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Pennsylvania NRCS State CIG Priority Addressed by the Project: Carbon Sequestration;
specifically encouraging the use of new technologies to measure carbon in soils. The project will
use soil probes to directly measure soil carbon changes resulting from implementation of
conservation practices and systems. Practices and management to increase carbon sequestration
will also be demonstrated.

Brief Description of the innovative conservation approach(es): The project will demonstrate
new technology (soil probe) to continuously monitor soil organic carbon, NPK, soil moisture and
soil temperature on a real time basis. The probe allows improved fertility management by farmers
and advisors and also can be used to document carbon sequestration for purposes of verifying
carbon credits. Lab-based soil testing will also be conducted as an alternative method of
monitoring soil carbon.

Project goal/objectives

The main goal of the project is to demonstrate innovative new soil carbon monitoring tools. An
important associated goal is to demonstrate that practical tools are available for farmers and
consultants to plan new crop and pasture systems that can generate additional soil carbon that can
be measured by the new monitoring tools.

New NRCS Conservation Evaluation and Management Assessment standards (Soil Health
Management Plan 116; Carbon Sequestration and Greenhouse Gas Mitigation Assessment
218/COMET-Farm Tool) will be used to demonstrate how accepted NRCS technical tools can
help farmers plan and develop new systems that can measurably increase soil carbon. The Soil
Health Management Plan is very new and therefore has not been used extensively to date. The
COMET-Farm tool which is incorporated into the new Carbon Sequestration and Greenhouse Gas
Mitigation Assessment 218 has been available for a number of years but is new to Pennsylvania
producers.

New soil monitoring tools and standards (TCP soil probe; NRCS Soil Health Testing 216, tests to
be done by Cornell Soil Health Testing Lab) will be used to monitor changes in soil organic
carbon resulting from changes in management practices implemented as a result of the planning
component of the project. As both of these tools are very recent developments, there is very little
awareness of how they can be used to monitor soil carbon.

The project in general will demonstrate applicability of new NRCS Conservation Evaluation and
Management Activity (CEMA) standards for planning and implementing new systems to increase
soil carbon.



The project will demonstrate applicability of soil carbon planning and monitoring tools across
common agricultural land uses (cropland and pasture), management practices and soil types in
southcentral Pennsylvania.

The project will document the benefits, costs, advantages and limitations of currently available
tools and procedures to plan, implement and monitor systems.

Overview of Results:

Our project design called for installation of Teralytic soil probes on four farms/two fields each, on
cropland and pasture soils common to southcentral Pennsylvania. We also planned for parallel
soil sampling using the NRCS Soil Health Testing CEMA 216 procedure with testing by Cornell
Soil Health Lab. Additional comparison soil testing done by Penn State Agricultural Analytic
Services Lab. Soil samples for lab soil testing were collected for the 0-6” soil profile depth
following each lab’s recommended procedure.

Soil samples were collected using those lab’s standard collection protocol, collecting samples from
6-10 sample points along a planned route, aggregating those subsamples, and sending a single
sample for testing to the lab. Samples were collected in April 2023 at the beginning of the project,
and also in the last year in April 2025. Although not originally planned, additional samples were
also collected in 2024.

We regularly found differences in estimated SOC between the probes and the lab testing of soil
samples. Most commonly, SOC as estimated by the probes was less than SOC as measured by soil
tests. The two testing labs themselves were sometimes different, with the Cornell results being
slightly higher than Penn State. Probe results were generally less than either of the testing labs.
Initially Teralytic believed the differences were not statistically significant, or we thought the
probes were not working correctly. Both only partly explained the differences. The key factor we
found is that soil probes primarily represent SOC at the depth of the CO2 sensor (4-6 inches),
while soil samples were taken from the 0-6” layer. We were measuring two different parts of the
soil profile. There were other factors involved but this was the main one.

For indicators other than SOC, the probe may be a good tool to monitor indicators such as soil
biological activity, as indicated by the probe’s CO2 sensor at the 6” depth. We were not able in
the scope of this project to explore that.

Expected Accomplishments and Deliverables Project deliverables/products

Project deliverables/products

a) Profiles of cropping and pasture systems used by participating farmers: types of
operations, management practices used, new practices adopted, changes in soil carbon and

soil fertility, estimated and measured changes in soil organic carbon.

Two of the farm operations were dairy; one was beef, one was mixed vegetables/livestock
including pasture.

Josh Ramsburg, Rock Creek Farms, Adams County PA



Matt Steiman, Dickinson College Farm, Cumberland County PA
Ben Peckman, Slate Ridge Dairy, Franklin County PA
Scott Kreider, S&A Kreider & Sons, Lancaster County PA

b) Recommendations for use of probes to measure soil organic carbon: number, spacing,
location, depth, relation to soil types.

Summary:

We recommend the first step be to conduct an assessment of all fields being considered for carbon
measurement and monitoring, whether probes are to be put in those individual fields or not. This
could follow procedures in the NRCS Soil Health Management Plan CPA 116 standard under
Resource Inventory and Assessment Documentation, with emphasis on land use, specific crops
grown, yields, soil types, current and proposed management, baseline pH, soil fertility and soil
organic matter or soil organic carbon levels. Ideally all fields would have soil tests, but if not all
fields at least the major fields would have baseline soil testing. This background information could
be used to groups fields with similar characteristics into aggregated Conservation Management
Units (CMU) which could be used to plan where soil probes can be installed most efficiently to
represent the overall management unit.

For purposes of this report, CMU uses the definition from the NRCS National Planning
Procedures Handbook, with the purpose as stated of combining fields with similar characteristics
into one management unit, both for planning treatments and for monitoring activities:

Conservation Management Unit (CMU) - A field, CLU, group of fields, or other land units of the
same land use and having similar treatment needs and planned management. A CMU, made up of
one or more planning land units (PLU), has definite boundaries, such as fence, drainage,
vegetation, topography, soil lines, or land use, and is used by the planner to simplify planning
activities and facilitate development of management systems.

If key indicators are not known, such as baseline soil organic matter (SOM)/soil organic carbon
(SOC), consideration should be given to initial basic agronomic soil testing in fields without this
information.

These recommendations are essentially the same as contained in the NRCS Soil Health
Management Plan CPA 116 and Soil Health Testing CEMA 216 standards. As those standards
have been developed for use with conventional soil sampling methods, these concepts would apply
any carbon monitoring program, not just those using soil probes for monitoring.

Number of probes:

Three or more probes are recommended to better represent soil organic carbon SOC levels over
the Conservation Management Unit CMU, which could be a single field or a CMU composed of a
number of fields with similar characteristics.

Fields in this project ranged from 3 to 10 acres in size. On all of the four farms, fields with probes
were adjacent and had the same soil types. We initially considered using two probes per field, but



because of the small field size, desire to minimize obstacles in the fields that farmers would need
to navigate around, and to save money, we used one probe per field because it also seemed
reasonable with the understanding that one probe could represent up to 20 acres. That resulted in
getting an SOC estimate for the entire field based on a single probe at a single point in the field.
That point may or may not have been representative of the whole field and left no alternatives if
the probe failed to work properly.

For comparison, both the October 2024 and January 2026 version of the Soil Health Testing (216)
CEMA standard call for testing three soil subsamples, instead of testing one aggregated sample per
management unit as was the requirement when we started the project. The January 2026 version of
the 216 standard calls for those three samples to be taken from a single Planning Land Unit (PLU)
which appears to be equivalent to a field. Probe installations do not have to follow the 216
Standard such as the 3 soil tests per field criteria, and it may be more cost-effective and efficient to
use a different installation planning approach such as three or more probes per CMU. For larger
CMUs more than three probes may be needed.

Spacing:

Probe spacing would be based on size of the area being tested and number of fields. Teralytic
provided guidance that one probe can represent up to 20 acres. That, along with our
recommendation to use at least 3 probes per management unit, gives general guidance to space 3
probes on up to 60 acres, assuming those 60 acres have similar characteristics. It may be possible
to represent more than 60 acres if a number of fields with good uniformity in management, soils,
fertility and baseline SOC are identified so as to create a large CMU that does not require probes
every 20 acres or in every field.

The recommendation to use three or more probes to represent a management unit, while not ruling
out small fields, could make use of the probe on small stand-alone fields impractical due to
installation and operation and maintenance costs, plus time and effort to navigate around the
probes in a small field. Small fields that are part of a larger CMU might not need to have probes
actually placed in them, but could have probe results from larger fields in the CMU applied to
them.

Location:

At the macro level, probes used to measure/monitor SOC should be placed on fields with similar
soils, crops and management, and have similar baseline SOC levels, forming a common
conservation management unit as described in the introduction to this section. This requires
preliminary soil sampling and testing, if farmers do not already have recent soil test results on
baseline SOC/SOM and general soil fertility. Farms in our project and in Southcentral
Pennsylvania would commonly have at least one pasture management unit and one cropland
management unit. These might be split into additional management units further if there are major
differences such as significant soil differences.

On two of the farm operations in the project (Adams, Lancaster counties) we conducted additional
soil sampling (Cornell/NRCS 216, Penn State agronomic testing) on additional fields not included
in the original probe placement, but that had similar soils, crops and management as fields with
probes. The Lancaster farm especially had very good consistency with crops, soils, and
management, and soil test results were very similar across all fields, and is a good example of



where multiple fields could be combined in one CMU. The Adams farm had more variability in
soils within a field and between fields, though for purposes of such as monitoring soil organic
carbon still showed potential for grouping different fields into one or two CMUs. As this
additional work was done using soil sampling and testing, it could apply to traditional monitoring
as described in NRCS Soil Health Testing 216 standard.

At the micro/field level, the NRCS 216 Soil Health Testing standard provides guidance under
“Soil Sampling and Testing Considerations for all Samples” that apply to selecting specific
locations for probe placement. Avoid collecting or combining soil samples under the following
conditions, unless a sampling strategy is used to specifically address the variability (e.g., stratified
sampling):

Wheel tracks or drive lanes, field borders, depressions, or other odd areas within the field.
Areas with historically lower or higher productivity.

Different landscape positions.

Fields with different crops or rotations, or the same crops with a different management.
Row versus inter-row areas.

Eroded versus non-eroded areas.

Saturated soil.

The objective is to select locations that are representative of the overall management area, that are
not one of the conditions to avoid, and where the probe can be fully installed without interfering
unduly with farming operations. In our project with its use of a Gateway unit to transmit probe
signals, we also needed to select probe locations that were within line of sight of a Gateway unit;
this significantly impacted where probes could be installed. The planned new probe design will not
require a Gateway; that will greatly simplify selection of probe locations in the future.

Depth:

Soil depth is a critical factor with use of the probe. The Teralytic probe used in this project is
meant to be placed 27 deep. This puts the carbon dioxide CO2 sensor used to derive SOC at a 6”
depth. While there can be some small variations in those depths, we do not recommend using the
probe where the full installation depth cannot be achieved.

Placing probes at shallower than design depth introduces additional variability into results and
potentially impacts accuracy of results. While not known to us at the start of the project, probe
SOC estimates are based on the depth of the carbon dioxide CO2 sensor and not the 0-6 soil
sampling depth that we used, and is commonly used, for soil sampling and testing. Maintaining
consistency of depth is important to being able to compare probe results to comparative soil test
results.

Using NRCS web soil survey mapping as a guide, this rules out use of the probe in shallow soils
(24 deep or less). Moderately deep soils can be considered with caution, and only after
preliminary evaluations show adequate soil depths of at least 27” be available in all fields where
probes will be placed. It may be possible to find deeper spots in a field that otherwise has shallow
soils, but this may result in selecting a site for probe installation not because it is representative of
the larger area, but simply because it is deep enough to install the probe. This can lead to a probe
returning data readings that do not reflect the area it is intended to represent, and is also not
recommended.



In our project, fields selected for probe installation had depths ranging from shallow (23-24” deep)
to over 30” deep. Locations 24” deep or less were rejected. We did several installations with
depths of 25” — 26” which results in the CO2 sensing probe being 4” or 5 deep instead of the
design 6”. These shallower installations tended to have more concerns about accuracy of results,
and physical problems such as frost heaving of the probe in shallower soils.

Teralytic is working on a design for the probe that has 2 groups of sensors instead of 3, and is
shorter by about 6-10 inches, and could be used in shallower soils. It will still be important the

note the actual depth of the CO2 sensor to determine what part of the soil profile it is representing.

Relation to Soil Types:

The probe analyzes CO?2 in the soil to estimate SOC, and detects nutrients such as N, P and K in
the soil solution. Probes may not be as effective in soils with reduced gas or fluid permeability
because of natural or management-related impediments to flow. Teralytic notes that the probe
demonstrates optimal performance in soils characterized by adequate moisture content, rich in
organic matter, and good soil structure. We noted that probe performance decreased significantly
in excessively dry conditions.

Farms in the project had a mix of cropland and pasture, deep to moderately deep/shallow soils, and
soil based on different parent material and productivity: limestone (Duffield); schist (Chester);
sandstone/shale (Berks, Penn/Klinesville). These land uses and soils are representative of much of
the agricultural land in south-central Pennsylvania and the Capital RC&D seven-county region.

Soils in all fields were considered well drained, moderate to good permeability, with surface
textures of variations of silt loam. We did not test the probe on soils with inherent low
permeability, high water tables, or other similar limitations to water or air movement. Some of the
fields had compacted zones or poor aggregate stability/poor soil structure that may have limited
gas or fluid movement and potentially probe function.

In a soil with known permeability limitations, regardless of whether those are inherent or site-
specific in nature, we suggest first doing the recommended grouping of fields into management
units, conducting the recommended preliminary soil testing for SOC if not already done, and then
do a small trial installation of probes to determine if they will function correctly in that soil, and if
so what part of the soil profile is being monitored.

Additional Discussion:

We had discussions with Teralytic regarding how far from the sensors, both horizontally and
vertically, the sensor could be expected to sample gas or soil solution. This was focused primarily
but not limited to the 6” CO2 sensor. There were no definitive numbers, but at least for the CO2
sensor it is not be a great distance, possibly not more than a few inches. From the 2025 soil
testing immediately at the probe (9” radius, sampling at 0-6” and 6-12” depths), in some cases the
probe reading was between the 0-6” and 6-12” soil tests results, sometimes very similar to the 0-6”
result, and sometimes not similar to either. Influencing factors include variability in sensor depth,
soil texture, structure or compaction differences, or loss of CO2 to the atmosphere. We did not
have time in scope of this project to further evaluate this, though use of a baseline soil testing
program as described in this report could help define what depth or zone in the soil is being
represented by the probes.



Soil sampling and testing can have its own sources of error and variability, and must be considered
when comparing probe results to soil test results. Dry and hard soil makes it difficult to get
consistent samples by either shovel or core sampler. While efforts were made in all cases to
remove undecomposed surface litter, this can also be a source of variability. Soil sampling
variability can be mitigated by collecting multiple subsamples as recommended. The Soil Health
Testing 216 recommendation to test three separate samples to represent an area provides additional
confidence in sampling results.

¢) Procedures for integrating probe data with other crop and pasture management data.

Along with basic soil testing of fields being considered for monitoring, as described in Section b)
“Recommendations for use of probes to measure soil organic carbon”, we recommend initial soil
testing to establish a baseline profile at the probes, to be able to compare probe results with other
monitoring such as soil testing. After probe results have been adequately correlated with other
testing, then either could be used over time for monitoring.

Probe results should be viewed over the long term without undue reliance on short term data for
making decisions or judgements, at least until a consistent record is established. In our three-year
project, some of the probes showed consistency over the long term for indicators such as SOC,
interspersed with periods of a week or a month or more when results were out of range compared
to long term averages. Out of range results could be for a number of reasons, including extreme
drought, unusually high soil biological activity, or the probes just not working correctly. Out of
range results were not always obvious when they happened, but were more apparent when looking
at long term averages.

At probe installation, soil samples should be taken immediately at the probes at depths that match
or bracket the sensors. These tests results would establish a baseline profile of what the probes are
representing, in comparison to other testing used to make management decisions. Field sampling
would also be done and compared to samples taken at the probes, to confirm that probes are in
locations that are reflective of the larger field(s). Probes could be relocated if their initial location
is not representative of the larger field.

A soil sampling and testing program we conducted in the last year of this project took core
samples immediately at the probe (we used a 9 horizontal distance), and at 0-6” and 6”-12”
depths. Samples were also taken in the field at 0-6” and 6”-12" depths.

While this was used only in the last year of the project, and results were not consistent for all
probes, in general it appears that when probe SOC estimates were not similar to the 0-6” soil test
results, they more closely represented a zone at the sensor and between the 0-6” and 6-12” depths.
Teralytic has also noted that probes primarily represent SOC at the depth of the CO2 sensor (4-6
inches), while soil samples were taken from the 0-6” layer. At times, when soil tests at the probe
were compared to soil tests from the field, it appeared that the probe just happened to be installed
in a location not representative of the field.

Type(s) of soil testing done at probes and in field would depend on farmer goals and objectives,
but would have at least one soil function or indicator that both probe and soil testing report on.
Testing for soil organic carbon is an example of a test that could be done with samples collected
by a soil core sampler, which is a relatively non-destructive sampling procedure and could be done
relatively close to the probes. Collecting samples for the Cornell Soil Health Test or NRCS Soil



Health Testing CEMA 216 is more invasive, requires use of a shovel and larger collection hole,
and may not be practical to collect close to the probe, especially for samples deeper than 6. Soil
health testing could still be used if soil structure close to the probe was maintained, with other
testing done at the probe to establish a relationship between soil health testing, conventional
agronomic soil testing, and probe estimates.

If a baseline profile of probes can be established, and long term averages become apparent, then
subsequent comparative soil testing may be able to be targeted to specific needs such as an actual
SOC measurement for the 0-6” layer.

Discussion:

There may be a potential cost savings in the form of reduced nitrogen application rates on fields
with high soil organic carbon/soil organic matter levels, as documented by a carbon monitoring
program. Penn State has been developing an adaptive nitrogen management program that is
focused on N rates for corn. This program incorporates among other factors, soil organic matter
levels, soil texture, manure application history. For soil texture, lab testing is recommended but if
that is not available then NRCS web soil survey estimates can be used. From the Cornell soil
health test that we used, we found relatively good correlation between the results from actual
testing with NRCS “book” values for soil texture.

d) Costs associated with the use of the probe to measure soil organic carbon.

We used a single Teralytic soil probe per field, with a single Tektelic Gateway that received short-
distance transmissions from the probe and then sent that to the “cloud” and on to Teralytic’s
Dashboard. Fields were between 3 and 10 acres in size.

The probes were powered by a self-contained battery with estimated service life of 1 2 to 3 years.
The Gateways were powered by either a hard wire connection to a 120-volt electrical outlet, with a
power transformer to convert from AC to DC, or where electric outlet was not available, powered
by a 12-volt battery with solar panel and solar converter.

This configuration cost approximately $8,250 per farm for initial installation, including installation
by Teralytic and ongoing technical support throughout the project. Capital RC&D provided
considerable operation and maintenance support over the course of the project, and participating
farmers also provided support in the form of protective fencing, marking flagging, etc.

In discussions with Teralytic, the next generation of probes will transmit data without the
Gateway, removing that installation, operation and maintenance cost. The cost for this next version
of the probe is estimated to be about $1,750 each, or $5,250 if a set of three is used for a
management unit. This would not include installation costs or subsequent operation and
maintenance. Periodic checking of probes was necessary. It was not possible to install probes and
forget about them.

The recommended parallel soil sampling and testing program would involve approximately 12
tests (2 at each of the three probes at the 0-6 and 6-12” depths, and 2 at each of the three field
subsample locations also at the 0-6 and 6-12” depths).

Costs for soil testing could vary considerably, depending if a simple SOC only test is needed, up to



getting complete NRCS 216 Soil Health Testing. Cornell Soil Health Lab offers SOC testing for
$30 per sample. Other labs such as Waypoint Analytical also can test for SOC. Cornell offers an
NRCS 216 Soil Health Testing package for $165 or a “Standard Plus” package for $150 that also
meets NRCS 216 criteria. Costs for lab testing for SOC, without sample collection, handling and
mailing costs, could run from $30 to $165 per test or from $360 to $1,980 for a management unit
to conduct baseline soil testing for a three-probe installation. Collecting enough soil for a soil
carbon test only could be done with a core sampler and provide cost savings in sample collection
and handling. NRCS 216 Soil Health Testing may only be needed at the field locations and not
immediately at the probe. We used a core sampler at the probe since we were only interested at
the time in SOC, but another advantage of the core sampler is that it causes less disruption to the
surrounding soil profile than would be done with the larger sample required for a soil health test.

Sample collection costs would vary depending on travel time to and between fields, size of fields,
if fields can be walked or if a vehicle or 4 x 4 is needed, etc. In our project, in walking 3-10 acre
fields using original Cornell and NRCS Soil Health Testing procedures calling for a single
aggregated sample per field, and collecting 8-10 samples per field, took approximately 1 hour per
field. About a half day/3-4 hours, without driving time, was needed to collect field soil samples for
each farm when sampling two fields. NRCS in its 2025 Soil Health Testing cost scenarios uses an
average labor cost of $40.04/hour. Using that as basis, sample cost collection per management unit
is approximately $160, without mobilization/travel, or mileage/equipment costs. Collecting three
samples for testing instead of one would have slightly higher time and labor to collect the samples,
so would be slightly higher in cost.

We collected core samples at the probes as a separate activity from collecting field soil samples.
Taking 8 core samples around each probe, and splitting each core into a 0-6 and 6-12” portion,
took about 30-45 minutes per probe. Using the NRCS $40.04/hour labor rate, this is about another
$40/probe sample collection or $120 per management unit, without mobilization/travel, or
mileage/equipment costs.

e) Comparison of results of using of the soil probe to directly measure soil organic carbon,
compared to other methods such as modeling or conventional soil sampling. The probe
provides a continuous monitoring of soil organic carbon, NPK and soil moisture levels which
greatly aid producers’ management. Where the conventional soil samples are a snap shot of
conditions at the specific time it’s taken and will need to be sampled annually under similar
conditions and time of year. The modeling concept is an assumption based on a few tests and
applied to the entire field(s). The soil probe provides improved accuracy of the assumptions.

We had mixed results using the probe to measure soil organic carbon SOC as compared to soil
testing.

The premise of the probes was that they could provide real time data throughout the year on SOC
and other soil health and fertility factors such as pH and nitrogen N-phosphorus P- potassium K,
without having to go to a field to take samples and send to a testing lab. The premise of soil testing
is that while it may only be practical to do once a year or every several years, it is known science,
procedures for collecting soil samples and testing soils are simple, and it can be done with readily
available tools such as core samplers, shovels and buckets.

In our project, soil sampling and testing appeared to be better suited than the soil probe for
agronomic and soil fertility information including SOM or SOC for typical farming operations



Soil sampling and testing have well known sources of variability. It is simple and relatively
affordable, farmers can pick and choose what indicators they need, and there are qualified
consultants and available labs to collect samples and provide testing services.

A niche for the soil probe would be for use in a carbon credit program where program managers
want to be able to monitor soil carbon in a real time basis; have the resources to plan, install and
maintain soil probes; and have technical assistance to evaluate probe results. Conducting farm
operations around the above-ground probe heads does create a nuisance, making producers set up
protection zones for both cropping and grazing operations.

Estimated SOC for any given probe tended to be relatively consistent over time. For any day, week
or even month the estimated SOC might be considerably different than the long-term average, so
simply looking at a few readings without considering long term history could lead to false
conclusions about short term SOC readings.

Low probe SOC estimates appear mostly driven by dry soil conditions, which would lead to lower
biological activity and lower CO2 production. In soil with open soil structure in the surface 4-6”,
there may have also been increased loss of CO2 to the atmosphere that was not being picked up by
the CO2 sensor. Some probes periodically had low SOC estimates that appeared to be operational
issues. High SOC estimates seemed associated with optimal soil biological activity that increased
soil CO2 levels.

Over time, probe SOC estimates tended to flatten out, though not necessarily matching soil test

results because of the inherent differences in what soil depths they were monitoring. All probes

were replaced at least once in the same location. Efforts were made to maintain consistent depth
and soil contact but that was a source of variability, as sometimes the replacement probe’s SOC
estimate was different from the probe being replaced.

SOC as estimated by probes was generally lower than soil tests by Cornell and Penn State. For
some of the farms (Steiman/Dickinson and Ramsburg/Rock Creek), Teralytic felt these differences
were within statistical range of equivalency. Differences were larger for Peckman/Slate Ridge and
for Kreider. For all four the farms, the primary reason for differences appears to be that the probe
sensor at 6” (4-5” for Peckman and Ramsburg) is evaluating a different portion of the soil than is
being tested from samples taken from the 0-6” depth in the soil profile.

With effective parallel soil testing and using long-term average probe SOC, the probe could be a
useful tool to track long term trends such as might be done for carbon credit purposes. If a
quantitative SOC estimate is needed, not just the relative SOC trend that is hopefully increasing
over time, it would be important to confirm what part of the soil profile is represented by the probe
SOC estimate. That in turn would inform where to measure bulk density, if knowing the quantity
of SOC and not just the percentage is needed.

Sensitivity of probe pH and NPK sensors to dry soil reduced accuracy and availability of data,
similar in concept to sensitivity of the CO2 sensor to dry soils. Where farmers apply fertilizer once
or twice a year, reliance on traditional soil testing seems to be an adequate and simpler way to
monitor soil fertility and determine soil amendment needs.

For soil sampling and soil testing, Cornell showed slightly higher SOM and SOC than Penn State’s
SOM and our calculated SOC from that. For any soil testing program, differences in how, where in



the field, and when samples are collected are a potential source of variability. In the spring and fall
periods that we collected samples in the project (April, May, October), dry and hard soils were
commonly encountered and these can be difficult conditions to collect samples of consistent depth
and content.

We anticipated that the one to three foot isolation distance around the probe to protect it from field
operations or livestock could be a source of inconsistency in probe results compared to the
adjacent field. In the short term of our project this was probably not a major factor, but should be
considered for longer term evaluations.

There did appear to be situations where the probe happened to be placed in locations with different
baseline SOC values than the rest of the field. This could be mitigated by using more probes to
average results, or as already discussed using soil testing to identify where this might be
happening, and possibly relocating the probe if needed.

It is generally accepted that in agricultural fields there is more SOC in the surface 0-6” than at
deeper depths. SOC can also change at the 6 depth and below in reaction to changes or
improvements in management. While a farmer may be mostly interested in qualitative changes
over time, for carbon markets where quantity of change is important, it would be important to be
able to confirm at what depth SOC changes are happening. This information could then be used to
plan parallel soil bulk density measurement in order to calculate the amount of change in SOC.

A premise was that probes may have a higher initial installation cost than soil sampling and testing
that would be made up for in time. At least in the short term, in our project soil testing and
sampling were cheaper and simpler, and provided adequate information for monitoring carbon and
informing management decisions. Probes would likely be most appropriate on larger acreage
project over a longer term.

Summary of Probe Results:

Across 8 probes on 4 farms, the range in results for SOC on individual fields was as follows (data
from June 2 2023 to November 5, 2025). Probes for any given farm were in adjacent fields with
similar soils. Probes showed a wider range in SOC values than soil tests. Teralytic provided
general guidance that for monitoring soil organic carbon for carbon credit purposes, variations of
+/- 10% from the average or mean is considered acceptable. At the end of the project, with probes
generally showing 500-600+ readings, it is more apparent when readings are outside of that 10%
+/- range.

Farm Field Highest Lowest Average Median Number of
SOC % | SOC % SOC % SOC % Data
(probe) (probe) (probe) (probe) Points
Peckman | Upper South 1.77 1.04 1.31 1.28 678
Peckman | Lower North 1.63 1.31 1.41 1.36 16
Dickinson | West Pasture 1.49 1.20 1.25 1.26 561
Dickinson | East Pasture 1.77 0.69 1.41 1.44 561
Ramsburg | Pasture West 1.65 0.65 1.32 1.31 525
Ramsburg | East Hayfield 1.59 1.10 1.31 1.30 542




Kreider North Field 1.60 0.97 1.26 1.23 699

Kreider South Field 1.44 1.08 1.25 1.24 691

The extreme lower range of SOC estimates with the probe occurred mainly in periods of dryness,
such as in August and September 2025 when there had been very low rainfall. CO2 activity as
measured by the probe decreased greatly and the associated SOC estimate had its own significant
decrease. Higher SOC levels were in periods of ample soil moisture and moderate temperatures,
such as in May or June. Fall of the year was generally drier and tended to show lower SOC.

Summary of Cornell Results:

Soil samples taken in April 2023 and April 2025 by Team Ag were sent to Cornell. Also, samples
taken in May 2024 and October 2024 by Capital RC&D were sent to Cornell. Samples tested by

Cornell had less variability and higher average SOC levels as compared to the Teralytic probe.
These samples were all taken at the 0-6” level using a sharpshooter tile shovel to take slices of

soil.
Farm Field Highest | Lowest Average Median Number of
SOC % | SOC % SOC % SOC Data
(Cornell) | (Cornell) | (Cornell) (Cornell) Points
Peckman | Upper South 3.36 2.57 3.05 3.21 3
Peckman | Lower North 3.78 3.34 3.49 3.34 3
Dickinson | West Pasture 1.69 1.33 1.54 1.59 3
Dickinson | East Pasture 1.58 1.36 1.48 1.51 3
Ramsburg | Pasture West 2.17 1.72 1.95 1.97 3
Ramsburg | East Hayfield 1.61 1.43 1.55 1.61 3
Kreider North Field 2.44 1.95 2.15 2.05 3
Kreider South Field 2.87 2.01 2.42 2.39 3

Summary of Penn State Results:

Samples taken in April 2023 and April 2025 by Capital RC&D were sent to Penn State AASL.
Also, samples taken in May 2024 and October 2024 by Capital RC&D were sent to Penn State.
Penn State AASL tests for Soil Organic Matter (SOC) and does not directly for Soil Organic
Carbon (SOC). From discussions with faculty at Penn State, for general estimating purposes we
used a conversion factor of SOC = 0.58 * SOM to estimate SOC from samples tested by Penn
State for SOM. Values in the following table represent that conversion. Samples as tested by
Penn State had less variability and higher average SOC levels as compared to the Teralytic probe.
Samples tested by Penn State also tended to have lower SOM levels than samples tested by
Cornell, but in applying the 0.58 conversion factor the estimated SOC was similar to Cornell.
These samples were all taken at the 0-6” level using a sharpshooter tile shovel or core sampler to
take slices of soil.




Farm Field Highest | Lowest Average Median Number
SOC % | SOC % SOC % SOC % of Data
(Penn (Penn | (Penn State) | (Penn State) Points
State) State)
Peckman | Upper South 3.3 2.7 3.0 2.9 3
Peckman | Lower North 3.4 32 % 3.3 n/a 2
Dickinson | West Pasture 1.7 1.0 1.4 1.4 4
Dickinson | East Pasture 1.7 1.2 1.4 1.4 4
Ramsburg | Pasture West 2.0 1.9 1.9 n/a 2
Ramsburg | East Hayfield 1.8 1.6 1.7 n/a 2
Kreider North Field 3.1 2.1 2.5 2.2 3
Kreider South Field 2.9 1.9 23 2.1 3

f) Evaluation of the suitability of the NRCS Soil Health Testing 216 CEMA and Carbon
Sequestration and Greenhouse Gas Mitigation Assessment (218) CEMA for use in soil
carbon management or carbon credit projects. Development of a specification that could
accompany and existing standard, revisions to an existing standard, or if needed a new

standard.

The Soil Health Testing CEMA 216 activity standard has very good general technical guidance on
developing a soil sampling and testing program that could be used in a soil carbon management or
credit program.

The main limitation of the Soil Health Testing CEMA 216 activity standard in a carbon
monitoring program is the cost. The recent January 2026 version of the Soil Health Testing
standard removes the option available in the October 2024 version for single indicator SOC-only
testing. The January 2026 version requires a minimum of 7 soil properties to be evaluated
including soil organic carbon. While good for monitoring soil health, this is more expensive than
just testing for soil organic carbon. As noted in Section d) “Costs associated with the use of the
probe to measure soil organic carbon,” an SOC-only test can be done for $30 at Cornell, but a
“Standard PLUS” package meeting NRCS Soil Health Testing criteria is $150. The NRCS 216
criteria calls for three tests to be done for any individual planning land unit, bring that up to $450
just for lab testing costs. If monitoring soil organic carbon is the only reason for testing, then the
full Soil Health Testing protocol will collect information that is not used. It is also more time
consuming and expensive to collect and handle samples for soil health testing than for simple SOC
testing.

The second aspect of the Soil Health Testing CEMA 216 activity standard that can increase testing
costs is the requirement that the three soil samples for testing all come from the same field, rather
than simply from fields with similar history, characteristics and management. This may be a less
significant limitation and could be mitigated with a good project planning approach that identifies
key indicator fields for testing, that than testing every field in a CMU.

If the only purpose for soil testing is to measure soil organic carbon, then strictly following the
January 2026 version of the Soil Health Testing 216 standard would be more time-consuming and
expensive than simply taking soil core samples and testing only for soil organic carbon. The
general technical procedures as noted, are good, and would add value to a testing program.



Most farmers would need and want more detailed soil test reports than simply SOC or SOM. The
Soil Health Testing suite of indicators may provide good information for the cost. A standard
agronomic soil fertility test that measures common macro and micro nutrients should be part of a
soil health program. While soil compaction isn’t part of the NRCS Soil Health Testing standard, it
is an option in the Cornell program. It is included on the NRCS Cropland In-Field Assessment,
which is a useful guide to include in any soil health program.

We have had internal discussion as to the probe being able to meet the Soil Health Testing 216
standard. With the standard’s current requirement to meet the seven specific indicators, and SOC
being assessed by the combustion method, the probe does not meet those standards in full or
partially for SOC. The probe might still be used parallel to a soil testing program that does meet
Soil Health Testing 216 if for a specific project that is beneficial. For example, the probe results
might indicate that additional soil testing is needed for an individual location.

The Carbon Sequestration and Greenhouse Gas Mitigation Assessment (218) CEMA could be a
good tool to evaluate potential changes in soil carbon, for purposes of planning management
changes that could increase carbon sequestration or reduce greenhouse gases.

Running the full COMET-Farm assessment requires a lot of data and would need assistance from a
consultant to run. For farmers in our project, proposed changes were minor and resulted in
minimal change in predicted SOC. In one case, and in looking only at the project fields and not
the entire operation, grazing a cover crop instead of feeding at central facility was predicted to
result in a slight net increase in GHG due to manure deposition on the field. This was a result of
looking at just a small part of an operation and not the whole, but illustrates the risk of evaluating
just one aspect of an operation by itself, for something like carbon credits.

RUSLE?2 provides a soil conditioning index score that can be used as a preliminary assessment to
determine if proposed changes may influence soil carbon or not. It is a simpler lower cost tool for
farmers not involved in carbon markets.

Since the 218 assessment looks not only at carbon sequestration but also at greenhouse gases, for
farmers considering options to develop carbon credits that involve management changes such as
manure management or nitrogen rates, the 218/CARBON-Farm analysis will show potential
benefits that simple tools such as RUSLE2 will not. For farmers involved in carbon markets, a
tool such as Carbon Sequestration and Greenhouse Gas Mitigation Assessment (218) CEMA 218
or the Daycent model should be part of the planning process to identify specific practices to be
used.

g) At least two Soil Health Management Plans (116) will be developed for the new practice
plots on participating farms. At conclusion of the project, direct or indirect benefits of these
plans to carbon sequestration development and monitoring will be evaluated.

Soil Health Management Plans were developed by Team Ag for Ben Peckman, Slate Ridge Dairy
and Scott Kreider, S&A Kreider & Sons.

A limitation in their development was that the plan considered only the two fields that had soil
probes installed, not the full acreage. With that caveat, observations are as follows:



Both the FY2023/October 2022 standard and also the current FY2025/October 2024 standard have
flexibility for the producer and his consultant to tailor the plan to meet producer’s objectives. The
standard provides a list of alternative resource concerns that can be evaluated.

The standard does not mandate specific resource inventories, tables or charts that must be
included, though it does offer suggestions of what can be considered. This puts responsibility on
the producer and advisor to do the preliminary assessment and planning described in the standard
and also in the referenced National Planning Procedures Handbook.

It is likely that many farmers will not have all of the baseline soil fertility and soil health data at
the start of the process that they’d like to have and that could inform their decisions in developing
a Soil Health Management Plan. The first version of a soil health management plan may establish
the baseline condition, farmer’s goals and objectives, note those areas that have enough
information available to make a decision, and establish a timeline for what additional information
is needed and how and when it will be collected. In the case of soil fertility and health parameters,
the plan might inventory existing soil data and develop a schedule for acquiring missing data.
Then, with more complete data, revisit the assessment and evaluation process.

The two plans developed had multiple charts and data, some of which was helpful, some probably
not as it was in the interest of providing information and letting the producer decide if it was
useful. The farmers who had 116 plans developed had existing systems that worked for them. We
were not able to develop alternatives that would significantly increase SOC, either because they
were already doing an outstanding job, or were using a system that worked and was maintaining
soil and water resources.

In one case some options were developed that offered potential to reduce nitrogen sidedress
amounts because of good existing soil organic matter SOM levels, based on Penn State Adaptive
N management. This would also reduce GHG and be a source of potential carbon credits.

h) An evaluation of how the TCP technology can be adopted, used and paid for by farmers,
should the probe prove useful for continuous monitoring of soil organic carbon and other
soil nutrients. Recommendations and/or considerations for farmers interested in using this
technology will be included in the fact sheet and final report.

The probe may be most appropriate for farmers or forest land owners who are working on trials,
research programs, or carbon credit/offset programs, such as through consultants, universities or
industry programs where there is a need to monitor key indicators such as SOC on a real time
basis, and where technical assistance to maintain the probes and interpret results could be provided

For most farmers, conventional soil testing remains in our opinion a cheaper and simpler way to
measure soil organic carbon and soil fertility. The level of expertise needed to operate and
maintain probes and gateways is of a level that many farmers could do, provided technical
guidance and manuals and consultation is available. It is more a question of time and dedication
needed to keep probes functioning correctly.

A niche for the soil probe is in a carbon credit or offset program where program managers want to
be able to monitor soil carbon on a real time basis, have the resources to plan, install and maintain
soil probes; and have technical assistance to evaluate probe results. Industry may be willing to



subsidize the cost of the equipment and also provide technical support with operation and
maintenance and with data management.

Teralytic is developing a new version of the probe (Version 6) that will be shorter (approximately
187-20” long) and capable of sending a signal without using a separate gateway unit. This version
will still have an above-ground head component that will need to be protected from equipment
traffic and livestock. We believe this continues to be an impediment to using the probe in general
production agriculture, both because of the physical impediment in the field and the problem of the
probe potentially just testing soil conditions in the immediate 6 — 12” radius from the probe that
is protected from equipment/livestock, and may not be adequately representing conditions in the
overall field.

Teralytic estimates a cost for the next version of the probe to be $1,750. If three probes are
installed per management area, a total cost for probes only (not installation or maintenance) would
be $5,250. Teralytic has provided estimates that a probe could be used to represent up to 20 acres.
As with conventional soil testing, the area that can be represented by a single probe or single soil
test is highly dependent on the uniformity of the area being tested, and sample points selected that
actually represent the larger area.

i) A fact sheet on the project will be produced.
j) At least one field day will be offered.
A field day was held at Dickinson College Farm on Tuesday October 7, 2025.

k) All data, inputs, outputs, analyses, specifications, geodata, and products generated
through the course of this project will be fully shared with NRCS along with the submission
of the final report.

Additional Observations Not Addressed Elsewhere

Soil samples for testing by Cornell in their NRCS 216 protocol were collected in the first and third
year of the project (2023 and 2025) by Team Ag, and in the second year (2024) by Capital RC&D.
Results of these samples over three years by two different collectors were similar, which was
encouraging in that two different people collected samples at different times of the year and got
similar results. Soil and weather conditions during these times were similar and all were relatively
dry. We have had discussions with staff at PASA who have been working with farmers for a
number of years on soil health benchmarking studies. PASA noted there can be significant
differences in test results for the same field, even for samples collected at the same time of year, if
weather and soil conditions are significantly different, such as very wet or very dry can affect soil
biology and soil aggregate stability. From a soil biology point, it may be desirable to collect soil
samples in spring when ground is more likely to be moist and in an increasingly warming trend.
Cornell advises that it may take 8-10 weeks to return results, so if spring testing is done results
will probably not come back in time to be used ahead of that year’s cropping decisions. Fall
testing is a possibility if it can be done after crop harvest but before cold weather, and results
would be available for winter planning discussions. If soil health testing is seen as part of a long
term activity, then spring sampling may work.



