texture Sand Silt Clay OM† 

 ---------------------------------------------%-------------------------------------------- 

0-18 
46B Clay 15.03 (± 1.65) 39.91 (± 0.05) 45.06 (± 1.60) 3.91 (± 0.02) 

46A Clay 15.74 (± 0.22) 38.72 (± 0.02) 45.55 (± 0.24) 3.87 (± 0.00) 

19-36 
46B Clay 14.86 (± 0.99) 38.15 (± 1.07) 46.99 (± 0.08) 3.64 (± 0.02) 

46A Clay 14.41 (± 0.21) 36.10 (± 0.35) 49.49 (± 0.14) 3.57 (± 0.05) 

37-54 
46B Clay 15.17 (± 1.11) 37.80 (± 0.29) 47.03 (± 0.82) 3.01 (± 0.03) 

46A Clay 14.12 (± 0.41) 35.07 (± 1.71) 50.81 (± 1.30) 2.84 (± 0.02) 

55-72 
46B Clay 14.20 (± 0.50) 40.17 (± 0.54) 45.63 (± 0.03) 2.47 (± 0.00) 

46A Clay 12.45 (± 1.54) 37.88 (± 0.64) 49.67 (± 0.90) 2.47 (± 0.01) 

73-90 
46B Clay 15.19 (± 0.50) 39.09 (± 0.40) 45.73 (± 0.10) 2.15 (± 0.00) 

46A Silty clay 11.84 (± 1.03) 40.02 (± 3.81) 48.13 (± 2.78) 1.80 (± 0.05) 

91-108 
46B Silty clay loam 18.78 (± 1.91) 42.02 (± 1.30) 39.19 (± 0.60) 1.39 (± 0.01) 

46A Clay 15.09 (± 1.23) 38.83 (± 1.47) 46.08 (± 0.24) 1.30 (± 0.03) 

109-126 
46B Silty clay 16.12 (± 0.92) 44.24 (± 1.57) 39.64 (± 2.48) 1.41 (± 0.01) 

46A Silty clay 13.76 (± 1.16) 40.66 (± 1.89) 45.58 (± 0.73) 1.15 (± 0.08) 

127-144 
46B Silty clay loam 15.64 (± 0.72) 45.49 (± 0.70) 38.88 (± 1.41) 1.06 (± 0.09) 

46A Silty clay 14.42 (± 0.76) 40.26 (± 0.18) 45.32 (± 0.94) 1.23 (± 0.00) 

145-162 
46B Silty clay loam 18.10 (± 0.22) 44.12 (± 0.40) 37.79 (± 0.18) 0.90 (± 0.02) 

46A Silty clay 14.25 (± 0.39) 41.95 (± 0.33) 43.80 (± 0.06) 0.97 (± 0.02) 

163-180 
46B Silty clay 16.47 (± 0.71) 44.48 (± 0.71) 39.04 (± 1.41) 0.97 (± 0.06) 

46A Silty clay 14.95 (± 1.43) 42.75 (± 1.21) 42.31 (± 0.22) 0.94 (± 0.02) 

† OM, organic matter measured by loss-on-ignition (Schulte and Hopkins, 1996). 
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Table 7. The results of Student’s T-test of soil texture between a soil core above tile 7 (7A) and a 

soil core between tile 7 and tile 8 (7B). Bold numbers indicate that 7A and 7B samples are 

significantly different. 

 

 

Table 8. The results of Student’s T-test of soil texture between a soil core above tile 7 (37A) and 

a soil core between tile 37 and tile 38 (37B). Bold numbers indicate that 37A and 37B samples 

are significantly different. 

 

 

Depth 

(cm) 

%sand  %silt  %clay  

7A 7B p-value 7A 7B p-value 7A 7B p-value 

0-18 14.00 14.27 0.770 45.97 43.68 0.649 40.03 42.04 0.623 

19-36 10.96 12.00 0.383 48.52 45.61 0.311 40.53 42.39 0.267 

37-54 10.48 11.10 0.849 47.48 44.77 0.429 42.04 44.13 0.110 

55-72 11.43 10.83 0.718 48.15 47.73 0.835 40.43 41.44 0.176 

73-90 10.05 12.06 0.216 49.36 48.47 0.506 40.59 39.47 0.615 

91-108 11.46 12.79 0.721 50.79 50.85 0.978 37.75 36.36 0.383 

109-126 10.34 14.25 0.098 58.74 52.87 0.050 30.92 32.88 0.046 

127-144 11.73 12.21 0.106 56.71 48.06 0.033 31.56 39.73 0.029 

145-162 13.37 14.81 0.340 48.57 36.68 0.113 38.06 48.51 0.078 

163-180 13.31 9.24 0.038 45.01 28.54 0.010 41.68 62.22 0.001 

Depth 

(cm) 

%sand  %silt  %clay  

37A 37B p-value 37A 37B p-value 37A 37B p-value 

0-18 14.42 14.51 0.945 41.36 39.92 0.489 44.22 45.57 0.187 

19-36 15.37 14.67 0.583 39.80 37.59 0.294 44.83 47.75 0.039 

37-54 13.35 12.68 0.017 38.96 38.79 0.861 47.68 48.52 0.478 

55-72 13.16 14.35 0.102 39.29 39.91 0.716 47.55 45.74 0.346 

73-90 11.71 12.63 0.550 40.97 40.36 0.777 47.31 47.01 0.711 

91-108 13.23 12.43 0.580 42.26 41.22 0.690 44.51 46.36 0.297 

109-126 14.76 11.51 0.052 41.99 42.72 0.340 43.25 45.77 0.042 

127-144 13.90 13.99 0.963 43.82 40.34 0.249 42.28 45.67 0.024 

145-162 12.09 12.29 0.637 43.33 42.23 0.421 44.58 45.48 0.347 

163-180 13.21 13.85 0.790 41.88 40.30 0.662 44.91 45.84 0.334 
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Fig 13. Soil pH as a function of depth (0-180 cm). A) a soil core above tile 7 (7A) and between 

tiles 7 and tile 8 (7B); B) a soil core above tile 37 (37A) and between tile 37 and tile 38 (37B); 

C) a soil core above tile 46 (46A) and between tile 46 and tile 47 (46B). 

 

 

Soil pH 

 

The results of soil pH are shown in Fig 13. The overall trend of soil pH increases with increasing 

depth across all soil cores. Soil pH of soils between two tile lines (‘B’) (7B, 37B, 46B) are 

around 5.9-6.5 (moderately to slightly acidic) at the surface and pH increases to around 7.5-8.5 

(slightly to moderate alkaline) in the subsurface soils.  In soils above a tile line (‘A’) (7A, 37A, 

46A), soil pH increases from ~7.0 (near neutral) to ~8.5 (moderate alkaline) with increasing 

depth. Within the same tile line, overall pH value of the ‘A’ samples is generally greater than 

that in the ‘B’ samples, especially at the surface horizons (Fig 3). For soil samples from tile lines 

7 and 37, most pH values are greater than 7.3, which implies that these soils are becoming 

alkaline. On the contrary, a pH range (5.9-8.0) of samples from the tile lines 46 A and 46B is 

slightly lower than that of soils from the other two tile lines 7 and 37.  

 

There are two possible reasons for an increase in soil pH with increasing depth: 1) organic acids 

in soil organic matter are accumulated in the surface horizon which buffers soil pH at mildly 
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acidic pH (Guppy et al., 2005); 2) high base saturation (e.g., > 50 % of Ca) in subsoils could 

alkalinize soil pH (Amundson et al., 2003).  

 

Subsurface soils (pH greater than 7.3) are generally in alkaline condition. One of the main soil 

alkalinization factors is the content of carbonates which can provide hydroxyl ions during its 

hydroxylation process (Rebsdorf et al., 1991; Rogovska et al., 2007). From the XRD result 

(discussed in section below, Figs 4, 5, 6, and 7), there are calcite (calcium carbonate) and 

dolomite (calcium magnesium carbonate) in the subsurface soils. This could explain high pH 

values in subsoils. Previous studies suggested similar pH values (~6.0-7.8) of surface horizons in 

mollisols. 

 

Total inorganic and organic P fractionation 

 

The results of total inorganic P (TIP), total organic P (TOP), and total P (TP) are presented in Fig 

14. The average TP in soils from each tile line follows the order of tile 7, tile 46 and tile 37. 

Total P in the surface soils (0-18 cm) is ~350-450 mg/kg. It gradually decreases from 200 to 270 

mg/kg with increasing depth from 162cm to180 cm. The highest TP concentration in topsoils (0-

54 cm) is in the sample 7B (450.99 mg/kg at 36-54 cm), and the lowest one is in the sample 46A 

(264.65 mg/kg at 36-54 cm). For TP in very deep subsurface horizons (162-180 cm), the samples 

from 7A and 7B had the lowest TP (~196.41 mg/kg) and the highest TP (268.56 mg/kg), 

respectively.  Comparing samples between ‘A’ and ‘B’ samples in the tile line 7, the overall TP 

is greater in tile 7B than 7A, whereas an opposed trend in TP in soils is found in samples from 

the tiles 37 and 46.  

 

Total IP is the dominant P species in soils that accounts for ~51 -77% of the TP in topsoils and 

~70-98% of the TP in subsoils. The average TIP in soils from the tile line 7 (~284.40 mg/kg) is 

much higher than that in the tile lines 37 and 46 (~220 mg/kg). An overall trend of TIP through a 

soil profile is indistinct across all samples, since the amount of TIP in both surface and 

subsurface soils are abundant. Total IP is accumulated about 150-330 mg/kg in the surface 

horizon. The highest TIP in surface is in the sample 37A (332.19 mg/kg), and the lowest TIP is 

in the sample 7A (251.90 mg/kg). In subsoils (72-180 cm), TIP is also accumulated at~180-370 

mg/kg with the highest amount of 366.00 mg/kg in the sample 7A, and the lowest amount of 

178.33 mg/kg in the sample 37B. Soils in each tile line shows that TIP from surface horizons (0-

54 cm) is lower in ‘A’ than ‘B’ samples except for the sample from the tile 37.  In subsoils (54-

180 cm), average TIP value in ‘A’ samples is constantly higher than ‘B’ samples. This suggests 

that IP is probably accumulating in deep soil levels. 

 

Total OP is ~30-40% of TP in the surface soils and less than 10% of TP in subsoils. The average 

concentration of TOP in soils form the tile line 37 (68.06 mg/kg) is much lower than that from 

the tiles 7 and 46 (~88 mg/kg). The concentration of TOP in the surface soils is ~70-150 mg/kg, 

which gradually decreases to ~10-40 mg/kg with increasing depth. The highest TOP from the 

topsoils (0-54 cm) was in the sample 7B (159.63 mg/kg), and the lowest one was in the sample 

7A (70.83 mg/kg). Within each tile line, the TOP concentration for both top and subsoils was 

lower in  the samples ‘A’ than the samples ‘B’ except for soils from the tile 46, suggesting the 

leaching of OP to subsoils (>180 cm).  
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Fig 14. Depth sequence distribution of total inorganic P, total organic P, and total P fraction in 

six soil core samples near tile lines 7, 37 and 46. A) a soil core above tile 7 (7A); B) a soil core 

between tile 7 and 8 (7B); C) a soil core above tile 37(37A); D) a soil core between tile 37 and 

tile 38 (37B); E) a soil core above tile 46 (46A); F) a soil core between tile 46 and tile 47 (46B). 
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Phosphorus speciation 

 

The P speciation is also confirmed in the 31-P NMR spectroscopic data (Figure 15). 

Peaks detected in the major organic P (Po) compounds are several P-monoesters (5.82-3.00 

ppm). They are myo-Inositol hexakisphosphate (myo-IHP), myo-Inositol 1 dihydrogen 

phosphate (myo-IDHP), chiro-Inositol hexakisphosphate, 2equattorial/4 axial conformation 

(chiro-IHP (2e/4a)), glucose6-phosphate (G6-P), 3-sn phosphatidic acid (3-sn PA), α-

glycerophosphate (α-gly), β-glycerophosphate (β-gly), mononucleotides (monoN), 

phosphocholine (Pchol), and scyllo-Inositol hexakisphosphate (scyllo-IHP). The peak position is 

consistent with other literatures. The chemical shifts corresponding to phosphonate, 

polyphosphate, and diester groups are not found in all soil samples. As for the formation of Po 

species, previous studies suggested that the sufficient supply of organic carbon (OC) in soil 

could be an energy source for microbial activities of P immobilization. Phosphorus 

immobilization is known to occur as the C/P ratio exceeds 300:1. However, based on the OC 

content and TOP (Tables 1, 2 and 3), the ratio of C/P is about 103:1 to 244:1 in the surface soils 

(0-54 cm) where microbial activities are abundant across all soil cores. This suggests that the 

condition is not favorable for the P immobilization these soils. It is likely that the low C:P ratio is 

promoting P mineralization in these soils. The remaining organic P is contributed by the 

presence of undecomposed plant root/tissue residues in soils, a high organic matter content in 

fine-medium texture soils, a high fulvic acid content in SOM , and an abundant soil protozoa 

population that correlates to the concentration of phosphonates and phosphorylated inositol 

stereoisomers such as scyllo-IHP (Turner et al., 2007).  
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Fig 15. Phosphorus-31 nuclear magnetic resonance spectroscopy (31P-NMR) spectra of selected 

soil samples at depth of 18, 54, 90, 126, 162 cm. A) tile 7A; B) tile 7B. 
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Soil Mineralogy 

 

Figure 16 shows the result of synchrotron based XRD measurements of soils from tile 7A (data 

for 7B, 37A&B is not shown). The peak assignment for clay minerals is according to the ICDD 

database (Powder Diffraction File 4, PDF-4+) and previous XRD studies (Moore and Reynolds, 

1997; Hillier, 2003). Soil samples remains untreated after sampling and are finely ground for in-

situ X-ray powder diffraction analysis. In all samples, a large quantity of quartz (2θ: 20.84, 

26.63, 36.51, 39.47, 40.26, 42.41, 45.76, 50.12, 54.85, 55.34, 59.91, 64.03, 67.70, 68.14, 68.25) 

and muscovite (2θ: 19.88, 22.94, 23.86, 25.57, 26.98, 27.93, 34.96, 37.74, 42.45, 45.73, 61.59) 

are observed. Illite (2θ: 19.77, 20.45, 24.38, 35.01, 41.21, 55.10, 61.86), albite (2θ: 22.08, 23.56, 

27.93, 51.18), dolomite (2θ: 21.99, 30.86, 41.04, 44.85, 50.92), and kaolinite (2θ: 26.11, 26.51, 

32.65, 48.83) can be found in all soil samples. These minerals are dominant in the subsoils. 

Vermiculite and chlorite are also found in most soils. For the soils from the tile line 7, calcite is 

detected in most subsoils, and there are two small peaks of hematite (2θ: 33.20) observed in soil 

depths of 18-36 cm and 126-144 cm at the tile 7A. Only one peak of hydroxyapatite (2θ: 31.72) 

is identified in the tile line 7A for surface soils (0-18 cm), suggesting the P precipitation with 

calcium in surface soils. For soils from the tile line 37, the diversity of clay minerals is lower 

than that in the tile line 7, and calcite is not present in all depths of the tile 37A and 37B. There is 

no other mineral observed besides what mentioned earlier in the tile line 37. No aluminum 

oxides are found in all soil samples. In each soil sample from all tile lines, carbonates (e.g., 

calcite and dolomite) are more abundant in ‘B’ than ‘A’ samples and appears at a higher soil 

level. We observed the similar result in soils from tile 37. 
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Fig 16. X-ray powder diffractogram (XRD) of soil samples (0-180cm) at tile line 7A. Q – 

Quartz; M – Muscovite; V – Vermiculite; I – Illite; D – Dolomite; K – Kaolinite; Ch – Chlorite; 

Ca – Calcite; Al – Albite; He – Hematite; H –Hydroxyapatite (Unassigned peaks in the XRD 

patterns of the soil depth below 18 cm correspond to quartz). 
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Fig. 17. Depth sequence distribution of inorganic P fractions in three soil core samples near tile 

lines 7, 37 and 46. A) a soil core above tile 7 (7A); B) a soil core between tile 7 and 8 (7B); C) a 

soil core above tile 37 (37A); D) a soil core between tile 37 and 38 (37B); E) a soil core above 

tile 46 (46A); F) soil core between tile 46 and tile 47 (46B). Calcium associate P (Ca-P), Iron 

occluded phosphate fraction extracted by the sodium citrate-bicarbonate-dithionite (Fe-occluded 

P), the fraction extracted with 0.1 M NaOH and 1 M NaCl solution (non-occluded P). 
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Inorganic P fractionation 

 

The result of inorganic P fractionation was shown in Fig. 17. The summation of each inorganic P 

fraction for most soil samples was lower than TIP which was measured by the concentrated 

sulfuric acid and diluted sodium hydroxide extraction method. This suggests that a small portion 

of inorganic P was still remaining in the soil residue. For the calcareous soil samples in this 

study, inorganic P species are divided into calcium-P (extracted by hydrochloric acid), Fe 

occluded P (extracted by bicarbonate-citrate-dithionate method), and non-occluded P (extracted 

by sodium hydroxide and sodium chloride). The contents of each inorganic P fractions are 

mainly in the order of calcium-P > non-occluded P > Fe occluded P for surface soils, while the 

fractions of non-occluded P and Fe occluded P were similar but still significantly less than 

calcium-P in subsoils. 

 

In all soil samples, the calcium-P fraction (Ca-P) predominated (41.66-96.84% of total inorganic 

P). For each soil core, Ca-P fraction was about 40-70% in the uppermost surface horizon (0-18 

cm) which pronouncedly increased to ~80-97% in subsoils. The highest proportion of Ca-P 

presented in the middle depth of most soil cores (90-108 cm for 7A, 7B, 46A or 144-162 cm for 

46B) except tile 37 for which Ca-P fraction consistently increased with soil depth and had the 

highest in the last depth (162-180 cm). An overall higher portion of Ca-P showed in tile 7 than 

tile 37 and 46 which is probably due to the less efficient drainage condition in Milford silty clay 

(tile 7) loam than Drummer-Milford silty clay loam (tile 37 and 46) as mentioned above. Within 

each tile line, higher Ca-P fraction consistently showed in ‘B’ than ‘A’ throughout the soil 

profile with the difference more remarkable in topsoils than subsoils.  

 

The bicarbonate-citrate-dithionate extractable P (Fe occluded P) ranged from around 4 to 80 

mg/kg (~4-30% of total inorganic P) in all soils. In all soil cores, Fe occluded P fraction was 

about 10-30% in surface soils, and <10% in subsurface soils. The average Fe occluded P fraction 

of each tile line was in the order of tile 37 > tile 7 > tile 46. Within each tile line, the proportion 

of Fe occluded P was consistently higher in ‘A’ than ‘B’ samples, suggesting the possibility of 

crystalline iron oxides suppressed in the ‘B’ area.  

 

The non-occluded P (i.e. amorphous Fe-P) was about 9-40% of total inorganic P in topsoils and 

less than 9% in subsoils. The average non-occluded P fraction for each tile line was in the order 

of tile 37 > tile 46 > tile 7. Within each tile line, for tile 37 and 46, a higher proportion of non-

occluded P in ‘A’ in topsoils and a lower portion in subsoils was observed, whereas the non-

occluded P fraction in 7B was consistently higher than 7A through all soil depths. Compared to 

Fe occluded P, a higher fraction of non-occluded P was observed in surface soils except 7A.  
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Fig. 18 Long-term (30-d) P desorption in the soil core samples (depth: 0-180 cm). A) a soil core 

above tile 7 (7A); B) a soil core between tile 7 and tile 8 (7B). 
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Fig. 19 Long-term (30-d) P desorption in the soil core samples (depth: 0-180 cm). A) a soil core 

above tile 37 (37A); B) a soil core between tile 37 and tile 38 (37B). 
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Fig. 20 Long-term (30-d) P desorption in the soil core samples (depth: 0-180 cm). A) a soil core 

above tile 46 (46A); B) a soil core between tile 46 and tile 47 (46B).   
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Long-term P desorption 

 

A long-term P desorption experiments were conducted and the results of soils from three tiles are 

presented in Fig.18-20. 

 

After 30 days of P desorption, the total released P for surface horizons (0-54 cm) of each tile line 

follows the order of tile 37 > tile 46 > tile 7. While for subsurface horizons (>54 cm), the values 

of cumulative P desorbed from different tile areas are not significantly different. They are 

generally less than 1.0 mg/kg. The highest total P released is in soils from tile 37A at the depth 

of 0-18 cm, which cumulatively released 17.28 mg/kg. Because the sample contain the highest 

TIP value (Fig. 8C) in surface soils, the results is reasonable. Accordingly, the lowest cumulative 

desorbed P occurs in soils from tile 7A surface samples which also has the lowest TIP value (Fig. 

8A) in topsoils. However, this trend with TIP is not observed in subsoils. This probably suggests 

that different P release mechanisms are occurring in surface and subsurface soils.  

 

Within each soil core, P desorbed from surface horizons are significantly higher than P desorbed 

from subsurface horizons, but the total desorbed P does not simply decrease with increasing soil 

depth. For most surface soils, the highest cumulative P released concentration is at depth of 0-18 

cm, except for soil core 7A which has the highest value in the second uppermost layer (19-36 

cm). While for subsoils, the highest concentration is at 127-144 cm for tile 7, and 73-90 cm or 

91-108 cm for tile 37 and 46, indicating that the total released P in subsoils gradually increases 

first and then decreases with soil depth. For most soil samples, P desorption rate decreases with 

time, and the extent of P release is significantly slower in subsoils than topsoils. No sample 

desorption rate reaches a plateau after 30-d across all samples, although the released P in very 

deep soils (i.e. 163-180 cm) is extremely low.  
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Highlights 

 

 Depression depth is positively related to soil test P in the no-till system. 

 

 There is a correlation between the tile DRP and the depression index if the structure of 

tile line covers the area correspond to depressions. 

 

 Saturated hydraulic conductivity values were not positively correlated with soil test P 

values/depressions, but there is some evidence of preferential flow.  

 

 P is accumulated in both surface and subsurface calcareous soils, and they are readily 

available in pore waters. 

 

 Several P-monoester species are abundant in surface soils. 

 

 Ca occluded inorganic P and Fe occluded inorganic P is abundant throughout the soil 

profile. 

 

 

 

Current and future work in 2019 

 

Objectives 1-3 are completed. A manuscript was prepared and currently under the revision. Tow 

master students who are supported by this grant are near graduation. We have been 

characterizing the physicochemical properties of soil core samples from Farm 8.  We are finding 

that the accumulation of P at the surface and subsurface, and the Ca/Fe occluded P is readily 

available. The variable preferential flow paths that was evident in the saturated hydraulic 

conductivity measurements is of concern to accurately predict the source of P in soils. We are 

currently processing the soil samples from Farm 8 that was collected in last Nov. We will 

continue the objective 4 (characterizing physicochemical properties (e.g., depth sequence 

distribution of DRP and agronomic P soil test P) of subsurface soils from Farms 8 and 9) and 

will be summarizing and assessing the data for the final report this fall/winter.  

 

 

 

 


