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A4 PROJECT/TASK ORGANIZATION

The following is a list of individuals and organizations participating in the project with their
specific roles and responsibilities:

U.S. Environmental Protection Agency Region 6
Henry Brewer, EPA Project Officer

Responsible for managing the project for EPA. Reviews project progress and reviews and
approves QAPP and QAPP amendments.

Texas State Soil and Water Conservation Board (TSSWCB)

Ashley Alexander, TSSWCB Project Manager
Responsible for ensuring that the project delivers data of known quality, quantity, and
type on schedule to achieve project objectives. Provides the primary point of contact
between ARS and the TSSWCB. Tracks and reviews deliverables to ensure that tasks in
the work plan are completed as specified in the contract. Notifies the TSSWCB QAO of
significant project nonconformances and corrective actions taken as documented in
quarterly progress reports from the ARS Project Co-Lead / Project Manager.

Mitch Conine, TSSWCB Quality Assurance Officer
Reviews and approves QAPP and any amendments or revisions and ensures distribution
of approved/revised QAPPs to TSSWCB participants. Responsible for verifying that the
QAPP is followed by ARS. Assists the TSSWCB Project Manager on QA-related issues.
Coordinates reviews and approvals of QAPPs and amendments or revisions. Conveys QA
problems to appropriate TSSWCB management. Monitors implementation of corrective
actions. Coordinates and conducts audits

United States Department of Agriculture — Agricultural Research Service (ARS)

Rick Haney, ARS Project Co-Lead / Lab Manager

Manage Temple and private landowner demonstration sites, conduct soil test analysis,
assist with soil sample collection, and make fertilizer recommendations. Responsible for
supervision of laboratory personnel involved in generating analytical data for the project.
Responsible for ensuring that laboratory personnel involved in generating analytical data
have adequate training and thorough knowledge of the QAPP and all SOPs specific to the
analyses or task performed. Responsible for oversight of all laboratory operations
ensuring that all QA/QC requirements are met, documentation related to the analysis is
complete and adequately maintained, and that results are reported accurately. Responsible
for ensuring that corrective actions are implemented, documented, reported and verified.
Monitors implementation of the measures within the laboratory to ensure complete
compliance with project data quality objectives in the QAPP. Conducts in-house audits to
ensure compliance with written SOPs and identify potential problems.
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Daren Harmel, ARS Project Co-Lead / Project Manager

Manage Riesel demonstration sites and assist with soil sample collection. Responsible for
reporting. Responsible for ensuring that tasks and other requirements in the contract are
executed on time and with the quality assurance/quality control requirements in the
system as defined by the contract and in the project QAPP; assessing the quality of
subcontractor/participant work; and submitting accurate and timely deliverables to the
TSSWCB Project Manager. Responsible for ensuring adequate training and supervision
of all activities involved in generating analytical and field data.

Texas AgriLife Research, Texas Water Resources Institute (TWRI)

Lucas Gregory, TWRI Quality Assurance Officer (QAO)

Responsible for coordinating the development and implementation of the project’s QA
program including writing, maintaining and distributing the QAPP and any appendices
and amendments, and monitoring its implementation. Responsible for identifying,
receiving, and maintaining project quality assurance records; coordinating with the
TSSWCB to resolve QA-related issues; and notifying the ARS Project Co-Leads and
TSSWCB Project Manager of particular circumstances which may adversely affect the
quality of data. Coordinates the research and review of technical QA material and data
related to water quality monitoring system design and analytical techniques. Responsible
for the facilitation of audits and the implementation, documentation, verification and
reporting of corrective actions. Provides copies of QAPP and any amendments or
revisions to each project participant.

Figure A4.1 Organization Chart

Henry Brewer Ashley Alexander Mitch Conine
EPA Project Officer TSSWCB Project Manager TSSWCB QAO
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A5 PROBLEM DEFINITION/BACKGROUND

The Texas Nonpoint Source Management Program (TCEQ and TSSWCB, 2005) states that
“Nutrients, pesticides, and other pollutants can come from a variety of sources including over-
fertilized fields, runoff from improperly managed animal operations and waste applications,
inaccurate pesticide sprayer settings, and dozens of other sources.” This project is directly aimed
at reducing the potential for overapplying nitrogen (N) fertilizer based on current soil test
methodology in Texas.

Traditional soil nitrogen tests determine only the inorganic N in soil in the form of NO3-N, but
fail to account for plant available NH4-N, plus a mineralizable portion of the soil organic N pool.
Organic matter in the soil provides plant-available N when soil microbes mineralize organic C.
Since organic C and organic N are highly linked, organic N is broken down to plant available N.
This very important component of soil microbiology has been traditionally under-appreciated
because of the difficulty of accurately assessing mineralization with lab techniques, especially its
contribution to providing N to enhance crop production. Since traditional soil tests do not
recognize the contribution of available NH4-N or mineralizable soil N in the estimation of plant
available N, current soil test recommendations are often higher than necessary, which result in
overapplication of N fertilizer.

This excess application increases N inputs into Texas rivers and lakes, which can accelerate
eutrophication and substantially increase water treatment costs. Excess N in the Mississippi
River, some of which is contributed by Texas watersheds, contributes to a major environmental
problem - Gulf of Mexico hypoxia. Steve DiMarco, a Texas A&M researcher, has also recently
claimed the existence of a Texas Gulf Coast hypoxic zone. Such hypoxic (low oxygen) areas are
absent of most marine life and threaten to inexorably damage important ecosystems.

The Texas Commission on Environmental Quality (TCEQ) is currently in the process of revising
Texas Surface Water Quality Standards for the 2009 triennial review. Major revisions to the
Standards are being drafted, including the establishment of numeric nutrient criteria for
reservoirs and modifications to contact recreation use and bacteria criteria. Numeric nutrient
criteria will also be established for major rivers and small streams over the next decade. As a
result numerous Texas water bodies which currently have concerns for nutrients will likely be
impaired once the nutrient criteria are adopted.

In addition to adverse environmental effects, excess N fertilizer application increases input costs
for agricultural producers. Overapplying N fertilizer wastes money on unnecessary inputs and
reduces profitability. The problem is that traditional soil test procedures and resulting
recommendations fail to account for mineralizable N in the soil that is released and made plant
available. Thus, farmers do not knowingly apply excess N; they apply at the recommended N
rates. The issue lies with fertilizer recommendations based on conventional soil test results.

Although agriculture is not the only contributor to the problem of excess N in our Nation’s
waters, agriculture should do its part to reduce N loading. Basing fertilizer application rates on
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soil tests that more accurately account for the total amount of plant available N in the soil,
including mineralizable N, could have tremendous socio-economic and environmental benefits.

The innovative soil test methodology, demonstrated in this project, represents an important
agronomic advancement with the potential for major socio-economic and environmental
benefits. The environment will benefit as less N will be introduced into streams and rivers.
Similarly, input costs will decrease as N fertilizer inputs are reduced. The cost savings should
result in increased profitability. The economic incentive associated with the enhanced soil test
methodology will increase the broadscale adoption of the methodology by laboratories and
landowners alike and thus measurable improvements in runoff water quality. Additional benefits
of reduced N application include reduced market demand for N thereby reducing petroleum
inputs required to generate N fertilizer.
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A6 PROJECT/TASK DESCRIPTION

Current soil test procedures and fertilizer N recommendations will be adjusted in this project by
the inclusion of NH4-N analysis and a new method (1-day CO,-C), which uses soil microbial
activity to rapidly estimate N mineralization. Since the majority of soil nutrients are cycled
through the soil microbial biomass, testing soil microbial activity provides an excellent snapshot
of the soil health prior to fertilization. Over many years of research, this method has reliably
separated soils by their fertility. The more fertile the soil, the more CO,-C produced in a 24 hour
period. Consequently, microbial ability to mineralize N from organic N is linked to the fertility
of a given soil.

The current project will demonstrate this enhanced soil test methodology that accounts for all
sources of plant available N in the soil, including NO3-N, available NH4-N, and mineralizable N
(Task 5). These soil N sources provide N to crops and represent N that is not adequately
accounted for by producers. The project will demonstrate the potential for reduced N runoff due
to reduced N application based on this soil test methodology by establishing demonstration sites
on research facilities (Tasks 2, 3) and on private land (Task 4). Crop yield, economic throughput,
fertilizer cost, and water quality data (Task 6) data will be presented (Task 7) at local and
national producer and scientific meetings.

This project is based on the principle that voluntary, practical, and cost-efficient management
alternatives can effectively solve nonpoint source problems. Substantial producer buy-in (Tasks
4, 7) is expected based on the potential for increased profitability when using the improved plant
available N methodology to adjust N fertilizer recommendations. The practical nature of this
enhancement should also appeal to producers; it will simply result in less fertilizer N applied.

A 20-50% reduction in agricultural fertilizer use would have been unthinkable without recent
increases in fuel and fertilizer costs. However, dramatic increases in input costs have now forced
farmers to consider input costs. Prior to recent increases, fuel and fertilizer costs were relatively
low. As a result, farmers assumed that maximizing yield maximized profit and thus applied N
fertilizer at rates to ensure N deficiency did not limit yields. In the current economic climate, a
more appropriate strategy for maximizing profit and maintaining productivity is balancing input
costs with expected yield and commaodity prices. This project will demonstrate an innovative soil
test methodology for achieving this balance.

Through a separate project, not funded by this or other Clean Water Act 8319(h) funds, the water
quality impacts of reduced N fertilizer application on demonstration sites (Tasks 3) will be
evaluated. Storm and baseflow water quality samples will be collected from USDA-ARS
watersheds in Riesel and analyzed for NO3-N, NH4-N, and PO4-P. An expected 10-20%
reduction in N runoff will be evaluated with these corroboratory data (Task 3).

In order to produce results in a timely manner, the project will follow the timeline described in
Table A6.1.
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Task | Project Milestones Agency Start | End
1.1 | Prepare & submit quarterly reports to TSSWCB & participants ARS 09/08 | 08/12
1.2 | Perform accounting functions ARS 09/08 | 08/12
1.3 | Host coordination meetings with TSSWCB & partners ARS 09/08 | 08/12
1.4 | Develop project final report ARS 03/11 | 08/12
2.1 | Establish 10 demo sites at Temple ARS 01/09 | 08/12
2.2 | Gather land mgt, crop yield, and economic data on ARS 01/09 | 03/12

demonstration sites
2.3 | Collect annual soil samples on Temple demonstration sites ARS 01/09 | 03/12
3.1 | Establish 8 demonstration sites at Riesel ARS 01/09 | 08/12
3.2 | Gather land mgt, crop yield, and economic data on ARS 01/09 | 03/12

demonstration sites
3.3 | Collect annual soil samples on Riesel demonstration sites ARS 01/09 | 03/12
3.4 | Collect and analyze runoff from Riesel demonstration sites ARS 01/09 | 03/12
4.1 | Establish 10-20 demonstration sites on private land ARS 01/09 | 08/12
4.2 | Gather land mgt, crop yield, and economic data on ARS 01/09 | 03/12

demonstration sites
4.3 | Collect annual soil samples on private land demonstration sites ARS 01/09 | 03/12
4.4 | Compensate cooperators for demonstration site establishment ARS 01/09 | 08/12
5.1 | Soil processing and testing ARS 01/09 | 07/12
5.2 | Comparison of N soil test methods ARS 01/09 | 08/12
6.1 | Develop QAPP TWRI 09/08 | 12/08
6.2 | QAPP Annual Revisions TWRI 01/09 | 08/12
6.3 | Develop and maintain project website TWRI 03/09 | 08/12
7.1 | Conduct field days at demonstration sites ARS 03/09 | 08/12
7.2 | Make presentations at scientific meetings ARS 09/08 | 08/12
7.3 | Make presentations at producer meetings ARS 09/08 | 08/12
7.4 | Prepare refereed publication ARS 10/10 | 08/12
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A7 QUALITY OBJECTIVES AND CRITERIA

The project objective is to demonstrate (1) enhanced soil test methodology that accounts for all
sources of plant available N in the soil, including NO3-N, available NH4-N, and mineralizable N
and (2) the potential for reduced N runoff resulting from the reduced N application based on this
soil test methodology. The measurement performance specifications to support the project
objective are specified in Table A7.1. Laboratory Measurement Quality Control Requirements
and Acceptability Criteria are provided in Section B5.

Table A7.1. Measurement Performance Specifications

. Analysis Method Reproducibility | Precision | Percent
Parameter Units Extractant |/ ihod Reference Limits® Limits® | Complete
Plant available Ibs P,O5 / HeA ICP Haney e} al. 1SD.Mean |RPD<10% 90%
phosphate acre 2006
1-day CO,-C N/A N/A Solvita Hag%gﬁ al 1S.D.Mean |RPD<10%| 90%

. . 0.5 x 1-day Haney et al. o o
Mineralizable N Ibs N / acre N/A CO,-C 20013 1S.D. Mean RPD<10% 90%
Total Inorganic N 3 Haney et al. o o
NO3-N+NH4-N Ibs N / acre H°A RFA 20061 1S.D. Mean |RPD<10% 90%

Mineralizable Hanev et al
Total N Ibs N / acre N/A N + Total 2036 44 ' 1S.D. Mean |RPD<10% 90%
Inorganic N

! Haney, R.L., E.B. Haney, L.R. Hossner, and J.G. Arnold. 2006. Development of a new soil extractant for simultaneous
phosphorus, ammonium, and nitrate analysis. Communications in Soil Science and Plant Analysis, 37: 1511-1523, 2006.
(Appendix C1)

2 Haney, R.L., W.F. Brinton, and E. Evans. 2008. Soil CO2 respiration: comparison of chemical titration, CO2 IRGA analysis
and the Solvita gel system. Renewable Agriculture and Food Systems: 23(2); 171-176. (Appendix C2)

% Haney R.L., F.M. Hons, M.A. Sanderson, and A.J. Franzluebbers. 2001. A rapid procedure for estimating nitrogen
mineralization in manured soil. Biol. Fertil Soils (2001) 33:100-104. (Appendix C3)

4 Haney R.L., AJ. Franzluebbers, E.B. Porter, F.M. Hons, and D.A. Zuberer. 2004. Soil carbon and nitrogen mineralization:
influence of drying temperature. Soil Sci. Soc. Am. J. 68:489-492 (2004). (Appendix C4)

® 1 S.D. Mean = standard deviation of laboratory check sample means where mean value that will be obtained from the
continued analysis of laboratory check samples

® RPD = relative percent deviation

Precision

The precision of data is a measure of the reproducibility of a measurement when an analysis is
repeated. It is strictly defined as the degree of mutual agreement among independent
measurements as the result of repeated application of the same process under similar conditions.
The precision of all analyses will be determined by analyzing a standard laboratory check sample
once per batch or once per 30 samples, whichever is the greater frequency. The laboratory check
sample will be subjected to analytical steps subjected to the unknown samples. Relative percent
difference (RPD) of duplicate analyses (X; and X;) will be calculated with the formula with the
precision limits indicated in Table A7-1:

Relative Percent Difference = (X;-X7) x 100%
(X1 + Xy)/2
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Accuracy

Accuracy is the degree of conformity with a standard. Accuracy relates to the quality of a result,
and is distinguished from precision, which relates to the quality of the operation by which the
result is obtained. The relative accuracy of the analytical process will be monitored via
comparison of the laboratory check sample(s) data. This differs from traditional accuracy
assessments since there is no proper procedure for spiking soil to add a known to the sample.
Due to the inherent heterogeneity of soil, a variety of reactions can occur, making accuracy
difficult to determine. These reactions may include precipitation, anion exchange, and cation
exchange. Instead, reproducibility will be used.

Reproducibility

Reproducibility will be determined by evaluation of a laboratory soil check sample within each
sub-batch of 30 samples. Recovery of critical data for each check sample will be compared to the
historic project data associated with the laboratory soil check sample. Values with greater than
one standard deviation of the mean will be determined to be substandard and all extracted
solutions between the previous acceptable laboratory soil check sample and the next acceptable
laboratory soil check sample will be re-analyzed.

Database checks for validity will be performed on an on-going basis by the ARS Project Co-
Lead / Lab Manager. Data will be reviewed for abnormalities or any unusual results. Any
unusual results will be traced for error sources. In the event no error is found, the data will be
assumed normal and appropriate for decision determinations. If an error is found and cannot be
resolved, the raw samples will be prepared again and reanalyzed. If there is not sufficient raw
sample for preparation, the data will be discarded based upon the decisions of the ARS Project
Co-Leads and TWRI QAO.

Representativeness

Site selection and sampling of the soil using accepted sampling methods will assure that data
represents the conditions at the site. Representativeness also depends on the number of samples
taken to accurately reflect the technological effectiveness at a given site. In order to ensure that
sufficient numbers of samples are collected to represent each field, the following minimum
sample numbers will be employed:
e Fields <10 acres = A minimum of 10 cores (i.e. 1 core/acre minimum) will be composited
into 1 sample for each experimental unit.
e Fields 10-100 acres = A minimum of 10-20 cores (i.e. 1-5 core/acre minimum) will be
composited into 1 sample for each experimental unit.
e Fields >100 acres = A minimum of 20 cores will be composited into 1 sample for each
experimental unit.
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Comparability

Confidence in the comparability of data sets from this project to those for similar uses is based
on the commitment of project staff to use only accepted sampling and analysis methods and
QA/QC protocols in accordance with quality system requirements and as described in this QAPP
and project SOPs (Appendix C). Comparability is also guaranteed by reporting data in standard
units, by using accepted rules for rounding figures, and by reporting data in a standard format.
The ARS Project Co-Leads will closely coordinate activities to ensure that proper protocols are
utilized.

Completeness

Although 100 percent of collected data should be available, accidents, insufficient sample
volume, or other problems must be expected. A goal of 90 percent data completeness will be
required for data usage. Should less than 90 percent data completeness occur, the ARS Project
Co-Leads will initiate corrective action. Data completeness will be calculated as a percent value
and evaluated with the following formula:

% completeness = SV x 100
ST

where: SV = number of samples with a valid analytical report
ST = total number of samples collected
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A8 SPECIAL TRAINING/CERTIFICATION

Laboratory analysts have a combination of experience, education, and training to demonstrate
knowledge of their function. In addition, all personnel involved in sampling, sample analyses,
and statistical analyses have received the appropriate education and training required to
adequately perform their duties.
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A9 DOCUMENTS AND RECORDS

Hard copies of all field data sheets, chain of custody forms (COCs), laboratory data files, field
data entry sheets, and corrective action reports (CARs) will be archived by the ARS Project Co-
Leads for at least five years from the end of the project. Instrument (general maintenance
records) logs will be maintained by the ARS Project Co-Lead / Lab Manager. All electronic data
are backed up on a DVD monthly and are simultaneously saved in an external network folder
and the computer’s hard drive. In addition, the ARS Project Co-Leads will archive electronic
forms of all project data for at least five years from the end of the project. A CAR form is
presented in Appendix A and a copy of a COC is presented in Appendix B.

Quarterly progress reports will note activities conducted in connection with the project’s soil
analyses, items or areas identified as potential problems, and any variations or supplements to the
QAPP. CARs will be utilized when necessary. CARs will be maintained in an accessible location
for reference at ARS. CARs that result in any changes or variations from the QAPP will be made
known to pertinent project personnel and documented in an update or amendment to the QAPP.
All quarterly progress reports and QAPP revisions will be distributed to personnel listed in
Section A3. Finally, the TSSWCB may elect to take possession of records at the conclusion of
the specified retention period.

QAPP Revision and Amendments

Until the work described is completed, this QAPP shall be revised as necessary and reissued
annually on the anniversary date, or revised and reissued within 120 days of significant changes,
whichever is sooner. The last approved versions of QAPPs shall remain in effect until revised
versions have been fully approved; the revision must be submitted to the TSSWCB for approval
before the last approved version has expired. If the entire QAPP is current, valid, and accurately
reflects the project goals and the organization’s policy, the annual re-issuance may be done by a
certification that the plan is current. This will be accomplished by submitting a cover letter
stating the status of the QAPP and a copy of new, signed approval pages for the QAPP.

QAPP amendments may be necessary to reflect changes in project organization, tasks, schedules,
objectives and methods; address deficiencies and nonconformances; improve operational
efficiency; and/or accommodate unique or unanticipated circumstances. Written requests for
amendments are directed from the TWRI QAO to the TSSWCB PM and are effective
immediately upon approval by the TSSWCB PM and QAO. Amendments to the QAPP and the
reasons for the changes will be documented and distributed to all individuals on the QAPP
distribution list by the TWRI QAO. Amendments shall be reviewed, approved, and incorporated
into a revised QAPP during the annual revision process.
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B1 SAMPLING PROCESS DESIGN

The primary project objective is to demonstrate enhanced soil test methodology that accounts for
all sources of plant available N in the soil, including NO3-N, available NH4-N, and mineralizable
N. The enhanced soil test methodology will be demonstrated by establishing demonstration sites
on ARS research facilities at Riesel and Temple, as well as on private land. Table A7.1 lists the
parameters to be tested. All parameters are considered “critical” to achieving the objectives of
the project.

ARS will establish 10 demonstration sites, including 5 control sites, at the Temple ARS research
facility to demonstrate the enhanced soil test method and its ability to predict plant available N
resulting in reduced N application. On each site, tillage, weed and insect control, crop
production, and fertilizer application including both organic and inorganic formulations, will be
performed. The control sites will be treated the same as the other sites, except will receive no
fertilizer. ARS will gather and record land management, crop yield, and economic data to
demonstrate the economic benefits of reduced N application resulting from use of the enhanced
soil test methodology. ARS will collect annual soil samples for testing to determine plant
available N prior to fertilization. In addition, monthly soil samples may also be collected to track
within year plant available N changes at selected sites.

ARS will establish 8 demonstration sites, including a control site, at the Riesel ARS research
facility to demonstrate the enhanced soil test method and its ability to predict plant available N
resulting in reduced N application. Riesel sites Y6, Y8, Y10, Y13, W12, W13, and SW16 will
receive fertilization based on the enhanced soil test methodology. On each site, tillage, weed and
insect control, crop production, and fertilizer application including both organic and inorganic
formulations, will be performed. Site 7-1 at Riesel will serve as the control site and will be
treated the same as the other sites, except it will receive no fertilizer. ARS will gather and record
land management, crop yield, and economic data to demonstrate the economic benefits of
reduced N application resulting from use of the enhanced soil test methodology. ARS will collect
annual soil samples for testing to determine plant available N prior to fertilization. Also, monthly
soil samples may be collected to track within year plant available N changes at selected sites.

ARS will establish 10-20 sites on private land to demonstrate the ability of the enhanced soil test
method to determine plant available N. Cooperators will perform tillage, weed and insect control,
fertilizer application, and crop production on demonstration sites. All cooperators will set up at
least one control plot from which to determine plant available N contributed by the soil with no
fertilizer addition. Cooperators may also choose to establish plots that will be fertilized with N
rates based on the enhanced N soil test. Cooperators will gather and record land management and
crop yield data for the demonstration sites. Cooperators or ARS personnel will collect annual soil
samples for soil test analysis to determine plant available N.
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B2 SAMPLING METHODS

Soil samples will be collected at least annually from each demonstration site using a soil corer.
Sampling protocol will involve removing any plant debris through moving, raking and etc.;
collecting each soil core to a depth of 6 inches (15 cm); compositing the cores in a 5 gallon
bucket; transferring a subsample of the composite to a Ziploc bag; and transporting the sample to
the ARS Lab in Temple. In order to ensure that sufficient numbers of samples are collected to
represent each field, the following minimum sample numbers will be employed:
e Fields <10 acres = A minimum of 10 cores (i.e. 1 core/acre minimum) will be composited
into 1 sample for each experimental unit.
e Fields 10-100 acres = A minimum of 10-20 cores (i.e. 1-5 core/acre minimum) will be
composited into 1 sample for each experimental unit.
e Fields >100 acres = A minimum of 20 cores will be composited into 1 sample for each
experimental unit.

Recording Data

For the purposes of this section and subsequent sections, all field and laboratory personnel will:
(1) write legibly in indelible, waterproof ink with no modifications, write-overs or cross-outs; (2)
correct errors with a single line followed by an initial and date; and (3) close-out incomplete
pages with an initialed and dated diagonal line.

Deviations from Sampling Method Requirements or Sample Design, and Corrective Action

Examples of deviations from sampling method requirements include inadequate sample volume
collected, failure to preserve samples appropriately, contamination of sample bottle during
collection, storage temperature and holding time exceedance, and sampling at the wrong site.
Deviations invalidate resulting data and may require corrective action including samples being
discarded and re-collected. It is the responsibility of the ARS Project Co-Leads and TWRI QAO
to ensure that the actions and resolutions to the problems are documented and that records are
maintained in accordance with this QAPP. In addition, these actions and resolutions will be
conveyed to the TSSWCB PM both verbally and in writing in progress reports and by
completion of a corrective action report (CAR) as shown in Appendix A. CARs will be included
with project progress reports. In addition, significant conditions (i.e., situations which, if
uncorrected, could have a serious effect on safety or on the validity or integrity of data) will be
reported to the TSSWCB immediately both verbally and in writing.
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B3 SAMPLE HANDLING AND CUSTODY

Chain-of-Custody

Proper sample handling and custody procedures ensure the custody and integrity of samples
beginning at the time of sampling and continuing through transport, sample receipt, preparation,
and analysis. The chain-of-custody (COC) form is used to document sample handling during
transfer from the field to the laboratory. The sample number, location, date, changes in
possession and other pertinent data will be recorded in indelible ink on the COC. The sample
collector will sign the COC and transport it with the sample to the laboratory. At the laboratory,
samples are inventoried against the accompanying COC. Any discrepancies will be noted at that
time and the COC will be signed for acceptance of custody. In the instance that the field sample
collector and laboratory sample processor are one in the same, a field-to-lab COC will be
unnecessary. A copy of a blank COC form used on this project is included in Appendix B.

Sample Labeling

Samples will be labeled on the container with an indelible, waterproof marker. Label information
will include site identification, date, sampler’s initials, and time of sampling. The COC form will
accompany all sets of sample containers.

Sample Handling

Following collection, samples will be transported to the laboratory and stored at ambient
temperature until analysis. The ARS Project Co-Lead / Lab Manager has the responsibility to
ensure that holding times are met with all samples. Any problem will be documented with a
CAR.

Failures in Chain-of-Custody and Corrective Action

All failures associated with chain-of-custody procedures as described in this QAPP are
immediately reported to the TWRI QAO and ARS Project Co-Leads. These include such items
as delays in transfer, resulting in holding time violations; violations of sample preservation
requirements; incomplete documentation, including signatures; possible tampering of samples;
broken or spilled samples, etc. The TWRI QAO and ARS Project Co-Leads will determine if the
procedural violation may have compromised the validity of the resulting data. Any failures that
have reasonable potential to compromise data validity will invalidate data and the sampling
event should be repeated. The resolution of the situation will be reported to the TSSWCB Project
Manager in the project progress report. Corrective action reports will be prepared by the TWRI
QAO and submitted to the TSSWCB Project Manager along with project progress report.
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B4 ANALYTICAL METHODS

Within 2 weeks of arrival at the lab (and typically less than 1 week), each soil sample is dried at
40°C for 24-48 hours (depending on moisture level) and ground to pass through a 5-mm sieve.
The parameters and analytical methods are listed in Table A7.1 and described in detail in
Appendix C. In the event of a failure in the analytical system, the ARS Project Co-Leads will be
notified. The TWRI Quality Assurance Officer and ARS Project Co-Leads will then determine if
the existing sample integrity is intact, if re-sampling should and/or can be done, or if the data
should be omitted.

Failures in Measurement Systems and Corrective Actions

Failures in field and laboratory measurement systems involve, but are not limited to such things
as instrument malfunctions, failures in calibration, blank contamination, quality control samples
outside QAPP defined limits, etc. In many cases, the field technician or lab analyst will be able
to correct the problem. If the problem is resolvable by the field technician or lab analyst, then
they will document the problem on the field data sheet or laboratory record and complete the
analysis. If the problem is not resolvable, then it is conveyed to the ARS Project Co-Leads, who
will make the determination in coordination with the TWRI QAO. If the analytical system failure
may compromise the sample results, the resulting data will not be reported to the TSSWCB as
part of this project. The nature and disposition of the problem is reported on the data report. The
TWRI QAO will include this information in the CAR and the ARS Project Co-Lead / Project
Manager will submit it with the Progress Report which is sent to the TSSWCB Project Manager.
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B5 QUALITY CONTROL

The ARS lab will determine the precision of their analyses. Annual laboratory audits, sampling
site audits, and quality assurance of field sampling methods will be conducted by the TSSWCB
or their designee. Table B5.1 outlines the required analytical quality control for the parameters of
interest. No spiked sample analyses will be performed in the course of this project due to the
varied adsorptive capacities of different soil types in relation to the majority of elements being
evaluated. Adding elements to soils would always yield varying returns due to the chemical
properties of the soils. The spiking of soil samples risks precipitation of those parameters. Matrix
blanks, and known standards not used in the calibration of the instrument, will be employed in
place of spiked samples to insure accurate and proper recovery of each parameter. All standards
with added concentrations of elements or compounds to be analyzed will be comprised of
purchased NIST solutions whenever possible and practical. These matrix blanks and/or standards
will be included in each batch of samples analyzed. Recovery of each parameter in the non-
calibration standards must be within 10% of known value.

Table B5.1. Required Quality Control Analyses

Soil Parameters Blank Standard Duplicate
Plant available phosphate A A B

1-day CO,-C A A B
Mineralizable N A A B

Total Inorganic N A A B
NO3-N+NH4-N

Total N A A B

A - Where specified, blanks and standards shall be performed each day that samples are analyzed.
B - Where specified, duplicate analyses of the laboratory soil check sample extract shall be performed every 30 samples each day
that samples are analyzed. At least two laboratory soil check samples will be extracted every day.

In the database, missing values will be left as blanks. The ARS Project Co-Leads will graphically
screen data to highlight questionable data points. Questionable data will be traced through the
COC forms, CARs, and, as necessary, through research laboratory notebooks and field data
sheets to ensure that data are properly entered. Changes will be made only if an error is found in
transcription into the database. Values determined to be below laboratory method detection
limits (RFA 0.1 ppm; ICP 0.01 ppm; Solvita 0.5 ppm; C/N analyzer 0.1 ppm) will be noted in
the comment column of the database and used in statistical analyses as one-half the method
detection limit (MDL), as recommended by Gilliom and Helsel (1968) and Ward et al. (1988).
Values that are greater than the upper method detection limit will be diluted and reanalyzed.

It is the responsibility of the ARS Project Co-Leads to verify that the data are representative. The
use of peer reviewed sampling and analytical methods will ensure that measured data accurately
represent field conditions. The data’s precision, accuracy, and comparability generated in the
ARS Lab will be the responsibility of the ARS Project Co-Lead / Lab Manager. The ARS Project
Co-Leads also have the responsibility of determining that the 90 percent completeness criteria is
met, or will justify acceptance of a lesser percentage.
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Failures in Quality Control and Corrective Action

Corrective action will involve identification of the possible cause (where possible) of the
contamination failure. Any failure that has potential to compromise data validity will invalidate
data, and the sampling event should be repeated. The resolution of the situation will be reported
to the TSSWCB in the quarterly progress report. The CAR’s will be maintained by the ARS
Project Co-Leads and the TSSWCB PM.
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B6 INSTRUMENT/EQUIPMENT TESTING, INSPECTION AND MAINTENANCE

Manufacturers’ recommendations for scheduling testing, inspection, and maintenance of each
piece of equipment will be followed or exceeded. Maintenance and inspection logs will be kept
on each piece of laboratory equipment. The ARS Project Co-Lead / Lab Manager will routinely
review laboratory instrument logbooks for maintenance and operational irregularities.

To minimize downtime of all measurement systems, all field sampling equipment and laboratory
equipment, must be maintained in a working condition. Also, backup equipment or common
spare parts will be made available if any piece of equipment fails during use. This will ensure
that repairs or replacements can be made quickly, allowing measurement tasks to be resumed.
All staff who use chemicals, reagents, or equipment whose parts require periodic replacement
and other consumable supplies receive instruction concerning the remaining quantity (unique for
each supply) which should prompt a request to order additional supplies.
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B7 INSTRUMENT/EQUIPMENT CALIBRATION AND FREQUENCY

All instruments or devices used in obtaining data will be used according to appropriate
laboratory or field practices. Standards and purchased solutions used for instrument or method
calibrations shall be of known purity and be National Institute for Standards and Testing (NIST)
traceable whenever possible. When NIST traceability is not available, standards shall be of
American Chemical Society (ACS) or reagent grade quality, or of the best attainable grade. All
certified standards will be maintained traceable with certificates on file in the laboratory.
Dilutions from all primary standards will be recorded in the standards log book and given unique
identification numbers. The date, analyst initials, stock standards sources with lot number and
manufacturer, and the dilution concentrations/ratios will also be recorded in the standards log
book and be identified by a unique standards number which will also be placed on the standards
bottle.

Calibrations for the ICP are performed with a minimum of four standards of increasing
concentrations and a reagent blank. Standards shall not exceed the linear range of the instrument
or method. Calibration shall be verified immediately after a set of standards is analyzed and
continuously throughout an analytical run, every 44 samples, and at the end of an analysis to
verify that the instrument or method has not drifted or changed more than 10% since calibration.
The initial calibration verification and continuing calibration verification will be matched to the
generated standard curve and screened for acceptability. If the values are not acceptable, the
samples, within the group of 44 samples not passing, will be re-analyzed. Laboratory equipment
and devices needing calibration and recalibration are numerous and varied. All equipment will
have verifiable calibration documentation maintained and available for inspection in the
laboratory. Laboratory standards will be checked to verify that the concentrations are those
which are prescribed for the analytical method.

All instruments or devices used in obtaining data will be calibrated prior to use. Each instrument
has a specialized procedure for calibration and a specific type of standard used to verify
calibration. All calibration procedures will meet the requirements that are specified by the
equipment manufacturer, as well as any instructions specified by applicable analytical methods.
All information concerning required data calibration will be recorded in the project laboratory
book by the person performing the calibration and will be accessible for verification during
either a laboratory or field audit.

All calibration procedures used in the field or laboratory will meet or exceed the calibration
frequencies published in the test methods used for this project. Additional calibration procedures
may be conducted if laboratory personnel determine additional calibration is warranted as
beneficial to this project. Instruments and laboratory equipment used in the analyses of these that
require calibration prior to use will be calibrated before each day’s analyses.
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B8 INSPECTION/ACCEPTANCE OF SUPPLIES AND CONSUMABLES

All supplies and consumables received by ARS are inspected upon receipt for damage, missing
parts, expiration date, and storage and handling requirements. Labels on reagents, chemicals, and
standards are examined to ensure they are of appropriate quality, the packing slip is initialed by
staff member and marked with receipt date. Volumetric glassware is inspected to ensure class
"A" classification, where required.
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B9 NON-DIRECT MEASUREMENTS

Through a separate project, not funded by this or other Clean Water Act 8319(h) funds, the water
quality impacts of reduced N fertilizer application on demonstration sites (Tasks 3) will be
evaluated. Storm and baseflow water quality samples will be collected from USDA-ARS
watersheds in Riesel and analyzed for NO3-N, NH4-N, and PO4-P. An expected 10-20%
reduction in N runoff will be evaluated with these corroboratory data (Task 3).
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B10 DATA MANAGEMENT
Field Collection and Management of Routine Samples

All field collection will be completed as described in Section B2 of the QAPP. A field notebook
is filled out in the field for each site visit. Samples collected will be labeled and transported to
the laboratory. A COC form will be used. Site name, time of collection, comments, and other
pertinent data are copied from the field notebook to the COC.

Laboratory Data

Once the samples are received at the ARS lab, samples are logged and stored at ambient
temperature until processed. The COC will be checked for number of samples, proper and exact
I.D. number, signatures, dates, and type of analysis specified. If any discrepancy is found, proper
corrections will be made. The COC and accompanying sample bags/bottles are submitted to the
ARS laboratory analyst, with relinquishing and receiving personnel both signing and dating the
COC. All COC and soils data will be manually entered into an electronic spreadsheet. The
electronic spreadsheet will be created in Microsoft Excel software on an IBM-compatible
microcomputer with a Windows Operating System. The project spreadsheet will be maintained
on the computer’s hard drive, which is also simultaneously saved in a network folder. Data
manually entered in the database will be reviewed for accuracy by the ARS Project Co-Leads to
ensure that there are no transcription errors. Hard copies of data will be printed and housed in the
laboratory for a period of five years. Any COC’s and analysis records related to QA/QC of lab
procedures will be housed at the ARS Lab. All pertinent data files will be backed up monthly on
an external hard drive. Current data files will be backed up on an external hard drive monthly
and stored in separate area away from the computer. Original data recorded on paper files will be
stored for at least five years. Electronic data files will be archived to CD after approximately the
end of the project, and then stored with the paper files for the remaining 4 years.

Data Validation

Following review of laboratory data, any data entry that is not representative of environmental
conditions, because it was generated through poor field or laboratory practices, will not be
submitted to the TSSWCB. This determination will be made by the ARS Project Co-Leads,
TWRI QAO, TSSWCB QAO, and other personnel having direct experience with the data
collection effort. This coordination is essential for the identification of valid data and the proper
evaluation of that data. The validation will include the checks specified in Table D2.1.

Data Dissemination

At the conclusion of the project, the ARS Project Co-Leads will provide a copy of the complete
project electronic spreadsheet via recordable CD to the TSSWCB PM, along with the final
report. The TSSWCB may elect to take possession of all project records. However, summaries of
the data will be presented in the final project report.
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C1 ASSESSMENTS AND RESPONSE ACTIONS

The following table presents types of assessments and response actions for data collection
activities applicable to the QAPP.

Table C1.1 Assessments and Response Actions

Assessment Approximate | Responsible Scope Response
Activity Schedule Party Requirements
Monitoring of project status
Status ARS Project and records to ensure Reportto TSSWCB
atus Co-Lead / . bei in Quarterly Report.
Monitoring Continuous o-L-ea requirements are being Ensure project
Oversight, etc. Project fulfilled. Monitoring and requirements are
Manager review of laboratory : .
. being fulfilled.
performance and data quality
L aborator Dates to be Analytical and quality control 30 ?ﬁﬁrgzr:esg) ond
Ins ection)g determined by |TSSWCB QAO procedures employed at TSSWCB to% ddress
P TSSWCB QAO laboratory - -
corrective actions
Field sampling, handling and | 30 days to respond
Monitoring Dates to be measurement; facility review; in writing to
Systems Audit determined by | TSSWCB QAO and data management as they | TSSWCB to address
TSSWCB : - -
relate to project corrective actions

Corrective Action

The TWRI QAO and ARS Project Co-Leads are responsible for implementing and tracking
corrective action procedures as a result of audit findings. Records of audit findings and
corrective actions are maintained by the TSSWCB Project Manager and TWRI QAO. Corrective
action documentation will be submitted to the TSSWCB Project Manager with the progress
report. If audit findings and corrective actions cannot be resolved, then the authority and
responsibility for terminating work is specified in agreements or contracts between participating
organizations.
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C2 REPORTS TO MANAGEMENT

Quarterly progress reports will be generated by ARS personnel and will note activities conducted
in connection with the water quality monitoring program, items or areas identified as potential
problems, and any variation or supplement to the QAPP. The CARs forms will be utilized when
necessary and will be maintained in an accessible location for reference at ARS and TWRI. The
CARs that result in changes or variations from the QAPP will be made known to pertinent
project personnel, documented in an update or amendment to the QAPP and distributed to
personnel listed in Section A3. Following any audit performed by the ARS or TSSWCB, a report
of findings, recommendations and responses are sent to the TSSWCB Project Manager in the
quarterly/monthly progress report.

Field measurements and all sampling for the project will be done according to the QAPP.
However, if the procedures and guidelines established in this QAPP are not successful,
corrective action is required to ensure that conditions adverse to quality data will be identified
promptly and corrected as soon as possible. Corrective actions include identification of root
causes of problems and successful correction of identified problems. The CARs will be filled out
to document the problems and the remedial action taken.

Laboratory data reports contain the results of all analyses, as well as specified QC measures
listed in section B5. This information is reviewed by the ARS Project Co-Leads and compared to
the pre-specified acceptance criteria to determine acceptability of data. This information is
available for inspection by the TSSWCB.
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D1 DATA REVIEW, VERIFICATION AND VALIDATION

All data obtained from field and laboratory measurements will be reviewed and verified for
conformance to project requirements, and then validated against the data quality objectives
which are listed in Section A7. Only those data which are supported by appropriate quality
control data and meet the data quality objectives defined for this project will be considered
acceptable. This data will be submitted to the TSSWCB.

The procedures for verification and validation of data are described in Section D2, below. The
ARS Project Co-Leads are responsible for ensuring that field data are properly reviewed and
verified for integrity. The ARS Project Co-Lead / Lab Manager is responsible for ensuring that
laboratory data are scientifically valid, defensible, of acceptable precision and accuracy, and
reviewed for integrity. The ARS Project Co-Lead / Project Manager will be responsible for
ensuring that all data are properly reviewed and verified, validated, and submitted in the required
format as described by the TSSWCB Project Manager. Finally, the TWRI QAO is responsible
for validating that all data to be reported meet the objectives of the project and are suitable for
reporting to TSSWCB.



TSSWCB Project 08-04
Section D2

Revision No. 3
1/23/2012

Page 33 of 72

D2 VERIFICATION AND VALIDATION METHODS

All field and laboratory data will be reviewed, verified and validated to ensure they conform to
project specifications and meet the conditions of end use as described in Section A7. The staff
and management of the respective field, laboratory, and data management tasks are responsible
for the integrity, validation and verification of the data each task generates or handles throughout
each process. The field and laboratory tasks ensure the verification of raw data, electronically
generated data, and data on chain-of-custody forms and hard copy output from instruments.

Verification, validation and integrity review of data will be performed using self-assessments
and peer review, as appropriate, followed by technical review by the ARS Project Co-Leads. The
data to be verified (listed by task in Table D2.1) are evaluated against project specifications
(Section A7) and are checked for errors, especially errors in transcription, calculations, and data
input. Potential outliers are identified by examination for unreasonable data. If a question arises
or an error or potential outlier is identified, the manager of the task responsible for generating the
data is contacted to resolve the issue. Issues which can be corrected are corrected and
documented electronically or by initialing and dating the associated paperwork. If an issue
cannot be corrected, the ARS Project Co-Leads consult with the TWRI QAO and TSSWCB PM
to establish the appropriate course of action, or the data associated with the issue are rejected.

The ARS Project Co-Leads, with assistance from the TWRI QAO, are responsible for validating
that the verified data are scientifically valid, legally defensible, of known precision, accuracy,
integrity, meet the data quality objectives of the project, and are reportable to TSSWCB. One
element of the validation process involves evaluating the data for anomalies. The ARS Project
Co-Leads may designate other experienced experts to perform this evaluation. Any suspected
errors or anomalous data must be addressed by the manager of the task associated with the data,
before data validation can be completed.

A second element of the validation process is consideration of any findings identified during the
monitoring systems audit conducted by the TWRI QAO or TSSWCB QAO assigned to the
project. Any issues requiring corrective action must be addressed, and the potential impact of
these issues on previously collected data will be assessed. Finally, the ARS Project Co-Leads
validate that the data meet the data quality objectives of the project and are suitable for reporting
to the TSSWCB.
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Data to be Verified

TWRI
QAO

ARS Project
Co-Leads

TSSWCB
PM/QAO

Analysis technigues consistent with SOPs
and QAPP

X

X

X

Instrument calibration data complete

X

Bacteriological records complete

Sample documentation complete

Sample identifications

Chain of custody complete/acceptable

Sample preservation and handling

Holding times

XXX [X]|X

QC samples analyzed at required frequencies

QC samples within acceptance limits

Instrument readings/printouts

Calculations

X | X

Laboratory data verification for integrity,
precision, accuracy, and validation

Laboratory data reports

Data entered in required format

X

XX XXX XXX XX XXX X

Site ID number assigned

Absence of transcription error

Reasonableness of data

Electronic submittal errors

Sampling and analytical data gaps

XX X[ X

XXX [ X

XXXPXX XXX XXX XXX XXX XX
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D3 RECONCILIATION WITH USER REQUIREMENTS

Data produced by this project will be evaluated against the established DQOs and user
requirements to determine if any reconciliation is needed. Reconciliation concerning the quality,
quantity or usability of the data will be reconciled with the user during the data acceptance
process. Corrective Action Reports will be initiated in cases where invalid or incorrect data have
been detected. Data that have been reviewed, verified, and validated will be summarized for their
ability to meet the data quality objectives of the project and the informational needs of decision-
makers and cooperators.

The final data for the project will be reviewed to ensure that it meets the requirements as
described in this QAPP. Data summaries along with descriptions of any limitations on data use
will be included in the final report. Only data that has met the data quality objectives described in
this QAPP will be reported and included in the final project report. Data and information
produced thru this project will be used to demonstrate enhanced soil testing methodology that
accounts for all sources of plant available N in the soil, including NO3-N, available NH,4-N, and
mineralizable N. Ultimately, producers will use the information produced by this project for
determining proper fertilizer needs and reduce nutrient runoff from their fields and pastures.
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APPENDIX A. CORRECTIVE ACTION REPORT



Corrective Action Report

CAR #:

Date: Area/Location:
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Reported by: Activity:

State the nature of the problem, nonconformance, or out-of-control situation:

Possible causes:

Recommended corrective action:

CAR routed to:

Received by:

Corrective Actions taken:

Has problem been corrected? YES NO

ARS Project Co-Lead / Lab Manager:

ARS Project Co-Lead / Project Manager:

TWRI Quality Assurance Officer:




TSSWCB Project 08-04
Appendix B

Revision No. 3
1/23/2012

Page 38 of 72

APPENDIX B. CHAIN-OF-CUSTODY FORM



TSSWCB Project 08-04

Appendix B
Revision No. 3
1/23/2012
Page 39 of 72
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Project Name: E Analyses Required
‘T
-|gl
Station ID Date Time Matrix |Description - Sample
(24hr) e ID
Relinquished by: (Signature) Date: Time: Received by: (Signature) Date: Time: Laboratory remarks:
Relinquished by: (Signature) Date: Time: Received by: (Signature) Date: Time:
Lab log #
Relinquished by: (Signature) Date: Time: Received for lab by: (Signature) | Date: Time: Laboratory Name:
ARS Lab
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APPENDIX C.
Standard Operating Procedures

C1: Development of a new soil extractant for simultaneous phosphorus, ammonium, and nitrate analysis®
C2: Soil CO, respiration: comparison of chemical titration, CO, IRGA analysis and the Solvita gel system?
C3: A rapid procedure for estimating nitrogen mineralization in manured soil®

C4: Soil carbon and nitrogen mineralization: influence of drying temperature*

! Haney, R.L., E.B. Haney, L.R. Hossner, and J.G. Arnold. 2006. Development of a new soil extractant for simultaneous
phosphorus, ammonium, and nitrate analysis. Communications in Soil Science and Plant Analysis, 37: 1511-1523, 2006.

2 Haney, R.L., W.F. Brinton, and E. Evans. 2008. Soil CO, respiration: comparison of chemical titration, CO, IRGA analysis
and the Solvita gel system. Renewable Agriculture and Food Systems: 23(2); 171-176.

% Haney R.L., F.M. Hons, M.A. Sanderson, and A.J. Franzluebbers. 2001. A rapid procedure for estimating nitrogen
mineralization in manured soil. Biol. Fertil Soils (2001) 33:100-104.

4 Haney R.L., AJ. Franzluebbers, E.B. Porter, F.M. Hons, and D.A. Zuberer. 2004. Soil carbon and nitrogen mineralization:
influence of drying temperature. Soil Sci. Soc. Am. J. 68:489-492 (2004).
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Abstract: Anew soal extractant [HsA) with the ability to extract NH,, NO., and P from
soil was developed and tested against 32 soils, which varied greatly in clay content,
orgame carbon (C), and sol pH. The extractant [HsA]I chminates the need for
separate phosphorus (P) extmactants for acid and caleareous soils and maintains the
extract pH, on average, within one unit of the soil pH. The extractant 1s composed
of organike root exudates, lithium citrate, and two synthetic chelators (DTPA,
EDTA). The new soil extractant was tested against Mehlich 3, Olsen, and water for
extractable P, and 1M KCI and water-extractable NHy and NO;/NO;. The pH of
the extractant after adding sml, shaking, and filtrabon was measured for each sml
sample (5 extractants x 2reps = 32soils = 320 samples) and was shown to be
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highly influential on extractable P but has no effect on extractable NH, or NO,/NO,.
HYA was highly correlated with sail-extractable inorganic N (NH,, NOs/NOy) from
both water (r = 0.98) and 1 M KCI (r = 0.97), as well as bemg sigmficantly correlated
with water (r = 0.71), Mchhch 3 (r = 0.83), and Olsen (r = 0.84) for extractable P.

Keywords: Chelate, extractant pH, Mehlich 3, Olsen, soil extractant, soil pH

INTRODUCTLION

Soil nutrient data from soil testing and research laboratories is a valuable tool
available to producers and research scientists. Currently, soil test procedures
require at least two soil extractants to analyze for ammonium (NH,), nitrate
(NO,)/mnitrite (NO;), and phosphorus (P). Generally, 1-2M KCl or water is
used for NH;/NO;/NOs, and Bray, Mehlich 3, and Olsen for P, although
others can be used depending on soil type, soil pH, and climatic conditions.
The use of a single extractant would increase laboratory productivity and
decrease analysis cost. Few of the soil extractants currently available are
capable of multinutrient extraction without sacrificing accuracy for one
nutrient or another (Holford 1980). Soils are highly variable and complex;
therefore, developing a multinutrient extractant that does an acceptable job
of accurately identifying plant-available nutrients is difficult and time
consuming. However, the need for such an extractant does exist.

Mehlich 3 is currently a popular multinutrient extractant because of its
ability to extract a number of nutrients (with the exceptions of ammonium
and nitrate/nitrite) and was primarily developed for neutral to acid soils
(Mehlich 1984). The Olsen extractant was developed primarily for calcareous
solls (Olsen et al. 1954).

An extractant that has the ability to extract nutrients near the soil pH is a
desirable trait because soil pH and P solubility are highly interrelated
(Golterman 1998, Sharply 1993). After a literature review, we decided that
a good soil extractant would mimic the soil environment that has actively
growing roots, because the target for fertilizer recommendations is plant
yield. While it would be impossible to understand all the processes that
occur in the rhizosphere, we chose to focus on plant root exudates to
develop a soil extractant. Plants have the ability to deliver organic exudates
to the soil solution to acquire necessary nutrients (Rengel 2002; Baudoin,
Benizri, and Guckert 2003). Under certain conditions, plants can increase pro-
duction of root exudates to overcome nutrient deficiencies such as phosphorus,
iron, zinc, and manganese (Azalzeh et al. 1995; Rengal 1997; Subbarao, Ae,
and Otani 1997). lon toxicity and pathogen attack can also stimulate an
exudates response from plants (Ryan et al. 1997, Zheng and Ma [998;
Mehta, Sharma, and Sindhan 1992). When plants encounter phosphorus
deficiency, they have the ability to exude a wide range ot both organic and
inorganic compounds to increase the availability of phosphorus in the soil

Appendix C1
Revision No. 3
1/23/2012
Page 43 of 72



TSSWCB Project 08-04

New Sail Extractant 1513

solution (Rengel 2002). The objective of this smdy was to develop a soil
extractant that meets the following initial criteria: 1) 1t should contain
compounds that have been identified as common organic root exudates;
2} it should be able to extract soll, on average, within one unit of the soil
pH: 3} it should be compatible with colorimetric and ICP methods for deter-
mining nutrient concentration; and 4) it should be significantly correlated with
results of currently used soil test methods.

MATERIALS AND METHODS
Extractant Development

Different chemicals were experimented with, iIn many combinations and
concentrations, including hydroguinone, citric acid, oxalic acid, acetic acid,
lithium citrate, sucrose, instant tea (for tanmins), sodium citrate, malic acid,
ethylepedinitrilotetraacetic acid (EDTA), diethylenetriaminepentaacetic
acid (DTPA), ascorbic acid, aluminum chloride, and lithium chloride. The
soft drink 7-Up was even tried, and it actually compared quite well with
Olsen and Mehlich 3 for extractable P.

It was reasoned that the organic compounds contained in root exudates
were the most important, but we did not want to add potassium (K), sodium
(Na), or calcium (Ca) in the extractant becanse metals, and other nutrients
as well, might eventually be extracted. Lithium citrate was chosen because
lithium 1s rarely tested in soil and lithium would act somewhat like K in
KCl for replacing NH; from exchange sites. In the soils tested, lithium
citrate alope was an excellent extractant in calcareous soils for P. The
amount of lithium citrate in the extractant was proportional to the amount
of extractable P in soil with pH greater than 7.

Mext, three organic acids were added to the extractant that plants most
commonly use to overcome deficiencies of various nutrients; oxalic acid,
malic acid, and citric acid (Rengel 2002; Baudoin, Benizri, and Guckert
2003:; Shenker, Hadar, and Chen 1999) and balanced the acidic solution
with lithium citrate. The lithium citrate acted as a weak buffer when the
acids were added, and it was a delicate balancing act to determine the pro-
portion of the three acids to lithium citrate. It was known that lithium
citrate was working well for extractable P in calcareous soils. However,
some of the extracting power was lost after the acids were added for calcar-
eous soils, but the addition of the organic acids made the extractant more
flexible for use across a wider range of soil pH. Combinations of chemicals
were chosen based on extractant pH. EDTA and DTPA were also added to
help with the extraction of P and possibly other metals. Chelators help
protect certain cations such as iron (Fe), zinc (Zn), copper (Cu), and
manganese (Mn) from reacting with soil by forming chelate complexes,
which can be taken up by plants. The aim was to create a soil extractant
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based on organic acids (citric and oxalic acid are chelators), lithmam citrate,
and two synthetic chelators (EDTA and DTPA) that would extract nutrients
near the soil pH. Therefore, the final combination of chemicals were based
on extractant pH. The extractant HA (Haney, Haney, Hossner, Armold) was
designated, which 1s produced by dissolving the following ingredients in
one liter of water. Molarities are also stated. Lithium citrate: 5.0g = (.02 M;
citric acid: 0.5g =00024M; malic acid: 0.5g = 0.004M; oxalic acid:
05g =0.004M:; EDTA: 0.25 g = 0.002M; and DTPA: (.25 g = (.001 M.

Soils

Soils were collected from ten states in the USA. They were from California
(3), Texas (6), lllinois (6), Oklahoma (5), Pennsylvania (4), Colorado (4),
Arizona (1), Alaska (1), Mississippl (1), and Wyoming (1) for a total of 32
soll samples. Soil characteristics are listed in Table 1. These soils were
collected from pastureland (5 soils) and croplands, with the majority in con-
ventional tillage (23 soils) and some in no-all (4 soils). The soils had a
wide range in soil pH (4.7-84), organic C (0.1-2.6gCkg "), and clay
content (6-=59%).

Extraction and Analyvtical Methods

Each soil was dried at 55°C for 24 h and ground to pass a 2-mm sieve. Each soil
was welghed (4 g) in duplicate in 50-mL plastic centrifuge tubes and extracted
with 40 mL using five extractants (1 M KCl, water, Olsen, Mehlich 3, and H3A}
tor a total of 320 samples. Samples were shaken for 30 min (5 min for Mehlich
3), centrifuged at 3000 rpm tor 8 min, and filtered through Whatman 2V pleated
filter paper. Each of the 320 soil extracts was tested for pH. The samples were
then analyzed for NH4-N, NO,/NOs-N, and PO4-P on an OI Analytical, Flow
IV, rapid-flow colorimetric analyzer.

RESULTS AND DISCUSSION

The amount of P extracted from soil is dependent upon many factors. Among
those are soil pH, clay content, and concentrations of calcium, iron, and
aluminum (Cox 2001). Extractable P is strongly influenced by soil pH but is
also highly influenced by the pH of the soil extractant (Golterman 1988). In
an effort to demonstrate this phenomenon, it was decided to manipulate the
pH of an extractant on four acid soils (soil pH 5.5-6.8). Organic acids were
used to drop the extractant pH to 2.6, and then we increased the pH incremen-
tally to pH 9.0 with a combination of acids and lithium citrate and lithium
citrate alone (details in Table 2). Extractable P ranged trom 60-95ppm at
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Table 1. Soil characteristics
Soil % Clay % Soil
number Sail senes content organie C Sml pH
1 Perkins 15 059 47
2 Pella 32 1.37 5.4
3 Ellis 15 254 5.7
4 Chelsea 12 0.83 5.9
5 Bresser 15 319 5.9
] Mardin 34 2.17 6.0
7 Kichama 11 258 6.0
8 Hagerstown 34 1.78 6.1
9 Platner 23 .95 a1
10 Berks 31 241 6.2
11 Gilford 15 213 6.2
12 Anton 23 0.94 6.2
13 Lindon 23 1.00) 6.3
14 Rosetta 22 1.11 6.3
15 San Ysudro 20 052 6.3
16 Leland 13 059 6.3
17 Morocco 10 057 6.4
18 Belmond 18 1.84 6.6
19 Chelsea 12 0.17 6.7
20 Griffy 17 1.12 6.9
21 Wheatwood 20 1.32 7.4
22 Beckman 42 0.96 7.6
23 Houston pasture 59 177 T8
24 Ardep & 0.78 8.0
25 Casa grande 13 1.08 8.0
26 Houston pasture 50 1.80 8.0
fertilized
27 Quinlan 12 0.35 8.2
28 Houston con-till corn 35 1.38 8.2
20 Weswood con-till com 28 0.72 8.3
30 Pratt 13 056 8.3
31 Weswood con-till 28 037 8.3
sorghum
32 Houston no-all corn 52 1.64 8.4

an extractant pH of 2.6 for the four acid soils and decreased to less than
I5ppm at an extracting pH of 85 (Figure 1). The pH of the extracting
solution had a considerable impact on the amount of extractable P. In
addition, we included two soils, one with a soil pH of 8.2 (low organic C,
low nutrients) and one with a soill pH of 6.5 (high organic C, high
nutrients), and repeated the process of manipulating the extractant pH to
demonstrate the impact of extractant pH on extractable phosphorus. The pH
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Table 2. Manipulation of soil-extracting solution pH by varying organic acid and

lithium citrate concentrations

Extractant Ingredients: dissolved in 11 pH
1 5.0 g lithium citrate 9.0
2 2.5 g lithium citrate 8.0
3 5.0 g lithium citrate, 0.25 g malic acid 1.5
4 5.0 g lithium citrate, 0.5 g malic acid 1.0
5 2.5 g lithium citrate, 0.5 g citric acid 6.5
[} 50 g hithium catrate, 0.5 g mahie acwd, 0.5 g oxalic acid 6.0
7 5.0 g lithium citrate, (0.5 g malic acid, 0.5 g oxalic acid, 5.5
0.5 g citne acid

8 2.5 g lithium citrate, 0.5 geitric acid, 0.5 g malic acid. 0.5 g 4.5
oxalic ackd

9 1.5 g lithium citrate, 0.5 g eitric acud, 0.5 g malic acid, 0.5 g 4.2
oxalic ackd

10 1.5 g hithium entrate, (.75 g citne acid, 0075 g mahic acid, 35

0.75 g Oxalic acid
0.5 g aitrie acid, 0.5 g mahe acd, 0.5 g oxahic acid 2.6
12 0.75 g citne acid, (.75 g malic acid, 0.75 g oxalic acid 235

6.5 soil increased from 20 ppm extractable P to 95 ppm as the extractant pH
decreased, while the soil pH 8.2 increased from 2ppm extractable P to
3.8ppm as the extractant pH decreased (Figure 2). These results indicate
that we can manipulate the extractable phosphorus by increasing or decreasing
the pH of the soil extractant. Because Mehlich 3 and Olsen extract at such low
and high pH, respectively, it seems that extracting the soil near the pH (more

Extractable P
mg P kg soil

Soil extract pH

Figure I.  Impact of soil extract pH (2.4-9.0) on extractable P from four acid soils

(pH 5.5-6.5).
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Figure 2. Effect of changing extract pH on extractable P from a low-and high-pH soil
(changes deseribed 1 Table 1), Error bars indicate one standard deviation.

accurately representing field conditions) of the soil would increase the
accuracy of estimating plant-available phosphorus.

The soil extractants we tested differed in their ability to extract soil P
depending upon the soil pH and the pH of the extractant. The effect of extrac-
tant pH on extractable P is marked by the acidity of the extractant. For example,
Mehlich 3 releases significantly more P than the other three extractants we
tested because of its ability to dissolve iron, aluminum, and calcium phosphates
(Nelson, Mehlich, and Winters 1933). The range of extractable P from Mehlich
3 was (- 80 ppm with a mean of 34.3, H A (0—40ppm with a mean of 16.6,
Olsen 0—-20 ppm with a mean of 9.9, and water 0—10ppm with a mean of
3.3 on the same soils. Using 3D graphing and comparing soil pH, soil extract
pH, and extractable P reveals an interesting picture of the interaction
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between the three components (Figure 3). Mehlich 3 extracted soil P in the
2.9-4.2 pH range (mean = 3.4) regardless of the soil pH value and extracted
more than twice as much P as H A, almost four times that of Olsen and
eight times as much as water. H'A and water extracted P in the 5.0—8.5 pH
range {H3A mean = 6.2, water mean = 6.7); however, H*A tended to
produce soil extracts from acid to neutral soils in the 5.0-5.5 range until soil
pH increased above 7.5 where soil extracts had higher pH values (6.5-3.0),
demonstrating an increased sensitivity to soil pH. The pH of the water
extract followed the soil pH very closely, as we would expect. The Olsen
soil extract pH range was 8.3—9.0 (mean = 8.6) regardless of soil pH and
was completely opposite Mehlich 3 in extract pH (Figure 3). Interestingly,
H*A is almost exactly between Mehlich 3 and Olsen in soil extract pH and
extractable P. In the soils we tested, water would be the ideal extractant to
extract nutrients near the soil pH: however, the water-extractable P among
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Figure 3. Interaction of so1l pH and pH of soal extract on soil phosphorus from the
four different extractants.
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ditferent soils is usually guite low and only moderately correlated with Olsen
(r =10.63) and Mehlich 3 (r = (.52) extractable P ( Table 2).

Water-extractable P was significantly correlated with Mehlich 3, Olsen,
and H’A (Table 3), strongest with H’A and weakest with Mehlich 3.
Mehlich 3 and Olsen were better correlated with each other than Mehlich 3
and H°A, although the differences were slight (r = 0.84 vs. r = 0.83). H'A
extracted roughly half the P as Mehlich 3. Olsen extracted roughly one-fitth
the P as that of M3. Olsen extractable P had the best relationship with HA
tollowed by Mehlich 3 and water. Although good correlations are observed
between all four extractants, the concentration of extractable P vares
greatly with each extractant.

Based on the chemical composition of Mehlich 3, H*A, and Olsen, soil-
extractable P may be defined based on acidity or alkalinity of the extractant
and the ability of the extractant to respond to soil conditions. Using Mehlich
3 on calcareous soils may overestimate available P, and using Olsen on acid
soils may underestimate available P because of the butfering capacity of the
soil. Water-extractable P does not take into account the action of plant root
exudates upon soil P, whereas H*A better simulates the soil solution when
plants are present without artificially driving the extract pH too low
(Mehlich 3) or too high (Olsen). The data in Figure 4 illustrate the effect
of extract pH to extractable P. Figure 4a shows the proximity of the soil
extractant pH to the actual soil pH (0-line). The soil pH becomes more
alkaline as the samples move from left to right (Figure 4a). As the soil
pH increases, the Mehlich 3 extract pH dewviates further from the onginal
soll pH. The average of soil extract pH deviation for the 32 soils we
tested using Mehlich 3 was 3.4 pH units away trom the soil pH. Olsen is
Just the opposite: soil extract pH 1s over 3 pH units from the soil pH for
low pH soils and slowly becomes more similar to the soil pH for high
pH soils, with an average of L.8pH units from the soil pH. Water and
H A extract pH tend to be close to the soil pH: however, H'A deviates
as much as 1.5 units at soil pH of 7.5 H?A contains both dilute organic

Table 3. Correlation matrix for extractable P by various solutions and their associated
regression equations

Olsen (y) Water (y) H'A (y)
Mehlich 3 (x) (.84 (.52%++ (.83
y=294+0.2x y =12 +0.06x y=1.1+045x
Olsen (x) .63+ (). 84%++
y=0.144+033x y=—23419x
Water (x) .71+
y=62+32

*indicates p << 0.001.
Notes: (x) and (y) are for the regression equations. N = 64 (32 soils, 2 reps).
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acids and lithium citrate. Lithium citrate alone (5 g) has an extractant pH of
8.4; however, when 1.5 g of acid are added in addition to the lithium citrate,
the pH falls to 5.5 (extractant 7, Table I). Therefore, the acids dominate the
extract pH until soil pH reaches 7.5 and above, where the alkalinity of the
soll overwhelms the organic acid concentration and the extract pH in soil
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increases sharply and is similar to the soil pH. Conversely, the lithium citrate
appears to keep H’A from acidifying the soil as strong as Mehlich 3 does,
because the organic acids alone In H”A have an extractant pH of 2.6 (extrac-
tant 11, Table 1). These factors make H’A more flexible in extracting P near
the soil pH, but extractable P is much higher than for water. The average
proximity of extract pH to soil pH is 0.64 for H'A and 0.12 for water
(Figure 4a). H'A extract pH was within one pH unit of the soil pH for
86% of the 32 soils, water 100%, Olsen 23% and Mehlich 30%.
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1M KCl and water.
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Soil-extractable ammonium and nitrate were highly correlated between
H'A and water and H’°A and 1M KCl (r" = 097 and 0.95, respectively)
(Figure 3). H A and water consistently extracted 5—10% more nitrate than
KCl; however, KCl usually extracted more ammonium than H'A or water.
When added together, the extractable NH,; 4+ NO; was nearly identical for
the three extractants, with H A extracting slightly more nitrogen than water
but slightly less than KC1 (Figure 5). The pH of the soil extractant using
KCl, water, and H°A had no significant effect on the extracting ability of
soil NH; and NO,/NO; (data not shown).

CONCLUSIONS

The soils used for this preliminary test of a new soil extractant based on organic
acid root exudates had a wide range of soil pH, organic C, and clay content.
H A was highly correlated with soil-extractable inorganic N from both water
and 1 M KCl, as well as being highly correlated with water, Mehlich 3, and
Olsen extractable P. These results indicates that H*A may be used as a limited
multinutrient (inorganic N and P) extractant, which would eliminate the need
for two extractants to test for plant-available NH;, NOs, and P. Because soil-
extractable P is highly influenced by soil pH and pH of the soilextract, extracting
so1l within one unit of the soil pH would be a desirable attribute ot a soil extrac-
tant. On average, H A extract pH was within one pH unit of the soil pH for 86%
of the 32 soils, water 100%, Olsen23%, and Mehlich 30%. Based on this data,
extracting near the soil pH could provide a more reliable estimate of plant =
available inorganic N and P without overestimating soil P on calcareous soils
and underestimating P on acid soils.
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Abstract

The measurement of soil carbon dioxide respiration is a means to gauge biological soil fertility. Test methods for respiration
employed in the laboratory vary somewhat, and to date the equipment and labor required have somewhat limited
more widespread adoption of such methodologies. The purpose of this research is to compare the results of measured soil
C0O; respiration using three methods: (1) titration method; (2) infrared gas analysis (IRGA); and (3) the Solvita gel system
for soil CO, analysis. We acquired 36 soil samples from across the USA for comparison, which ranged in pH from 4.5 to
8.5, organic C from 0.8 to 4.6% and the clay content from 6 to 62%. All three methods were highly correlated with each
other after 24-h of incubation (titration and Solvita r3=(J.82. respirometer and Solvita *=10.79 and titration versus
respirometer # =0.95). The 24-h (1-day) CO, release from all three methods was also highly correlated to both basal soil
respiration (7—28 days) and cumulative 28-day CO, respiration. An additional 24 soil samples were acquired and added to
the original 36, for a total of 60 soil samples. These samples were used for calibration of the Solvita gel digital color reader
results using CO,-titration results and regression analysis. Regression analysis resulted in the equation y =20.6#%(Solvita
number) — 16.5 with an * of 0.83. The data suggest that the Solvita gel system for soil CO, analysis could be a simple and
easily used method to quantify soll microbial activity. Applications may also exist for the gel system for in situ
measurements in surface gas chambers. Once standardized soil sampling and laboratory analysis protocols are established,
the Solvita method could be easily adapted to commercial soil testing labs as an index of soil microbial activity.

Key words: chemical titration, soil CO; respiration, infrared gas analysis, soil microbial activity

Introduction

Soil respiration is an important aspect of soil-quality and
an indicator of soil fenility'_ As early as 1931, Smith
and Humfeld® noted that during decomposition of green
manures, the numbers of bacteria followed CO; evolution,
which rose rapidly during the first 4 days and then declined
to a fairly constant level. Even earlier, Gainey® noticed a
parallel formation of CO», NHs-N and NOs-N in soil. In
1924, Lebe-l:ljamze\-'" stated that drying soil at low
temperature appeared to increase the fertility of the soil
which, he noticed, also occurred in npature. For roughly 90
years, (0 respiration from soil has been used as an
indicator of the relative fertility of various soils" . Sail
CO; respiration has been widely used for many years to
quantity the impact on soil microbial activity of various
treatment and management inputs. The purpose of many of
these studies are mainly concerned with the rates of C, Nor

P mineralization in an effort to gain a clearer understanding
of these natural processes. A clear understanding of nutrient
cycling is essential to developing accurate computer models
and could have a remendous impact upon the soil testing
industry.

Chemical titration for soil CO; respiration is an effective
means whereby different soils can be compared for
microbial activity. Soils are incubated along with an
aqueous solution of KOH or NaOH in a small vial. The
alkali reacts chemically with CO» and BaCl; and can be
back-titrated with HCI to a phenolphthalein endpoint which
is relative to the amount of CO; released by soil micro-
organisms('_ A control vial with no soil is included in the
incubation to correct for the C0: in the jar at the initiation
of the incubation. An equation is then employed to arrive
at mg CO,-Ckg ™" soil. Soil CO, respiration can also be
measured with a gas chromatograph or an infrared gas
analyzer (IRGA) for CO, detector. Although chemical

© 2008 Cambridge University Press
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titration has for error assoclated with the
procedure, it is a fairly simple and straightforward method.
However, the method requires mixing the alkali, assump-
tion that the control is accurate, care in titration, and
accurately hitting the endpoint, which can induce error.
More recently, soil laboratories have been reviewing
early methods in view of environmental disposal concerns,
such as in the use of dichromate for soil organic carbon
digestion. The presence of BaCl, in the CO, titration
procedure would qualify for such concern. To render
unreacted BaCl, harmless after ftitration requires the
additional step of adding an equimolar or greater amount
of a soluble source of sulfate ions, producing insoluble
BaS0,. Such steps add to the complexity of the procedure.
The Solvita gel system was designed as a complete
procedure to quantify the relative differences between
varying types of compost in terms of the amount of CO,
evolved in a short time period. This is interpreted as an
indication of the completeness of active degradation, also
called a maturity index’. In this research, a similar principle
of CO, respiration is being applied to soil respiration. Soils
differ from compost in that the gross amount of respiration
1s likely to be less than soils, since soils typically have
1/10th—1/20th the amount of carbon. The Solvita gel system
is a new tool to evaluate soil microbial respiration rate in
an efficient and cost-effective manner, without the need for
reagent handling and standardization. A pH-sensitive gel
(paddle) 1s embedded in a one-piece plastic holder that
narrows to a point so that it can be pushed into the soil.
After a specified time-period, the paddle can be removed
tfrom the incubation jar and analyzed with a digital color
reader (DCR) developed specifically for the test. This
process takes a minimum of time and labor. The USDA
Soil Quality Institute has listed the Solvita kit as an
alternate soil respiration procedure in its national soil-
quality test kit program which released a full soil guality
test document. This application of the Solvita gel-system
was found suitable since it was able to detect meaningtul
changes in surface gas chambers CO, concentrations (John
Doran, personal communication, October 2007). Solvita
has been reported to have compared sensitivity to Drager
tubes when employed In compost chamber tests”. The
Solvita chemistry gel technology is different from alkali
traps in that it does not absorb all the CO, but absorbs a
relative concentration ot COs. Since its inception, the visual
color strips used to interpret the reaction have been
upgraded by the DCR in which the intensity of red, green
and blue (RGB) emissions from the gel is read by a diode
array detector (DAD) assembly within the DCR. Using this
approach permits very rapid measurement of accumulated
CO; within the Solvita gel at any time during incubation,
and improves reliability and significantly increases accu-
racy. The reactive gel with DAD appears to closely obey
Beer-Lambert’s optical law over a wide range of con-
centration of CO, and suffers only small interference from
volatile fatty acids which form a positive response with
CO- gels, consistent with an unstable compost condition.

avenues
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The Solvita system 1s almost error free, since it involves
placing the paddle in the soil and removing it after the
allotted time-period, placing it in the reader and pressing
a button. Soil CO» respiration is a common and simple
measure of biological activity in soil. Soil microbial
activity as measured by CO, respiration is a function of
substrate availability, which is related to the amount or
quality of organic C and N. The purpose of this research is
twotold: first, to compare the soill CO, release from the
titration method, IRGA and the Solvita gel system, and
secondly, to investigate the possibility that the release of
CO, can be adapted to soil testing labs to provide a
biological method that could discern differences in soil
microbial activity which might provide an additional
insight to the relative activity of ditferent soils.

Materials and Methods
Experiment 1

Thirty-six soil samples were collected from Texas,
Oklahoma, Georgia, Mississippl, Idaho, Wyoming and
MMinois. The range in soil pH was 5.0-8.3, soil organic C
0.65-4.52%, and clay content 10-55%. All soils were
ground to pass a 5-mm sieve, dried at 40°C and weighed
into 50ml plastic beakers. All soils were wetted to
approximately 30% water-filled pore space.

Titration. Forty grams of wetted soil was placed in a
I pint mason jar along with a vial of 10ml of 1 M KOH.
The alkali traps were changed and titrated at days 1, 3, 7,
14, 21 and 28. Unreacted alkali in the KOH traps was
back-titrated with 1 N HCI to determine CO,-C°. Basal
soll respiration was calculated by subtracting the cumul-
ative 7-day CO,-C from the cumulative 28-day CO,-C.

IRGA. Forty grams of wetted soil samples were placed
in Boz jars and capped. Each jar was connected to the
IRGA via twin solenolds which open simultaneously to
allow CO,-free air to purge the jar of CO, and direct it to
the analyzer (ADC model 225) at a rate of 400 ml min
for 3 min. Eight soil samples and two controls were used
in the 10 sample system. Each glass jar was sampled for
3min and then closed (Fig. 1). The samples were ana-
lyzed every hour for 24 h.

Solvita. Forty grams of wetted soil samples were
placed in 8oz glass jars with a Solvita gel paddle. At the
end of 24h each paddle was placed in the DCR for ana-
lysis (Fig. 2). A simple regression analysis was used to
assess the correlation between 24-h CO: evolation from
titration versus the Solvita gel and CO.-C from IRGA.

Experiment 2

An additional 24 soil samples from Utah, Washington,
California, Montana, New Mexico, North Carolina, Maine,
Pennsylvania and Ohio were acquired and added to the
original 36 in dry form. All 60 samples were wetted as
described above and incubated for 24h. The titration
method and the Solvita gel system were used for I-day
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Figure 3. Solvita 24-h CO; versus (a) 24-h COL-C titraion and
(b 24-h CO.-C closed system respirometer.

we chose 20 soil subsamples to study the influence of
container volume on CO, respiration by the Solvita gel
system. Twenty grams of soil samples were weighed into
50ml plastic beakers, rewetted as described above, and
placed into 8, 16 and 32 oz glass jars with gel paddles in
each jar. After 24 h of incubation the paddles were removed
and analyzed with the DCR.

(b}

Results and Discussion
Experiment 1

The Solvita number from the DCR was compared to the
CO4-C from both the titration method and the CO,-C from
the closed system respirometer (IRGA) glass after 24-h
(1-day) incubation. Regression analysis established a highly
significant relationship between CO, evolution from the
Solvita number and titration {r‘E:(]_SZ, Fig. 3a) and the
Solvita number and the CO.-C from the respirometer
(r2 =0.79, Fig. 3b). There was also a highly signiﬁcam
relationship between titration and the respirometer methods
after a 24-h incubation (r3:(}_95, Fig. 4). The strong
correlations between these methods suggest that any of the

Figure 2. (a) Solvita gel paddles in soil and (b) Solvita digital
reader.

CO,-C analysis to calibrate the DCR to the CO,-C from

titration. three methods could rapidly quantify soil microbial
activity, although the Solvita method would be the simplest
Experiment 3 and least labor intensive. Since most of the 36 soils were in

a dry state when they arrived at our lab, we chose to
Since the Solvita gel system does not absorb all the CO, incubate the soils for 28 days after rewetting. We calculated
within the container but rather absorbs a relative amount, basal soil respiration as the cumulative 28-day minus the
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Figure 5. Basal soil respiration (7-28 days cumulative) versus
(a) 24-h CO,-C closed system respirometer, (b) 24-h CO,-C
titration and (c¢) Solvita CO, digital reader number.

initial 7-day period for CO,-C after rewetting. A paper by
Franzluebbers” indicated that a 7-day incubation period was
adequate to overcome the elevated release of CO»-C from
the drying—rewetting effect. Theretore, we compared basal
soll respiration (7-28 days) against the 1-day CO, value
from titration, respirometer, and Solvita to explore possible
changes in microbial activity after removing the drying/
rewetting flush of CO. The relationships of each 1-day
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method to basal soil respiration are shown in Figure 5. The
respirometer data for 1 day had an =078 (Fig. 5a).
titration exhibited an r* =082 (Fig. 5b), and Solvita an
r*=0.82 (Fig. 5¢) with basal soil respiration. Again, each
method proved to be adequate at predicting basal soil
respiration even though the l-day CO; release was taken
during the greatest portion of the CO, release from the
drying/rewetting process'®!'!. We also compared the 1-day
CO; release after dryingfrewetting with the cumulative
28-day CO; evolved including the flush of CO: from
drying/rewetting. The relationships between |-day CO,
and 28-day CO, showed only slightly better correlations
compared with l-day CO; and the basal rate. The
respirometer data had an P =0.84 (Fig. 6a), titration an
" =0.89 (Fig. 6b), and Solvita an +* = 0.87 (Fig. 6c) with
cumulative 28-day CO,-C.

Experiment 2

The soil CO, released, after soil drying/rewetting and
incubating for 24 h, from 60 soils was determined using the
Solvita gel system with a DCR and was highly related to
24-h soil CO» measured using the titration method (Fig. 7).
Although drying soil is not a prerequisite to using the
system: we used dried soil to start all the soils in the
experiment from an equal state. We also wanted to
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Chamber size was 8. 16 and 32 oz,

accommodate soil testing protocols since most soll testing
labs dry and grind their soil samples prior to analysis. The
above-mentioned relationship suggests that the Solvita soil
system can be equally as effective as the titration method as
an index of microbial activity in order to quantify changes
or differences in soil respiration from various soils. The
equation y=20.6 #(Solvita number)- 16.5 can be used to
convert the DCR number to CO,-C. which i1s commonly
reported with the titration method (Fig. 7).

Experiment 3

When high soil CO» respiration is expected, it is possible to
increase the container volume, which will dilute the relative
amount of CO; in equilibrium with the gel. This provides
flexibility to measure soils with recent manure or compost
additions without overwhelming the system with carbon
dioxide. The analogous limit with standard CO; titration
methods is when the base (KOH or NaOH) becomes
overwhelmed with excess carbonate, and the appropriate

“2.0 25 3.0 35 40 45 50 55 6.0
Solvita soil COz number
8 oz glass jar

Figure 9. Chamber volume relationships on soil CO4.

recourse is to increase the amount of alkali, or raise its
concentration. When we compared various volumes, the
mean Solvita number across all 20 soils for the 8 oz jar was
3.84 with a standard deviation of 022, mean for the 160z
Jar was 3.40 with a standard deviation of 0.20 and the mean
tor the 320z jar was 2.91 with a standard deviation of 0.18
(Fig. 8). The linear regression relationships between
chamber volumes are illustrated in Figure 9. Twenty soils
samples of 20 g were used for each chamber volume. The
20 g soil 8oz glass jar volume is compared to both the 16
and 320z glass jar volumes. The data indicate that it is
feasible to use greater volumes to dilute the CO, when
incubating soil samples that are expected to produce a high
output of soill CO,. We chose to use the 8 oz glass jar since
it had the strongest relationship with CO, from both
titration and IRGA compared to the 16 and 32 oz jars (data
not shown).

Conclusion

The methods we compared were well correlated with each
other and offer promise in utilizing soil CO, data as an
index of microbial activity. However, a concentrated effort
would be needed to further this research and develop a
standardized method for microbial activity which could be
readily adapted by soil testing labs. The Solvita gel
measurement of soil CO; 1s a simple and rapid method
which can quantify microbial activity from various soils.
Since soil fertility is a relative estimate between soils, the
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introduction of a rapid and accurate method for soil testing
labs, which could separate soils based on microbial activity,
could find an application in fracking management changes
for either conventional or organic farming systems. In
addition, we recommend using the 8 oz glass jar unless soils
contain recent addition of manure and/or compost and high
C0; is expected, in which case the use of 16 or 32 oz glass
jars can then be substituted without loss of accuracy.

It soil fertility is reflected in the microbial community
and one soil is more fertile than another, the more fertile
soll should have higher yield potential than the other.
Theretore, it we can make connections between soil
tertility and soil microbial respiration, we can apply this
mmformation to our benefit as stewards of the land. This
additional information may enable us to make better
management decisions, give us direction in making more
accurate fertilizer recommendations or give us a starting
place with which to monitor our performance in our soil
management strategies.
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Abstract A routine soil testing procedure for soil N
mineralization is needed that is rapid and precise. Not
accounting for N mineralization can result in the over-
application of N, especially in soils with a history of
manure application. Our objectives were to compare
results from a recently proposed rapid laboratory pro-
cedure with: (1) long-term N mineralization under
standard laboratory conditions, and (2) actual forage N
uptake from soil receiving dairy cattle (Bos taurus)
manure in a 2-year field study. The rapid procedure is
based on the quantity of CO,-C evolved during 24 h
under optimum laboratory conditions following the re-
wetting of dried soil. Dairy cattle manure was surface
applied beginning in 1992 at annual rates of 0, 112, 224,
or 448 kg N ha™' to field plots on a Windthorst fine san-
dy loam soil (fine, mixed, thermic Udic Paleustalf) near
Stephenville, Texas (32°N, 98°W). Results of the one-
day CO, procedure were highly correlated with soil N
mineralized from samples collected in March of 1995
(£=0.004) and 1996 (P<0.001) and with forage N up-
take (P<0.001) both years of the study. Residual inor-
ganic N in the same soil samples was poorly correlated
with soil N mineralization and forage N uptake.
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Introduction

Accurate prediction of the quantity of N that is miner-
alized from soil organic matter during a growing season
would result in more efficient use of N fertilizers and
manure and decrease the potential for surface and
groundwater contamination. Several soil N mineraliza-
tion procedures have been advocated (Stanford and
Smith 1972; Keeney 1982), but these procedures gener-
ally are not suited for routine soil testing because of the
lengthy time periods they require. The Stanford and
Smith (1972) method also underestimates N mineraliza-
tion in soils normally exposed to repeated wetting and
drying cycles (Campbell et al. 1988) because it does not
account for the flush of N mineralization that occurs
when dry soil is rewetted (Birch 1958; Cabrera 1993).

The concept of decay series has been used to esti-
mate N mineralized from animal manure over several
cropping seasons. Methods used to estimate decay se-
ries are often indirect, usually involving N uptake by
successive crops following manure application. Klaus-
ner et al. (1994) reported a decay series of 0.21, 0.09,
0.03, 0,03, and 0.02 for five growing seasons following a
dairy cattle manure application in New York state. The
first number in the series represents the fraction of N
that is mineralized the first year, the second represents
the fraction of residual organic N mineralized during
the second year, and so on. Decay series estimates are
often site specific, may not be sensitive to changing soil
conditions, and require an accurate history of previous
manure applications.

Computer programs are also available for predicting
nutrient release from animal manures. Twelve comput-
er programs evaluated by Thompson et al. (1997), how-
ever, used potential N availabilities from manures rang-
ing from O to 100% in the year of application, with an
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average of 37%. Chang and Janzen (1996) experimen-
tally estimated that 56% of N added in beef feedlot
manure was mineralized in their study, while Sander-
son and Jones (1997) estimated that 25% of added dai-
ry cattle manure N was removed by coastal bermuda-
grass [Cynodon dactylon (L.) Pers.] in their research.

Residual inorganic soil N, predominantly NO3, has
been a useful tool for predicting crop N needs in low
rainfall areas, but has generally been less successful in
more humid regions because of NO5 losses via leaching
and denitrification (Schmitt and Randall 1994). The
pre-sidedress soil NO;3 test was developed by Magdoff
et al. (1984) based on the premise that not sampling un-
til corn (Zea mays L.) reaches a specified growth stage
allows N mineralization and N losses to occur as long as
possible before a N fertilizer decision 15 made. This test
is widely used in the northeastern USA (Jokela 1989)
and is being adopted in some midwestern states
(Blackmer et al. 1991). Research in Maryland (Meisin-
ger et al. 1992) and Pennsylvania (Fox et al. 1989),
however, showed poor correlations between grain yield
and in-season NO3 values.

Blackmer et al. (1989) stated that reducing N-fertil-
izer input by identifying non-responsive fields was an
important use of this test in Iowa. Soil NO3 content
measures N available at the time of sampling and does
not necessarily indicate the ability of soils to mineralize
additional N, which can be significant in soils receiving
manures or other organic wastes.

Organic N is mineralized because of organic-C mi-
neralization, and CO, evolution accordingly has been
studied as a predictor of soil N mineralization. Castella-
nos and Pratt (1981) demonstrated that C released as
CO, during a 1-week aerobic incubation of ten manu-
res was a satfisfactory index for estimating manure-N
availability in a 10-month greenhouse trial. They hypo-
thesized that a 2- or 3-day incubation might provide an
equally satisfactory relationship. Gilmour et al. (1985)
suggested that CO; evolution might predict net N mi-
neralization from plant residues added to soil, while
Gilmour et al. (1996) showed that a 7-day incubation of
biosolids could be used to predict decomposition at
=60 days. Franzluebbers et al. (1996a) recently re-
ported that net soil N mineralization and soil microbial
biomass were related to soil C mineralized as CO- in as
little as 1 day. The coefficient of determination (r?) for
CO; evolved during the first day after rewetting dried
soil and net N mineralization after 21 days was (.85 for
eight diverse soils.

The prediction of organic C and N dynamics from
CO; evolved after rewetting dried soil has a strong the-
oretical basis. Moderate drying of soil kills a portion of
the soil microbial biomass (Jenkinson 1966) as well as
rendering a portion of soil organic matter mineralizable
because of physical disturbance (Van Gestel et al
1991). The flush of microbial activity soon after rewet-
ting probably reflects the contribution of both soil mi-
crobial biomass and other active organic matter pools
that are easily mineralizable. Elliot (1986) hypothesized
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that drying/rewetting is one mechanism by which each
soil N pool is replenished from successively more recal-
citrant or physically protected N pools. Inubushi and
Wada (1987) found that air-drying and rewetting soil
not only increased the easily mineralizable soil N pool,
but also increased the size of a more stable pool that
mineralized more slowly. Most biologically-based pro-
cedures normally advocate the use of field-moist soil,
an additional limitation for routine socil testing that
commeonly requires dried soil. A procedure that rapidly
and precisely estimates N mineralization from dried
soil would increase adoption by soil-testing laborato-
ries.

The objective of our study was to determine rela-
tionships between the flush of CO; evolved during
1 day following rewetting of dried soil, and potential
soil N mineralization in the laboratory and forage N
uptake in the field from manure-amended soil.

Materials and methods

Field plot design and soil sampling

A dryland field experiment utilizing coastal bermudagrass and
bermudagrass overseeded with wheat ( Triticum aestiviem 1L.) was
established near Stephenville, Texas (32°N, 98°W) in May 1992
(Sanderson and Jones 1997). The soil was a Windthorst fine san-
dy loam (fine, mixed, thermic Udic Paleustalf) with pH approxi-
mately 6.5 and containing 120 g kg ' and 660 g ke ' of clay and
sand, respectively, in the surface 7.5 cm. Mean soil organic C and
total N in this same soil depth were 14.1 g kg ! and 1.3 g ke ' soil.
The average annual air temperature is 18°C and annual precipita-
ticn averages 750 mm. The experimental design was a 2 (cropping
system) x4 (manure N rate) factorial within a randomized com-
plete block with four replicates; berms separated the blocks to
prevent the overland flow of applied amendments. Each plot was
36 m. Dairy cattle manure (0, 112,224, or 448 kg N ha ' year ')
was surface applied in four equal applications each year to the
two cropping systems, beginning in February 1992 through 1996.
Concentrations of N, P, and K in the manure averaged 20.0, 5.6,
and 16.6 g kg!, respectively. Five harvests were made in 1995,
cone from wheat and four from coastal bermudagrass. Forage was
harvested 5times from both bermudagrass and bermudagrass
overseeded with wheat in 1996. A sickle-bar mower was used to
harvest a 1 x6-m strip at a 5-cm height from the center of each
plot at each harvest.

Forage samples for chemical analysis were hand-clipped from
each plot at each harvest to avoid contamination with manure,
rinsed with deionized water. and dried at 55°C for 48 h before
grinding to pass a 1-mm mesh. Bermudagrass N concentration
was determined using a near-infrared reflectance spectrometer
(Shenk and Westerhaus 1991). N concentrations of wheat samples
were determined by wet chemical procedures (Baethgen and Al-
ley 1989). Forage N uptake was calculated by multiplving dry
matter yield and N concentration.

Thirty soil cores (2.5 cm diameter, 0 to 7.5-cm depth) were
composited monthly from each plot from February through July
in 1995; this was repeated in 1996. Samples were dried in a forced-
draft oven at 40°C for 24 h and passed through a 5-mm sieve
(Franzluebbers et al. 1996a). Only results for March samplings
are reported because this month generally resulted in the highest
correlations, and this is also the period that producers in this re-
gion would sample soils to allow sufficient time to apply addition-
al fertilizers or manure prier to the spring growth of bermuda-
grass.
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Soil € and N mineralization
Soil C and N mineralization were determined from three 40-g

subsamples moistened to 55% water-filled pore space and incu-
bated in 1-1 glass jars. C mineralization was determined from CO,

O Bermudaegrass only
® Bermdagrass and wheat

a)

75—
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C mineralized in 1 day from dried and rewetted soil was
highly correlated with potential N mineralized in
24 days from soil samples collected in March 1995 and
1996 (Fig. 1a). March is the normal time for soil sam-
pling for N recommendations for warm-season forages
in this region, and residual soil NO3 is the soil N test
most commonly utilized. Wheat overseeded into ber-
mudagrass and actively growing during soil sampling
did not significantly affect the observed relationships
(Fig. 1a).

Residual inorganic soil N was poorly correlated with
potential N mineralized in 24 days for either year
(Fig. 1b). Since mineralization of added manure N
should be a principal source of residual inorganic N in
this study, it was thought that residual inorganic soil N
should correlate with N mineralized in laboratory incu-
bations. Residual inorganic N from early spring soil
samples, however, apparently would not be an ade-
quate estimator of potential N mineralization in this
manured soil.

Soil N mineralized in 24 days in the laboratory in
both study years was highly related with forage N up-
take in the field (Fig. 2a). This procedure is too time
consuming, however, to be used as a routine soil test.
Forage N uptake both years was also very highly corre-
lated with C mineralized in 1 day from dried and rewet-
ted soil (Fig. 2¢). The 1-day C mineralization procedure
is sufficiently rapid to be used as a routine soil test and
explained a slightly greater proportion of the variation
in crop N uptake than did potential N mineralization.
Slopes of the regressions for C mineralized in 1 day aft-
er rewetting dried soil vs. forage N uptake were very

Residual inorganic N
mg N kg™ soil

Residual inorganic N
mg N kg™ soil

Fig. 1 Relationships of soil N mineralized in 1995 and 1996 with
a C mineralized in 1 day from dried and rewetted soil, and b seil
residual inorganic N

similar for both study years, whereas slopes for 24-day
soil N mineralization vs. forage N uptake varied three-
fold between years. Wheat overseeded into bermuda-
orass vs. bermudagrass only did not influence the ob-
served relationships. Residual inorganic soil N was
poorly correlated with forage N uptake both years
(Fig. 2b).

Thicke et al. (1993) reported that 1 week of aerobic
incubation for N contributed as much as a 12-week in-
cubation to models of corn grain yield and total N up-
take as determined by stepwise multiple regression.
Acid permanganate-, autoclave-, and glucose-extracta-
ble N and anaerobic incubation did not consistently
contribute to the models. The authors found, however,
that although the initial experiments with aerobic incu-
bation resulted in promising relationships, results of
field validation experiments were not reliably predicted
probably because of yearly weather variation. Other
authors have reported moderate correlations between
results of chemical tests that extract a fraction of soil
organic N and plant N uptake in the greenhouse or soil
N mineralization in the laboratory (Keeney and
Bremner 1966; Lathwell et al. 1972), but poorer results
under field conditions (Fox and Piekielek 1978).
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Fig. 2 Relationships of forage N uptake in 1995 and 1996 with a
soil N mineralized in 24 days, b soil residual inorganic N, and ¢ C
mineralized in 1 day from dried and rewetted soil

The flush of CO; in 1 day after rewetting dried soil
appeared to adequately represent the contribution of
the active soil microbial biomass and soil organic mat-
ter pools that were readily mineralizable (Franzlueb-
bers et al. 1996b), based on relationships with laborato-
ry N mineralization and forage N uptake. Partial desic-
cation of microbial biomass due to drying and rewetting
and subsequent release of the desiccated microbial bio-
mass as CO, may have contributed to these results. The
Windthorst soil is naturally exposed to temperatures of
>40°C, the drying temperature used in this study, dur-
ing summer months. Unpublished data from our labo-
ratory shows only slightly greater C mineralization
(2-3% ) from soils dried at 40°C vs. continuously moist
soils, and the values are highly correlated (r>>0.90).
Therefore, the flush of CO; following the rewetting of

TSSWCB Project 08-04
Appendix C3

Revision No. 3
1/23/2012

Page 66 of 72

103

soil dried at 40°C may mimic the natural CO, flush of
soil in the field from the partial desiccation and release
of microbial biomass.

In summary, quantities of CO,-C evolved during the
first day after rewetting dried soil were closely related
to longer-term soil N mineralization and forage N up-
take from soil receiving dairy cattle manure. Because of
its relative simplicity, rapidity, and reliability, we rec-
ommend that this procedure be considered as a rapid
test to estimate potential net N mineralization in man-
ure-amended soils.
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DIVISION S-3—SOIL BIOLOGY & BIOCHEMISTRY

Soil Carbon and Nitrogen Mineralization: Influence of Drying Temperature

R. L. Haney,* A. . Franzluebbers, E. B. Porter, F. M. Hons, and D. A. Zuberer

ABSTRACT

Carbon and N mineralization in dried soils that are rewetted has
been proposed as a rapid index of C and N mineralization potential
and to reflect soil management. but further research is needed on
effects of soil type and drying temperature for this approach. The
ohjective of this study was to determine the effect of maintaining soil
field moisture or drying soil at 40, 60, or 1HFC followed by rewetting
and a 3-d incubation on C and N mineralization across diverse soil
types. Strong correlations between C mineralized in 24 d from feld
maoist soils vs. C mineralized in 24 h from soils dried at 40 or 60°C
were observed, Carbon mineralization values for 24 vs. 3 d resulted
in nearly linear relationships for all drying treatments. Nitrogen miner-
alization in 24 d from moist vs. dried at 40 or 60°C and rewetted soils
were also highly correlated with field moist N mineralization. The
drying and rewetting pre-incubation of soil followed by a 3-d incuba-
tion was shown to be a wseful indicator of longer-term (24 d) C
mineralization potential. Nitrogen mineralization potential may also
be obtained after dryingfrewetting at 40 or 60°C without the need for
keeping soil in a continuously field-moist state,

ARBON AND N MINERALIZATION can be a useful tool

for quantifying the impact of various organic and
inorganic amendments on soil functions. Carbon miner-
alization is generally determined by monitoring CO,
fluxes from field-moist samples that are wetted to
roughly 50% of field capacity and subsequently incu-
bated in the laboratory for various periods of time. The
incubation period is generally several weeks long, de-
pending on the objective of the study. Short incubations
and air-drying soil facilitate routine soil testing proce-
dures and for certain tests air-drying avoids biochemical
artifacts that could occur if soils are kept moist be-
fore analysis.

Adopting a technique that uses dried soil may signifi-
cantly reduce variability within the same soil sample
and reduce the amount of refrigerated space necessary
for storage of moist soils. Soil samples from the same
site can vary greatly in moisture content, depending on
season or short-term weather patterns. Drying soil holds
potential to minimize this variability. Drying and rewet-
ting soil may also permit researchers to determine C
and N mineralization potentials on dry, archived soil
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samples. When a soil analysis requires field-moist soil,
a pre-incubation time of 7 to 10 d after rewetting dried
soil may be used to equilibrate the samples before analy-
sis (Franzluebbers et al., 1996).

Rewetting dried soil is thought to alter the soil physio-
chemical environment and make it an unrealistic treat-
ment (Martens, 1995). On the other hand. laboratory
drying and rewetting tends to produce a uniform release
of C and N and is a natural process that occurs under
field conditions (Birch, 1958, 1959, 1960). Furthermore,
short-term C mineralization (1-3 d) of soil after drying
(40 or 60°C) followed by rewetting correlates strongly
with longer-term (100-d) CO; evolution and soil micro-
bial biomass C (Franzluebbers et al. 2000; Haney et
al., 1999).

Marumoto et al. (1982) and Sparling et al. (1995) have
shown that it may be possible to estimate soil C and N
mineralization potential by monitoring the fluxes of CO,
following the rewetting of dried soil. Other authors have
stated that the amount and quality of substrates avail-
able for mineralization may be quantified using CO,
evolution (Sorensen, 1974: Sparling and Ross, 1988).
Anderson and Domsch (1978) suggested that the size
of the soil microbial biomass is reflected by the short-
term flush of CO, after amending labile substrates. This
is the basis for substrate induced respiration (SIR)
method for determination of soil microbial biomass. If
the evolution of CO, following rewetting of dried soils
can be related to soil microbial biomass and potential
mineralizable C and N for different soils under different
environments then this method might serve as a rapid
indicator of potential C and N mineralization.

Chemical and physical disturbances of soil organic
matter have been proposed as mechanisms for increas-
ing the flush of CO, associated with soil drying and
rewetting (van Gestel et al., 1991). For example, Franz-
luebbers and Arshad (1999) ground dry soils to a powder
then rewetted the soils and trapped evolved CO,. This
treatment resulted in a greater flush of CO; than from
undisturbed soil. However, C mineralized in 3 d from
the disturbed soils was strongly correlated with 24-d C
mineralization in undisturbed samples. Similar results
were observed when comparing N mineralization as af-
fected by drying temperature.

Currently, most soil incubations use field-moist soil.
The flush of C and N after drying and rewetting could
possibly become a rapid assessment tool for monitoring
changes in C and N mineralization potential due to
organic or inorganic inputs as well as inputs from differ-
ent management strategies. The objective of this study
was to compare s0il C and N mineralization after drying
and rewetting with those maintained field-moist to ex-
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Table 1. Soil location, classification, and land management.
Location Soil Classification Land Management pH Clay Organic C
Yo g C kg ' soil
Weslaco, TX Hidalgo sandy clay loam (fine- Irrigated maire (Zea mays L.) 8.0 8 9.3
loamy, mived. active, hyper under no-tillage
thermic Typic Calciustoll)
Corpus Christi, TX Victoria clay (Fine, smectitic, Sorghum [Sorghum bicolor 6.5 41 11.5
hyperthermic Udic Haplustert) (L.) Moench], conventional
tillage with 60 kg N ha '
Overton, TX Bowie fine sandy loam (Fine- Bermuda grass hay [Cynodon 59 [ 6.5
loamy, siliceous, semiactive. dactyion (L.) Pers.| receiv-
thermic Plinthic Paleudult) ing 100 kg ™ ha ' as poul-
try litter
Stephenville, TX Windthorst fine sandy loam Bermuda grass hay receiving 6.3 13 13.0
{Fine, mixved, active, thermic 400 kg N ha lag dairy manure
Udic Paleustalf)
Lubbock, TX Acull loam (Fine-loamy, mived. Sorghum receiving 200 kg Nha ™' 7.4 22 9.3
superactive, thermic Aridic
Paleustoll)
Clinton. LA Providence silt loam (Fine-silty. Alamo switch grass 6.6 15 225
mixed, active, thermic Oxya-
quic Fragiudalf)
Kenai, AK Kenai silt loam (Medial over Bluegrass pasture 72 1% 48.3
loamy, mixed. superactive
Typic Haplocryod)
Oakwood, OK Lincoln loamy fine sand (Sandy. Wheat (Triticam aestivam 1.), 6.5 1 1.8

mived. thermic Typic Ustiflu-
vent)

continuous tillage with 20 kg
™ ha!

plore the possibility of using of dried soil in routine
incubations as opposed to field-moist soil.

MATERIALS AND METHODS

Soil samples were collected from four states. Five of the
soils were from Texas (Windthorst, Acuff, Hildalgo, Bowie,
Victoria series), and one each was from Alaska (Kenai). Loui-
siana (Providence), and Oklahoma (Lincoln) (see Table 1 for
soil descriptions). Sampling depth in each case was 0 to 7.5 cm.
(Table 1). Soil pH was measured with 2:1 water/soil ratio. Soil
texture was determined by the hydrometer method and soil
organic C from the modified Mebius method (Thomas, 1996).

Each sample was homogenized and passed through a 5-mm
sieve, and then split into four treatment groups with each soil
sample having 160 g on an oven-dried basis. All soil samples
were incubated for 7 d at about 50% of field capacity (range
of water addition was 6-14 mL per 40 g of soil). After that,
four treatments (three replicates each) were imposed: 24 h
drying at 40, 60, 100°C, or continuously moist at 50% field ca-
pacity.

Dried soil treatments were subsequently rewetted with wa-
ter to approximately 50% field capacity. After rewetting, soil
samples were incubated at 25°C in 1-L glass jars with an alkali
trap containing 10 mL of 1 M KOH to adsorb CO, and a
container with 10 mL water to maintain humidity. Traps were
changed at 1, 2, 3,4, 5, 7, 14, and 24 d after incubation began
and titrated with 1 M HCI (Anderson, 1982).

Nitrogen mineralization was determined by subtracting the
initial inorganic N concentration (NH;-N and NO;-N) of
nonincubated soil samples from soil N extracted after 24-d of
incubation. Inorganic N was extracted from 7-g soil subsam-
ples using 28 mL of 2 M KCl. Samples were shaken for 30
min on a reciprocal shaker, filtered, and the extracts analyzed
for NH-N and NO; plus NO;-N using an autoanalyzer
(Technicon Industrial Systems, 1977a, 1977b). The sum of the
above N forms was designated inorganic N.

The experiment was analyzed as a completely randomized
factorial design with eight soil types and four incubation treat-
ments. Linear regression was determined to show the strength
of relationships. We used SigmaStat ver. 2.03 (SPSS Inc. Chi-
cago, IL.) for all the statistical work.

RESULTS AND DISCUSSION

Increasing the drying temperature of soils from 40 to
100°C caused a substantial change in the evolution of
CO; during the first day after soil rewetting. Of the
eight soils studied, seven reached their peak rate of CO,
evolution on or before the second day of incubation
(Fig. 1). The flush of CO; from drying and rewetting
was essentially complete for all soils by the fourth day
of incubation.

The quantity of CO, produced (C mineralized) in the
first 4 d of the incubation was highly correlated to drying
temperature (r = (.98 data not shown). This sugoests
that short-term CO; flux after soil drying and rewetting
may provide a stable index for comparative analysis.
Results for continuously moist soils vs. soils dried at
40°C (data not shown) were not significantly different
from one another at P < 0.05, as analyzed by ANOVA.

We observed close correlations between 1-d CO, evo-
lution following rewetting of soils dried at 40 or 60°C
and 24-d cumulative CO, release from continuously
moist soils, with r values of 0.99 and 0.98, respectively
(Table 2). This CO, evolution may partially be due to
reestablishment of the microbial population following
microbial death due to drying (Sorensen, 1974) and os-
motic shock following rewetting (Kieft et al., 1987).

Soils dried at 100°C exhibited both increased C miner-
alization and greater variability as compared with the
40 or 60°C treatments (Table 2). Birch (1959) used vari-
ous soils that were air-dried (25°C) or dried at 100°C
(with soil drying lasting for 24 to 48 h) and observed a
flush of C and N after rewetting. He stated that desicca-
tion of microbial biomass likely occurred during drying.
It is likely that the difference in the flush of CO; from
soils following drying and rewetting originates predomi-
nately from killed soil microbial biomass that is quickly
mineralized by the remaining heat-resistant or protected
microorganisms. The poor correlation of 1-d CO, to
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Fig. 1. Rate of CO; evolution during the first 4 d of incubation after
drying at 40, 60, and 100°C and then rewetting.

24-d CO; shown in Table 2 for the 100°C drying treat-
ment was most likely due to a greater portion of the
indigenous microbial community affected by 100°C over
the 40 or 60°C treatments. By Day 3 of the incubation,
however, the evolution of CO; from all dried treatments
was strongly correlated with field moist 24-d C mineral-
ization, indicating the relatively rapid recovery of the
more heat-sensitive microorganisms even when dried at
100°C (Table 2). Therefore, a 24-h recovery period after
drying at 100°C and rewetting was insufficient to esti-
mate the complete flush of CO,.

Nitrogen mineralized after 24 d from soils that were
dried at different temperatures and then rewetted was
strongly related to N mineralized after a 24-d incubation
of continuously moist soils (Fig. 2). Essentially a 1:1
relationship in N mineralized was observed for soils
dried at 40°C and rewetted compared with soils kept
continuously moist. As the drying temperature in-
creased. the relationships between N mineralized in
dried/rewetted vs. moist soils became more variable,
although they were still significantly correlated. Nitro-
gen immobilization due to microbial uptake or N volatil-
ization may have occurred following the higher temper-
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Fig. 2. Nitrogen mineralized after 24 d in soils dried at 40, 60, or
100°C following rewetting compared with 24-d N mineralization
in soils that were kept continuously maoist,

ature treatments during the 24-d incubation and may
possibly explain the increasing variability with increas-

ing drying temperature.

The intercepts of the regression lines increased as soil
drying temperature increased. suggesting that the pool
of mineralizable N was larger in soils that were dried
and rewetted than in field-moist soils (data not shown).
One possible explanation may be that protein denatur-
ation begins around 60°C, which suggests that proteins
may have been degraded to amino acids and NH{ by

Table 2. Correlation coefficients of potential C mineralization
from soils with pretreatment dryving and rewetting followed by
J-d incubation with 24-d incubation of field-moist soil (n = 24).

Correlation

Incubation time Temperature coeflicient
d °C r

1 40 0,99+

1 60 LU

1 100 05457

3 40 098+
3 60 0,99+
3 100 0,985+

4+ Significant at P < 0.001.
i Not significant at P < 0.05.
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or second day of incubation, depending on drying tem-
perature, however, we recommend a 3-d, as opposed to
a 1-d incubation following drying and rewetting, to en-
sure a more complete recovery of the CO, flush.

For potential N mineralization, soil dried at 40°C was
highly related to soil kept at field-moist conditions and
no significant differences were detected in the amount
of NH~N or NO+—N when comparing dried (40°C) vs.
field-moist soil.

Drying and rewetting may serve as a useful alternative
to maintaining soils in a field-moist state for estimating
potential C and N mineralization.
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Fig. 3. Nitrogen mineralized (NHy*-N, NO; -N, NOy -N) after 24 d
in soils kept continuously moist vs. soils that were dried and re-
wetted.

the drying process. Asdrying temperature was increased
from 40 to 100°C. NHZ-N also became more prevalent
than NO; N (Fig. 3). Total inorganic N concentrations
from summing both NH{-N and NO;-N were similar
in all drying treatments, but NHf-N increased with in-
creasing temperature, indicating that soil-nitrifying bac-
teria were more sensitive to desiccation at higher drying
temperatures, but were not completely eliminated even
at 100°C. It is also interesting to note that soils dried at
40°C and rewetted, total N mineralization and individual
quantities of NH; and NO; were not significantly differ-
ent compared with continuously moist samples. There-
fore, as long as standardized laboratory techniques are
followed, the use of soil dried at 40°C and rewetted
should be useful to evaluate potential N mineralization
across a wide range of soils without having to maintain
soil in a field-moist state.

CONCLUSIONS

The flush of CO; after 3 d of incubation from soils
that were dried at 40, 60, or even 100°C and rewetted
were highly correlated to 24-d incubations with soil that
was incubated in a field-moist state. Drying soil at 100°C,
rewetting, and then determining CO; evolution for 1 d
was not reliable for estimating longer-term C mineral-
ization (24 d). However, even when dried at 100°C, soil
microbial respiration rebounded sufficiently within 3 d
of rewetting to strongly correlate with longer-term C
mineralization. Drying at increasing temperatures then
rewetting soils produced a near linear increase in CO,
release across a variety of soil types. The flush of CO,
after drying and rewetting reaches its peak on the first
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