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Abstract:

The use of agricultural best management practices, most notably the adoption of no-till systems, has
become a potential technique to sequester (store) carbon in soils and help mitigate the effects of global
warming. Efficient sampling designs and the use of process-based soil organic carbon (SOC) dynamics
models are potential methods of monitoring and verifying soil carbon change. This research combined
field-scale soil sampling and the use of the Century model to explore field-scale SOC variability and
the effects of soil texture input data sources (STATSGO and SSURGO databases) on predicted SOC
dynamics in north central Montana. Using soil-landscape associations for field stratification and
sampling of micro sites for paired management comparisons was an efficient design for measuring
SOC (CV = 8-13%). An optimal sampling design of 4 microsites by 2 cores or 3 microsites by 3 cores
provided reliable detection of a tillage effect on SOC, given the magnitude of differences (1.3 to 5.1t C
ha”-1) and degree of variability measured. Including the effects of soil clay content as a covariant may
provide unbiased estimations of the effects of tillage on SOC among sites, particularly for coarse scale
comparisons. The Century model accurately predicted SOC content at five sites using site-specific soils
data (10% deviation from measured values). Neither the STATSGO (1:250,000 scale) nor SSURGO
(1:24,000 scale) databases adequately predicted soil textures, nor supplied adequate soil textural
information for use in the Century model and so introduced potential error to field-specific predictions.
Century proved to be sensitive to the effects of clay content when predicting the amount of SOC in a
particular field; however the model was insensitive to the effects of soil texture on C sequestration as a
result of no-till management. The methods used to measure SOC and the Century model proved to be
useful tools for determining carbon stored due to no-till management. Additional research is needed to
determine if a consistent relationship exists between soil texture and the effect of tillage on SOC and
thus determine if adjustments are needed to the Century model’s treatment of soil texture.
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ABSTRACT

The use of agricultural best management practices, most notably the adoption of
no-till systems, has become a potential technique to sequester (store) carbon in soils and
help mitigate the effects of global warming. Efficient sampling designs and the use of
process-based soil organic carbon (SOC) dynamics models are potential methods of
monitoring and verifying soil carbon change. This research combined field-scale soil
sampling and the use of the Century model to explore field-scale SOC variability and the
effects of soil texture input data sources (STATSGO and SSURGO databases) on
predicted SOC dynamics in north central Montana. Using soil-landscape associations for
field stratification and sampling of microsites for paired management comparisons was an
efficient deéign for measuring SOC (CV = 8-13%). An optimal sampling design of 4
microsites by 2 cores or 3 microsites by 3 cores provided reliable detection of a tillage
effect on SOC, given the magnitude of differences (1.3 to 5.1 t C ha!) and degree of
variability measured. Including the effects of soil clay content as a covariant may provide
unbiased estimations of the effects of tillage on SOC among sites, particularly for coarse
scale comparisons. The Century model accurately predicted SOC content at five sites
using site-specific soils data (10% deviation from measured values). Neither the
STATSGO (1:250,000 scale) nor SSURGO (1:24,000 scale) databases adequately
predicted soil textures, nor supplied adequate soil textural information for use in the
Century model and so introduced potential error to field-specific predictions. Century
proved to be sensitive to the effects of clay content when predicting the amount of SOC in
a particular field; however the model was insensitive to the effects of soil texture on C
sequestration as a result of no-till management. The methods used to measure SOC and
the Century model proved to be usefiil tools for determining carbon stored due to no-till
management. Additional research is needed to determine if a consistent relationship exists
between soil texture and the effect of tillage on SOC and thus determine if adjustments are
_ needed to the Century model’s treatment of soil texture.
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REVIEW OF LITERATURE

Global Warming

Respondigg to mounting evidence of increasing atmospheric carbon dioxide
(CO,) concentrations contributing to global Wammé, ’;he .nations of the world have come
together in the United Nations Framework Conyention on Climate Change to begin
reducing atmospheric CO, concentrations (UNFCCC, 1994). The desirability of
sequestering carbon in terrestrial ecosystems to mitigate global warming has been
emphasized by recent political developments, most notably the Kyoto protocol (Masood
1997). If ratified, the Kyoto Protocol would have required the USA to reduce its net
carbon dioxide emissions to 7% below 1990 levels (UNFCCC, 1997). When nego’;iated
in 1997, Kyoto recognized direct CO, reductions and considered agricultural sinks (i.e.
oﬂ‘s.ets) only provisionally, as a means to meet target CO, reductions. ’In the subsequent.
Conference of Parties (COP 6.5) in Bonn, Germany (July 2001), political agreement was
reached to recognize agricultural sinks as emissions oﬁ'set and is worded as “applidation
of net-net 'accounting (ne.t emissions or removals over the commitment period less net
removals in the base year)lfor agricultural activities (cropland management, grazing land
managerhent and revegetation)" (COP 6.5: B‘oﬁn Agreement). More recently, at the
COP 7 meeting inMarrakech, Morocco ‘(NoVember 2001), emission offsets were |
termed “emission removal units”. The Kyoto- Protocol has spawned the idea of emission

removal credits to-offset greenhouse gas emissions which have become a topic of interest
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in the production agriculture and agroeconomics sectors. 'I‘he recent decision of the US
.government to withdraw from the Kyoto Protocol does rio’q exempt the USA. from
_addressing its CO, emission problem. The Bush>a‘dmir'1istration has committed the USA
to address the global carbon issue and U.S. policy includes emission reductions and
 emission remoyals (i.e. carbon sequestration) as a part of that effort. An 18% reduction in
greenhouse gas intensity, which is a measure of emissions per unit gross domestic
product (GDP), has been set as a target (Pianin 2002).. National incentives, such as
“green” payments for agriculturé’l management chanigeé and a potential mar];etabased
carbon credit trading system are being devgloped that will likely coincide with the 2008-

2012 targeted emission re_zductio'n commitment period scheduled in Kyoto.

“And we will look for Wéys to increase the amount of carbon stored by |
America's farms and forests through a strong conservation title inthg farm

bill. Thave asked Secretary Veneman to recommend new targeted incentives

for landowners to increase carbon storage.”

1 ' President George W. Bush - February 14, 2002

Greenhouse Gases

Gases that contribute to the greenhduse effect or the radiative forcing of the
atmosphere include water vépor, carbon dioxide (CO,), nitrous oxide (N,0),

methane(CH,), ozone (03), chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons




3.
(HCFCs). Of these gases, water vapor, CO,, N,0, CH, and O, are naturally occurring,
however it is generally accepted that anthrop'ogenic sources of CO,, N,O and CH,
emissions in addition to man-made gases such as CFCs and HCFCs, are resulting in a
rapid increase in global temperatures (Levitus et al. 2001). According to a greenhouse
gas (GHG) emissions inventory released by the. U.S. Environmental Protection Agency
(U.S. EPA), CO,, CH,, aﬁd N,O corﬁprised 98% of the US greenhouse gases in 1999
(U.S. EPA 2001). Global warming potentials (GWP) of all greenhouse gases are
standardized relative to CO, and are reported in units of feragrams of carbon dioxide
equivalents (Tg CO, Eq.). The GWP of CO,, CH,, and N,O are 1, 23, gnd‘ 296,
respectively, for a 100 yr time period (IPCC 2001). This means that one unit mass of
N,O has 296 times the atmospheric radiative forcing as one unit mass of CO,. Total U.S.
GHG emissions rose from 6,038 Tg CO, EQ to 6,746 Tg CO, EQ with an annual
growth rate of 1.2% froni 1990 to 1999. Individually, total CO, and N,O emissions
increased from 1990 to 1999, whereas total CH, emissions decreased slightly (U.S. EPA’

2001).

Role of Agriculture

Greenhouse Gas Emissions

According to the EPA’s ‘gr'eenhoﬁs_e gas emissions. iﬁventory, agriculture plays a
significant role in greenhouse gas emissions. In 1999, agriculture contributed 488 Tg CO,

EQ, which is 7.2% of the total GHG emissions in the U.S.A. (U.S. EPA 2001). Most of
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the agricultural emissions are associated with CH, and N,O. Agriculture has direct and
indirect sources of fossil fuel derived CO, emissions associated with fuel use, N fertilizer
production and lime application (Lal et al. 1999). CO, eniissions also occur through
oxidation of soil organic matter in cultivated soils especially from orgénic (i.e. peat and
muck) soils (Eve et al. 2002a). However, overall agricultural soils were a net sink for
CO,, sequestering 77 Tg CO, EQ in 1998 and 1999 (US EPA 2001).

The agriculture industry was responsible for 28% of the U.S. total metha;le
emissions and 69% of U.S. total nitrous oxide emissions (US EPA 2001). Methane
emissions were primarily from enteric fermentation and manure management in agricuiture.
Enteric fermentation is a natural process in ruminar}t digestion and, therefore the majority
of CH, emissions are from dairy and beef cattle production. The management of |
livestock and poultry manure that promotes anaerobic decomposition is not only a
significant source of methane; it is also, to a smaller ciegree, a source of ni_trous oxjde (US
EPA 2001).

The single largest source of de is agricultural soil management. Microbial
processes of nitrification and denitrification naturally produce nitrous oxide in soils. The
addition of nitrogen through synthetic and organic fertilizer use, mam.lre application, and
legume crop production enhances N,O emissi(;ns. Soil management practices that affect
the flux of N,O and other GHGs include irrigation, drainage, tillage, fertilizer application,
and fallowing of cropland. No-till management has béen reported to emit less NOzl as

compared to more intensively tilled systems when spring thaw conditions on fallow are
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" considered (Lemke et al. 1999): In a controlled split-plot experiment in the Parkland
region of Alberta, annual losses of NO,-N from intensively tilled management ranged from
0.1to4.0kgN ha'l with highest overall losses occurring on fallow ground followed by N

fertilizer treatments and pea residues (Lemke et al. 1999).

Soil Organic Carbon

Agricﬁlture plays an important role in U.S. soil cafbon dynamics. The U.S. land
area in cropland is approximately 170 million hectares of about 19% of the total U.S. land
areé. The-amount of historic soil organic carbon (SOC) lost from the U.S. cropland
c&bon pool is estimated at 5000 Tg (Bruce et al. 1999). Therefore, thgre isa potential
to sequester, or store, nearly 5000 Tg of carbon from the atmosphere in U.S. cropland
alone if soil C levels were rebuilt to original levels. However, the economic potential to
sequester C in soil (the amount that could be sequestered at a plausible cost) is lower (45
to 100 Tg yr') and is dependant on the market pricé‘ of carbon relative to the cost
associated with implementing carbon sequestering practices (McCarl et al. 2002).

Land sinks have become an emission removal consideration because CO,
consumed by plants and sequéstered in soils is a large -paft of the global carbon cycle (Lal
et al. 19985. The global terres;trial carbon pooi (2.1 x 10° Tg C) is approximately three
times larger than the atmospheric carbon pool (0.75 x 10° Tg C) (Flach et al. 1997). |
Photosynthésis by plants converts CO? from the atmosphere into carbon-based organic

materials (i.e. stems, leaves, grain, roots, etc).- The residual plant materials are converted
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by biophysical reactions to soil organic matter, which is comprised of approximately 58%
carbon. Carbon sequestration in agricultural systems is carbon dioxide removed from the
atmosphere by plants and stored in soil via biological processes (McCon_key et al. 1999).
Land management changes have the potential to sequester C and restore soil organic
carbon in the soil (Paustian et al. 1997a; Peterson et al. .1 998). Management pfactices,
that promote carbon sequestration in cropland include reduction of soil tillage and erosion,
crop residue management, iﬁcreased cropping intensity, di;/ersiﬁcation.of crop rotations,
and efficient fertilizer management (Campbe]l et al. 2000a,b; Liang et al. 1999; Lal et al.
1998; Peterson et al. 1998; Potter et al. 1997).

Terrestrial ecosystems might prove to be a net sink for atmospheric carbon,
however, the notion of significant reductions in atmqsphéric CO, as a result of agricultural
management changes has met some skepticism. Full accounting of CO, flux should be
considered when estimating annual SOC gains and developing carbon policy. Certain
changes in agricultural management increase the amouﬁt of SOC but there is a carbon
cost associated with all agricultural of)erations. The carbon cost asso;:iated with fuel use,
production and application of N fertilizer and lime, irrigation, and application of manure
should be discounted from their net contribution to carbon sequestration (Schlesinger
2000). In some cases, the C cost associated with the afore mentioned operationé
significantly reduces the net storage of C (Schleéiﬁger 2000). Additionally, a full
accounting of agriculturally related greenhouse gases should be included in the overall

potential of management practices to not only reduce atmospheric carbon dioxide but also
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to reduce net greenhouse gas emissions (Robertson et al. 2000). Tillage in concert with
the practice of summerfallow has been shown to release significant
amounts of nitrous oxide as compared to no-till managerhent during the spring thaw in

Alberta (Lemke et al. 1999).

Tillage Effects

Tillage promotes soil C losses due to increased erosion and microbial
decomposition. Removal of grain and crop residues, and the practice of summerfallow
reduce;s the overall an;.ount of C input. Physical disturbance by tillage breaks down soil
aggregates in the surface horizon, thus increasing the poténtial for soil erosion. Tillage also
increases the potential for microbial decomposition rates due to greater bioavailability of
organic matter and increasing aeration (Paus’-cian et al. 1997a). After a tillage event, soil
.microorganisms rapidly metabolize soil organic matfer and release CO, as a metabolic
byproduct ﬂ{eicc;sky 1997). Continued tillage over many yéars has reduced the overall
organic carbon content of soil by 20-to 50 percent (Tiessen et al. 1982; Rasmussen and
Parton 1994; Lal et al. 1998).

It is generally accepted that reduction in soil disturbance in production agriculture
promotes carbon storage. Not only can the reduction or elimination of tillage increase the
amount of organic carbon in soil (Yang and Kay 2001, Paustian et ai. 1998; Kern and
J ohnson-1993), but tillage also influences the distribution of C in the soil profile. Ina

comparison of chisel plowing versus moldboard ploWing, Yang and Kay (2001) found no
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significant difference in the total amount of SOC in the 0-20 cm depth. However, SOC
levels were greater in the 0-10 cm depth and less in the 10-20 cm depth with chisei ,
plowing compared to moldboard plowing whereas the latter had a more evenly distributed
SOC content»from 0-20 cm. Cons;ervation ’.cillage, including zero till or no-till management
(NT) is considered a best management practice that promotes carbog sequestration aﬁd
increases soil organic carbon in fields that were previously managed with tillage. In 39
paired comparisons of no-till and convention tillage effects on soil C, no-till aver’aged 8%
greater SOC than conventional tillage in the mineral soil (Paustian et al. 1997b). Similarly,
organic C concentrations were higher in coarse- and fine-textured soils (13 ‘and 44%,
respectively) under stubble mulch as compared to moldboard plowing, respectively.
Using the IPCC inventory method 'of estimating sqil C change, conv’ersion from
conventional tillage to no-till has been estimated to increase soil organic C at a rate of
0.20 Mg_ C ha yr! for 20 yr in the mountain region of the United States (includes
Montana, Idaho, Colorado, Wyoming, Ijtah, Arizona and New Mexico) (Eve et al.
2002b). Reviews by Paustian et al. (1997a) and West aﬂd Marland (2002) estimated

that a conversion to no-till from conventional tillage in the U.S. could increase SOC by
0.3 and 0.34 Mg C ha! yr', respectively, over a 20 yr period. In another review, Follet
(2001) estimated that initial C sequestration rates resulting from a change from
conventional tillage to no-till could be 0.3 to 0.6 Mg C ha™ yr for the U.S. Great Plains
and 0.1 to 0.5 Mg C ha™ yr! for the Canadian prairies. In a modeling study of the -

Canadian prairies, the Century model estimated C sequestration rates of approximately
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0.13 Mg C ha'yr! (Smith et al. 2001). The adoption of no-till m;cmagemént cérbon
across the U.S. has the potential to sequester significant amounts of carbon, 275-763 Tg
CO, Eq. annually (Lal et al. 1999; Bruce et al.1999) which represents approximately 4 to
11% of the U.S. total GHG emiSsiorlls in 1999. Management changes associated with the
adoption of no-till agriculture commonly involve a concert of ‘operational changes that
contribute to increased soil carbon. Changes that commonly occur with adoption of no-
till systems in semjarid regions are management of crop ‘residues, varying crop rotations,
fertilizer appiication, and ingreasiﬁg éropping intensity (M;:Conkey 1999). Adéquate
fertilization, coupled with increasing cropping intensity, increases crop residues and thus
carbon inputs, a major factor influencing SOC change in no-till systems (Campbell et al.
2001a). Decreasing fallow frequency in concert with fertilized wheat production showed
carbon gains Wheréas unfertilized wheat showed little or no change after 10 to 30 years
(Campbell et al. 2000a; Campbell et al. 2001b). The role of fertilizer use anci it’s
contribution to NO2 emissions in agroecosystems is not well understood'and is currently
being debated (Lemke et al. 1999; Robertson et al.2000). Annual SOC gains due to
increased cropping intensity and fertilization in semiarid southwestern Saskatchewan were
measured at 0.32 Mg C ha'lyr for continuous wheat with nitrogen and phosphorus
added (N+P), 0.28 Mg C ha''yr! for a wheat-lentil rotation (N+P), and 0.23 Mg Cha

yr! for a fallow-fall Rye-wheat rotation (N+P) (Campbell et al. 2000a).
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Policies and Incentives for Soil C Sequestration

Agriculture can contribute to greenhouse gas reductions by emission reductions
and greenhouse gas removals. Emission reductions do not reduce the present amount
GHGs in the atmosphere; rather reductions refer to lowering the amount of GHGs that are
released into the atmosphere from agricultural activi.ties such as fossil fuél use, livestock
production, and application of fertilizers. It is important to remerber that significant levels
of GHGs are still emitted even after émission reductions. Greenhouse gas removals
actually reduce the present concentration of GHGs in tile atmosphere relative to ‘business
as usual’, partially offsetting increases from other sources. Preséntly, biological sinks,
including carbon sequestered in agricultural soils, are the only method of removing
greenhouse gasesvsuch as CO,. After a management change, soil carbon will increase
until the system reaches a new equilibrium (Fig. 1.1). At this. point soil will no longer
sequester additional carbon provided thatlmanagemént practices continue unchanged.

This is when the issue of pe;*man,ence and the risk associated with maintaining the
sequestered carbon stock becomes apparent. Fig. 1.1 models hypothetical gains in SOC’

due to a change in management. Time, in this ;chematic represents, 10 to 30 yr. Carbon
that has been sequestered in agricultural soils can be a source of CO, with a return to th¢
previous conventional management system (Fig. 11) To deal with the maintenance risk of |

the new carbon stock, policy makers must account for treatment of C sequestration

liability.




C sequestration is reversible

Management Revert to
change previous
management
Time

Figure 1.1. General schematic of carbon sequestration dynamics showing management
changes in relationship to carbon storage (J. Bennett, pers. comm., 2002; graph adapted
from Janzen et al. 1998).

Two scenarios addressing the permanence issue have been proposed. Discussion
of the liability issue is easily understood if we present the treatment of sequestered carbon
as a commodity or a service, understanding that carbon sequestered in agricultural soils is
a service provided by farmers rather than a commodity to be sold. As a commodity (Fig.
1.2), farmers would assume the responsibility of sequestering and maintaining the carbon
stock. In the case that the production system should fail, farmers could be forced to
repurchase the removal credits defined in the contract. In this scenario, permanence risk
is transferred to the farmer. Sequestering carbon as a service (i.e. carbon banking) would

minimize the permanence risk to farmers (Fig 1.3). If removal units are treated as an

emission storage service and the system should fail, the farmer forfeits only the added
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value creatgd by the carbon.store‘d (Bennett 2002). Reversion to management previous

to no-till is not anticipated once carbon contracts have been fulfilled. If ancillary long-term
benefits (in addition to C storage) due to the adoption of best management practices

© occur, reversion to previous management would be unlikely regardless if C incentives are
maintained. Whether carbon sequestration is treated as a commodity or a service, the
policy must be efficient for successful implementation.

- Designing efficient policies to sequ‘ester carbon in cropland is critical if significant
amounts of gfeenhouse gases are to be reduced. There are three general designs that
could feasibly be implemented to seQuester carﬁon (Antie and Mooney 2001).
Command-and-control policies could‘bé used to force agricultural producers to use
specific management practices. This system of regulation would be inefficient due to the
heterogeneity of farm management practices and distribution of soil resources. It would
not be feasible to prescribe mandatory management practices to individual producers that
would fit their specific farm capital and soil resources to grow the c‘rops suitable to their

agricultural environment.
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C sequestration as a Commaodity

Sell Credits Repurchase
Credits
Maintenance
Liability
Management Revgrt to
change previous

management

Figure 1.2. General schematic of carbon sequestration loss liability treated as a
commodity with the farmer assuming the risk of maintaining the carbon stock
(J. Bennett, pers. comm., 2002, graph adapted from Janzen et al. 1998).

C Sequestration as a Service

Storage Lease Incorrje

Storage Space

Management Revgrt to
change previous
management
Time

Figure 1.2. General schematic of carbon sequestration loss liability treated as a service
with the service buyer assuming the risk of maintaining the carbon stock (J. Bennett,
pers. comm., 2002, graph adapted from Janzen et al. 1998).
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Secondly, incentive policies could 1) be useci to encourage producers to engage
in carbon sequestering practices through subsidies and 2) discourage carbon releasing
practices using taxes. This method could also be an inefficient policy because it is bésed
on management practices rather than reducing greenhouse gases. Adopting certain
practices could reduce atmospheric CO, by storing carboﬁ in the soil, however, those
same practices may release other, more potent greenhouse gases as a result (i..e.
“Leakage”). Some incentive-based policies are already being used to enhance agricultural
environmental quality. These volunteer programs, the Cogservation Reserve Pro gram
(CRP), Wetland Reserve Program (WRP), and Environmental Quality Incentives
Program (EQUIP), offer payments and other financial support to farmers who participate.

The third potential policy for s‘equestering carbon is a market-based system for
trading carbon. Economic analysis of carbon sequestration in Montana has éhown that
increasing SOC would be more efficient if conducted on a market-based “per tonne” of
. carbon payment rather than a governmental subsidy to producers on a “per acre” basis
such as the CRP (Antle et al. 2001; Antle and Moon'ey 2002). Costs would. also vary as
a function of the types of management pracﬁces used. For example, estimated marginal
cost for carbén sequestered on a per acre payment to producers to seed land in;‘.o
permanent grass ranges from $34 to $500 t* C, compared to $12 to $150 ’;‘1 Cina
system that would compensate farmers for adopting a continpous cropping system (Antle
et al. 2001, 2002; Antle and Mooney 2002). The theory behind “per tonne” market-

based carbon credits is that CO, emitters can purchase carbon that is being sequestered .
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for use as an offset against CO, emissions. Emitters would purchase carbon credits
(emission removals) to meet emission reduction targets. The budding, car;t)on credit
trading system could be analogous to the sulfur dioxide trading that has been in practice.in
the USA since 1995 (Antle et al. 2001; Joskow et al. 1998; US EPA 2002). The
a.gr:icultural industry is in a position to receive compensation for making land management
changes, a,nd'increaéing the amouﬂt of SOC in their fields. This appears to be a win=win
scenario for agricultural ﬁroducers and for reducing atmospheric carbon. The market for
cropland carbon credits remains in its conceptual stages and a “cap-and-trade” policy
limiting the amount of carbon dioxide emitted is ‘needed. to spur tile dev'elopment of this
market. It is important to remember that carbon sequestration in agricultural soils is a
tempo;ary solution to managing atmospheric carbon. Carbon sequestration is a tool that
can be used in the interim as industry transitions into less greenhouse gas intensive

production.

Carbon Contract Design

The design of carbon credit contracts is linked to the policies and incentives for
-sequestering soil carbon discussed previously. Two.types of contracts could be used to
seqﬁester, per—hectére (practice-based) and per-tonne (carbon-based) contracts (Antle
et al. 2002). From a C storage berspective,, the per-tonne contract is more efficient and
would cost less than the per-hectare contract because the per-tonne contract would allow

farmers to implement the-most efficient production system for their particular goals (Antle
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et al. 2002). Per-hectare contracts are likely to be used with government programs that
specify so-called “best management practices” for soil C sequestration. For tradable
emissions allowances, per-tonne contracts are more lﬂgely to be used because they
specify the amount of C to be sequestered. Tradable emissions reduction contracts are
likely to be denominated in standardized quantities of carboh such as 10,000 metric
tonnes. Therefore, given the size of the typical farm and given that C accumulation rates
are commonly less than one metric tonne per hectare per year, a large number of land
units (fields) will have to be aggregated to make a sihgle tradabie contract. ’

To establish per-hectare or per-tonne contrac‘t.s,‘ it will be necessary for both
buyers of carbon (government or private entities paying for carbon) and for sellers
(farmers) to anticipate the amount of C that can be stored on a given land unit. These
estimated rates of soil C accumulation will likely bé _de’qermined from experifnental data
and from application of simulation models such as the Century model. Thus, it is
important to establish how accurate a model like Century is for predicting soil C rates
under field conditions. |

After contracts are irhplemented, it will also be necessary tq verify that the
specified practices are being used or that the contracted amount of carbon is being
accumulatied on the contracted land units. Costs for monitoring management practices for
both a per-hectare and per-tonne contracts would be similar; however, the per-tonne
contract would also require that a sampling' procedure be impleménted to verify that the

specified amount of carbon was being accumulated. Note that it would not be necessary
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to measure C on each square hectare of land, rather, a statistibally valid sampling
procedure could be used at specified time intervals to achieve a desired accuracy at the
lowest cost (Antle et al. 2002). The ;;ost.of sampling énd the desired accﬁracy will
determine the spatial scale at which sampling will be conducted.

In summary, research is needed to provide information about the reliability of soil
sampling procedures and simulation models to support the development of carbon
contracts. If C contracts. are developed for farm-specific credits, the focus of field -
research will likely be toward optimizing sampling designs and reducing analysis cost. ‘If
the contracting ﬁnit is much larger (e.x. county or agroecozone scélles), then the research
focus will likely shift toward uncer'tainty analyses of process-based models for estimating
soil C change. This study focuses on site-specific C sampling optimization, validation the
Century model for site-speciﬁc C modeling in Montana, and e_xplores the use of existing

soil databases for site-specific C modéling.

Century Model Des;:ription
In fufthering understanding of the processes that govern soil éarbon dynamics in
terrestrial ecosystems, brocess—based predictive models have been develéped to simulate
carbon dynamics. The Century model is one such process-based model that estimates soil
organic carbon changes 'b'ased on macroenvironmental gradients, management, and soil
and plant properties over long péﬂods (>30 yrs) (Parton et al. 1987). Century simulates

soil organic matter (SOM) formation, calculates decomposition rates based on first-order
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kinetics that vary as a fiinction of soil temperature and moisture, soil texture, and other
variables. The model uses a monthly time step and includes both carbon and nitrogen
flows. Input data required for Century includes monthly mean maximum and minimum eﬁr
temperatures, monthly precipitation, soil texture (Yosand, %silt, %clay), atmospheric and
soil N inputs (eg. fertilizer N, and N fixation), land management practices (eg. crop
rotations, crop types, tillage systems), and initial s0il.C and N content (Metherell et al.
1993; Parton et al. 1987): The Century model integrates a number of submodels including
a soil organic matter, water balance, plant production, and nitrogen, phosphorus and |

sulfur submodels.

Soil Organic Matter Submodel

The Century model segregates soil organic matter into three fractions, 1) an active
pool with short turnover time [1-5 'yrs] 2) a slow pool with moderate turnover time [20-
40 yrs], and 3) a recalcitrant or passive poo‘l with long turnover. time [200-1500 yrs].
Decomposition rates of SOM and plant residues ‘are assumed to be microbially driven | f
~witha po.rtion of carbon lost as CO, as a result of microbial respiration (Metherell et al.
1993; Parton et al. 1987). Products of decomposition enter either a surface microbi_al :
pool or one of the SOM pools with each pool having different potential maximum
decomposition rates. The potential decomposition rate is reduced as a function of soil
water content and témperature, and is potentially increased as a result of cultivation

(Parton et al. 1987). The effect of soil water content on decomposition is calculated using
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Water budget and soil temperature models (Parton 1984). Soil texture influences the
decomposition turnover rate of the ac;civé SOM pool (fine textures decrease turnover
rate) and the efficiency of SOM stabilization in the slow pool (clay séils have greater
stabilization rates).

Decomposition is calculated by the general equation:

dCi/dt =k x M, x T, x C; . [Eqn 1]

where C; = carbon in the pool, i = 1) structural and 2) metabolic soil surface litter, 3)
structural and 4) metabolic soil litter, and 5) active, .6) slow, and 7) passive pools; k; =
maximum decomposition rate (per week) for the ith péol (k* =0.076, 0.28, 0.094, 0.35,
0. 14,. 0.0038, and 0.00013); M, = the effect of the ratio of precipitation to potential
evapotranspiration oﬁ decomposition; T, = the effect of monthly average soil temperature
on decomposit'ion (Parton et al. 1987). Decomposition rate modifiers (i.e. My, T4, etc.)
are scaled from O to 1. Tillage and degree of anaerobic conditions also effect the rate of
SOM decomp(osition. Structural material decay rates are a function of the preceding and
also the lignin-to-N ratio of the structural material. In .addition to the soil organic matter
pools, Century also estimates above and belowground litter pools and a surface microbial
pool. The model assumes the plant residue lignin-to-N ratio controls the split into the
structural and metabolic pools, where a higher ratio places more residues into the
structural pool which has a slower potential decomposition rate. The metabolic and

structural pools have assumed turnover rates of 0.1 to 1 and 1 to 5 years, respectively

(Metherell et al. 1993).
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Each of the SOM pools, litter pools, and the surface microbial pools have
decomposition rates that vary with respect to monthly soil temperature, and precipitation,
litter quality and location (i.e. surface vs buriedj, soil téxtlire and tillagé disturbance
(Parton et al. 1987). The active SOM pool is comprised of soil microbes and microbial
by-products. The decomposition rate of the active pool (K%) is a funcj:ion of the silt and
clay fraction (T), where

K% =Ks.(1-0.75% T). [Eqn. 2]
~ Stabilization efficiency of active SOM to slov;/' SOM (E,) is also a function éf T, Wheré
E,=(0.85-0.68 x T) [Eqn. 3]
The slow pool consists of resistant. plant material from the structural pool and stabilized
microbial by-products from the active énd surface microbe pools. The passive ﬁool
strongly resists decompo.sition and includes physically and chemically stabilized SOM.
The fraction of the structural pool thaj: 1s lignin influences the decomposition rate of the
structural pool. The surface microbial pool is associated with surface litter decompositién.
The turnover rate of the surface microbial pool is independent of soil texture and material

1s transferred directly into the slow SOM pool (Metherell et al. 1993).

Water Balancé and Temperature Submodels

_ Century includes a water balance model that estimates water lost from
evaporation and transpiration, water content of the soil, water associated with snowfall,

and water flow between soil layers (Metherell et al. 1993; Parton et al. 1987). Water
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loss from bare soil or evaporation is a function of standing dead and litter biomass,
precipitation, and potential evapotrahgporation (PET). Potential evgpotransporation is
estimated using average monthly minimum and maximum air temperatures, and latitude.
Other sources of water ioss inplude interception loss (function of abovéground bio'mass,
rainfall, an(i PET), and transpiration loss (function of live leaf biomass and PET).
Interception and bare soil loss are calculated as an adjustment to monthly precipitation.
Water added to the soil (net infiltration) is calculated as total monthly precipitation nllinus
the loss associated with interception and bare soil evaporation. The form of precipitation
is dependent upon monthly average air temperature (rain > 0°C and snow <0°C).

Water entering the soil is distributed amongst soil layers as a function water
content and depth. The soil profile is divided into soil layers of 15 cm depth increments
for the first 60 cm agd then 30 cm increments below 60 cm. Flow betwlee.n soil layers
occurs after water is added to the top lqyer and excess water (greater than field capacity)
is drained to the layer below. Water drainage is a function of field capacity, wilting point,
soil texture, bulk density, and SOM content. Transpiration occurs after water has been
added to and redistributed within the soil. Water can additiona}ly be lost throggh leaching
below the bottom soil layer anci watér that leaches this deep is no longer available for
evapotranspiration. P, S, and labile sources of mineral N are leached through the soil
layers as water is redistributed through saturated flow.

Average monthly soil temperature near the soil surface is calculated from monthly

minimum and maximum soil temperatures. Soil temperatures are derived from monthly




22

minimum and maximum air temperatures and are modified by canopy biomass where
greater canopy biomass decreases the maximum soil temperature and increases minimum

soil temperature (Parton et al. 1987).

Plant Production Submodel

The Century model is ‘capable' of modeling carbon ciynamics in grasslands,
agricultural crops, forests and savannah (combination of the grassland and forest models
including shading and nutrient conipétition factors) systems (Metherell et al. 1993). Both
of the production models assume that maximum monthly plant production is governed by
temperature and moisture and are adjusted lower if nutrient deficiencies occur G\/Ietherellv
et al. 1993). In this study discussion ié foc;used on the grassland/crop productioﬁ moael.

The grassland/crop production subinodel simulates plant production dynamics for
various herbaceous plant communities and crops by adjusting crop-specific growth
parameters which in turn can be tailored to re?ﬂect specific growth patterns in defined
environments (Metherell et al. 1993). This submodel has pools for live»roc.jts‘ and shoots, -
and for standing dead plant material. Potential production of a particular crop is
determined by a defined genetic maximum production and is adjusted as a function of soil
temperature and water status, shading by dead Végetation and seedling growth, and
nutrient limitations.

Allocation of carbon and production of roots and shoots is influenced by soil:

temperature where growth occurs when soil temperature is greater than 0°C, reaches




23

optimal growth at 20-25°C, and declines rapidly above 30-35°C (Metherell et al. 1993).
Biomass production, including roots, shoots and grain, is influenced by the soil water
status and is adjusted by a linear relationship of plant production to water status. Growth
is reduced when the moisture status is less 'than 0.8 when calculated by

stored soil water in root zone + precipitation + irrigation
potential evapotranspiration

Soil texture and thus soil water holding capacity determines the slope of the linear
relationship.

The effects of shading on crops grown from seedlings are a function of the amount
of standing live and dead vegetation. Scaling factors are invoked for partial or full
interception of light from. canop& interference. Root gromh is proportional to shoot
growth and reflects the dominant carbon allocation to roots in cereal crops and shoots in
root crops. In winter dormant crops such as winter wheat, the root to shoot ratio is held
constant throughout months that the average monthly soil temperature is less than 2°C.

The Century model takes into account that monthly crop growth is influenced
by nutrient limitations. Biomass production is constrained by the most limiting nutrient and
plant nutrient concentration limits are set independently for roots and shoots within defined |
upper and lower limits. The Cer;tury model also incorporates a fertilizer function where
fertilizer amounts can be .user-defmed fixed amounts or automatically calculated for crop
production where the automated system can be set to achieve a particular level of the

crop’s maximum production. The crop model also simulates the effects of harvest
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(Metherell et al. 1993). At harvest, grain is removed from the system and the shoots can
be removed from the system or transfer;ed to standing dead and surface residue material.
For grain crops, Century calculates a harvest index based on the' genetic potential of the
crop arid water stress during the months of anthesis and grain fill. At the end of the
growing season, the crop can be killed as in the case for cereal grains or shoots can
regrow in the case of a pasture sysfem. Additionally, the crop model simulates death of
roots and shoots during the growing season and models the effects of grazing and fire.

The grassland/crop model has many options relating to soil maﬁagement.
Cultivation options allow the model to sirﬁulate the effects of soil‘ disturbance by
transferring roots, shoots, standing dead and surface litter into surface and soil litter and
standing dead pools (Parton et al. 1987). It is possible to model various tillage systems
ranging frorﬁ a high disturbance system (moldboard plows and off set disks) to an
advanced no-till (low disturbance drills and herbicide applications) or organically managed
production system (green-manure additions and multiple tillage operations. Each of the
cultivation options has a number of estimated parameters that simulate ’Fhe effects of soil
distur‘banc_e and mixing on the decomposition rates of soil organic__matter in active, slow,

passive and structural pools.

Nitrogen Submodel

The nitrogen submodel in Century has the same basic structure as that of carbon

flow in the soil organic carbon submodel (Parton et al. 1987). The model assumes that
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the carbon to nitrogen (C:N) ratios for structural pools is fixed at 150; however the CN
ratios of the metabolic pools are allowed to float as a function of incoming plant residue N
content. The nitrogen content of the métgbolic pool is allowed to vary as a function of the
remaining N conteﬁt of plant material that is not used for incorporation into the structural
pool. C:N ratios of active, slow and passive SOM pools are allowed to float in a range
f%om 15 to 3, 20 to 12, and 10 to 7, respectively, as mineral N in the surface mineral soil
layer increases.

N flows through the rﬁodel are assumed to be related to C flows and are a |
produ'ct of the C flow and the set C:N ratio for the given pool (Parton et al. 1987).
Nitrogen immobilization and mineralization can occur as a function of the initial C:N ratio
of the material entering a pool, the C:N ratio of the pool material is entering and- the
fraction of C lost as CO, through respiration. N hputs for the model include étmospheric
deposition (N,), and N, fixation through symbiotic and non-symbiotic means (N), which
are both assumed to be controlled by annual precipitation (Eqn. 4, 5).

‘N,, =0.21+0.0028 x PPT (Eqn. 4)
N;=-0.18 +0.014xPPT  (Eqn. 5)

Simulated N losses include ammonia volatilization, leaching, and N02 and N, volatilization
resulting from nitriﬁs;ation and denitrification. |

Century has been developed to simulate the effects of various soil management
and land use practices. The effects of fertilizer use, irrigation, cultivation, grazing, and fire

can be initialized in the model (Parton et al. 1987). Fertilizer can be added to the model
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as fixed amounts or as an automatic function based on nutrient demand for a desired level
of production. Similar to fertilizer initiation, irrigation can be set in the model as a fixed
amount or as an automatic application when the availaBle water in the root zone falls
below a specified available water holding capacity level.: The amount of water édded
through automatic application can be set to a nominated level, to reach field capacity, or
' to reach field capacit}‘l plus ’potential evapotranspiration.

The Century model has been used extensively to model soil organic matter and
nitrogen dynamics in a wide array of environments, soil types, and management systems.
The Century model equations for carbon dynamics are reported to be sound based on
comparisons between field measurements and model estimates (Parton et al. 1982, 1987,
Monreal et al. 1997), however some researchers have observed shortcomings in Century
model estimations of grain yield, and thl_ls carbon inputs in semiarid cropland, which in turn
effect SOC estimates (Campbell et al. 2001b). Century has been validated for use under
various soil, climatic, and agricultural practices. Parton et al. (1987) found that the model
édequately estimated soil C values in the Great Plaﬁs representing various soil textures
and climates (r> = 0.88, 0.92, and 0.92 for sandy, mediurﬂ, and fine tex1_:ured soils,
respectively). Century tended to overestimate C for fine textures and underestimate C for
sandy soils (Parton et al. 1987). In long-term plots in Sweden the model pr_edictéd SOC
values within 5 to 15% of measured values as a functionﬂ of terhperature and initial
composition of soil organic matter (Pauétian et al. 1992).

Century has also been validated in eastern Canada where the model estimated '
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SOC to within 10% of measured values for 4 crop rotations in 3 soil climosequences
(Monreal et al. 1997). Using Century to model short-term eﬁ‘ects of management on
SOM in Quebec, Vorony and Angers (1995) predic’eed soil microbial biomass to within
8% of measured values. In addition to the validation studies discussed above, carbon
change due to cultivation and agricultural management have been modeled using the
éentury model in diverse climatic regions including the Argentine Pampa (Alvarez et al.
2001), Canadian prairies .(Smith et al. 2001; Campbell et al. 2001b; Smith et al. 1997),
the U.S. Great Plains {(Parton and Rasmussen 1994), and European systems (Falloon and

Smith 2002).

Scaling Issues

There is growing interest in using the Century model as a tool for estimating
carbon dynamics in situations wherg a limited amount of field-level information ie known
for a particular field or farm (Zimmerman:-et al. 2003): Soil information can be obtained
from existing databases at various ecales of spatial resolution, which in turn have varying
ranges in soil attributes. Existing soil dataeases such as the State Soil Geographic
(STA".FSGO) at 1:250,000 scale and the countywidé Soil Survey Geographic (SSURGO)
at 1:24,000 scale, are generalizations of soil patterns across the landscape. Soil mapping
" units in both the STATSGO and SSURGO databases typically centain more than one
defined soil series for our region (as many as 21 in STATSGO and 3 in SSURGO), with

each mapping unit and soil series within the having its own soil attributes (NRCS 1995a;
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NRCS 1995b). Both databases rebort a percent composition of each soil component per
map unit, however neithe‘r database shc?ws the slﬂyatialylocation of the séil compbnents
within the map unit. The Century model is initiated using single number variables that
describe the soils, climate, and management in a particular scenario. Soil properties for
each soil compon;:nt are reported as a range in Vaiués. Therefore choc;sing'representative
values for use in the Century model can be important for accurate soil carbon estimations.

STATSGO and SSURGO data‘t;ases, although found to be highly-correlated ( r =
0.98), ‘have the potential for differences in soil attributes (Juracek and Wolock 2002).
The degree of discrepancy between soil attributes at 1:250,000 scale (STATSGO),
1:24,000 scale (SS'URGO), and site-specific differences has been found to be potentially
substantial. For example, the soil attributes; clay perc;,ent, soil permeability, and
hydrologic group were spatially and statistically analyzed for differencés (Jufacek and
Wolock 2002). At small averaging areas (0.01km?) in Kansas, differences in reported
clay percent ranged from -45 to 58% with a standard deviation of 7. As the av;araging,
area increased from 25 to 400 km? the range in difference was reduced (-11 to 4%) and
the standard deviation decreased to 3 and 2 for the 25 and 400km? averaging areas,
respectively. The correlation between the databases for percent clay also varied with
landscape position. The correlation tended to have a negative relationship with most of
the variability in clay % occurring in and around stream networks (-2.5 to -6.5%),

méaning that SSURGO tended to have lower values for clay percent as compared to

STATSGO. Differences in clay % values stabilized with distance from stream networks
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with meaﬁ differences in the +/- 1% range. Although the agreement in the databases
increased with averaging area and with distance up gradient from stream bottoms, the
site-specific ranges are large and could result in substantial differences in model predicted

SOC values for a specific farm field.”

Justification of Research

Monitoring and verification of seqilestered carbon will be a critical part of carbon
credit contracts. States in the northern Great Plains, such as Montana, have Iaﬂd area in
agriculture that is presumed too expansive for gfound-based monitoring and Vériﬁcation to
be coét-effectivé for individual fields, based on the number of samples needed to capture
field scale SOC variability (Kaiser, 2000; K. Paustian pers comm, 2001). One potential
method of reducing monitoring and verification cost is the use of process-based data-
driven models, sucﬁ as Century, to predict soil organic carbon changes. Given that
carbon trading will likely require model input datg ﬁom existing soil taxonomic databases
such as STATSGb and SSURGO, understanding the sensitivity of Century to variations.
in soil input data‘is critical. Management changes could result in significant differencés in
sequestered carbon estimates. Additionally, the accurécy of required soil input data could

have significant effects on the validity and accuracy of sequestefed. carbon estimates.
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SOIL ORGANIC CARB ON VARIABILITY AND SAMPLING OPTIMIZATION IN

DRYLAND WHEAT‘ FIELDS IN NORTH CENTRAL MONTANA
Abs;cract

This re;earch examined soil organic carbon (SOC) sampling variability in nc;-till
and tilled dryland wheat fields in nortﬁ central Montana. Paired sites were chosén such
that soil properties, cropping system, landscape position, and climatic conditions were
similar within each no-till/ till pair, but varied between pairs. Soil carbon analyses
determined SOC content associated with each management practice. Organic carbon was
determined by difference (total C — inorganic C). A LECO CNS-2000 analyzer was used )
for total carbon analysis and inorganic carbon was determined using a modified calcimeter
method. Independent analysis of the O to 10 cm depth was used to quantify SOC
sampling variability among cores‘,‘ﬁicrosites, and fields. This inter-source variability; was
used to explore optimizat.ion of the number of microsites per field and the nu.mber of cor;s
per microsite. An optimal sampling design of 4 microsites by 2 cores or 3 microsites by 3
cores provided reliable detection qf a tillage effect on SOC, given the magnitude of

differences (1.3 and 5.1 t C ha") and degree of variability measured.
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| hIntro duction

If a carbon credit .trading system emerges, accurate baseline carbon values in
agricultural soils will be needed to determine the amount of carbon that has been
sequestered (carbon gain) or decomposed (carbon loss) during the carboﬁ contract
period. Variability in soil organic cafbon and the consistency of sampling procedures and
protocols are il;aportant considerations in measuring soil carbon. Undefstanding SOC
variability across soil landscapes requires understanding of the interactions of soil texture,
slope, aspect, and other related soil properties. Optimal sampling designs for reducing'
SOC variability and monitoring SOC change over time should take these interactions into
consid;aration. In the case of this study, depth to the Bk horizon (zone of secondary
calcium carbonate accumulation) was treated as an indicator variable that reflects other
factors which may influence SOC variability across the landscape.

A soil-landscape approachvproposed by Dr. Thomas Keck (pers. comm. 2001)
was used to refine the selection criteria fpr paired sampling to potentially reduce soil
organic carbon variability. Identifying the ‘samé soil type across a field boundary provides
a good starting point but soil type alone does not guarantee similar initial conditions with
respect to SOC. There are several reasons for this:

1) Soils can often exhibit substantial short range spatial variability in selected soil

properties even in apparegtly uniform environments.

2) Soil types (series) are based on generalized morphological characteristics.

\

Their description as potentially mappable entities requires that ranges be given for
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many different soil properties. For example, a typical range given for SOM in the

surface horizon of an “aridic intergrade” of Mollisols is 1-3%.

3) Soil organic matter is generally not used as a diagnostic criterium in identifying

soil series but rather it is an assigned attribute to the series.
~ 4) Land use and management conditions are not accounted for in series

descriptions or classifications, yet they can have a large effect on soil organic

matter.

Soil organic carbon varies spatially as a function of short-range and landscape
_ scale variability. The amount of variation in measured SOC values can be substantial with
coefficients of variation of 20% repoﬁed in a uniformly managed 48-ha site in southwest
Michigan (Robertson et al. 1997). Such variability could mask the slow accumulation of
SOC over a 6- year period of maeagement change. While the same taxonomic soil type
may be accurately mapped on a rid'geto_p or in a swale, soils in these positions may have
very different SOM levels and potentials for SOC change. Inherent differences due to
topographic position can be accentuated by plowing in hilly terrain which enhances the
transport of surface soil particles downslope, espe‘cially SOC (Gregorich et al. 1998).
Reducing the influence of soil spatial variability was an important consideration in the
research conducted for this thesis.

Monitoring and verification of egricultural soil carbon stocks will be critical to the

development of a carbon credit trading system. Whether the system ef carbon tradiﬁg is

based on a ‘per tonne’ of carbon change or based on the areal extent of a management
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change, the variability associated with SOC needs to be understood so that modeling
efforts can take this variability into consideration. Assuming there is a definable
relationship between management practices and soil p,foperties on the distribution of SOC
across a field, the accuracy of process-based niodels such as the Century model could
benefit from understanding C relationships with soil variability. The primary objéctive of
this study was to characterize soil organic carbon variability in dryland wheat fields for
tilled and no-till crop production systems in north central Moﬁtana. Field sampling was
designed to provide repeatable future sampling at éxact locations by using 2x5 m sampling
plots, with multiple soil samples per plot, which will be referred to as microsites inthis
study. It was hypothesized that variability within microsites would be less than that of the’
variability among microsites and that the variability of SOC would be greater in the no-till
system than that of the tilled system. Differences at the ménagement system level were
further hypothesized to be due to the soil homogenizing effect of tillage. Understanding
the variability of SOC sampling could support single-point-in—time measured differences in
soil organic carbon content under no-till and tilled management. The null hypothesis tested
that the variability of soil organic carbon within miérosites is equal to the variability of
SOC an'lo.ng microsités in farm fields. A secondary bbjective of tflis study was to derive
an optimal sampling design for soil organic ca’rbon when using a soil-landscape method of
site stratification. It was expected ’;hat‘ the optimal combination of replications (i.e.
microsites) pér field and cores per .replicatioﬁ Would be less than six microsites‘ per ﬁeld '

with six cores per microsite. We asked two simple questions to determine an optimal
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sampling design: 1) What was the minimum number of microsites required to consistently

detect known differences in SOC; and, 2) Could the minimum number of microsites be

reduced by taking multiple cores per microsite?

Materials and Methods

Site Selection

Two sites (Simpson and Ft. Benton) of a larger six-site data set were used for
characterizing soil organic carbon sampling variability. Of the six sites, these were chosen
because they diﬂ‘ered'strdngly in clay content. Pairedl_no-till (NT) and conventionally tilled
(CT) agricultural fields were chosen to make inferential comparisons of SéC related to
field management (Table 2.1, Fig. 2.1). Commonly used tillage implements in the study
included tandem disé, chisel plough, cultivator, rod weeder, and hoe drill seeder. No-till
in the study area was defined as chemical fallow followed by direct seeding into the
previous crop’s stubble.

Each paired site was required to meet the following criteria to minimize
confounding factors that could mask the effects of tillage syste;,m.

1) Dryland fields were both n production in the 2001 growing season with the

same type of wheat (i.e. spring or winter), and had similar cropping histories. This

minimized inter-annual variation due to cropping type and history. -

2) No-till fields had been managed without fillage for a minimum of six years to

ensure they were fully representative no-till systems and to permit sufficient time
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for SOC to change in respond to the management change.

3) NT/CT pairs were separated by an anthropogenic boundary (e. g proéerty
boundary) rather than a nafu‘rally occurring boundary such as an abrupt
topographic change. Close proximity minimized variability in climatic and soil
properties.

4) Sampling sites were selected to have the same soil type and landscape position
under both tillage practices. This increased the probability that soil properties

were similar across management boundaries.

Table 2.1. Site descriptions for Simpson and Ft. Benton, MT, 2001.

Simpson Ft. Benton
County . Hill . Liberty
Latitude 48° 56' 09" N 48° 08' 19" N
Longitude - o 110°13' 10" W 110° 56' 44" W
Slope Steepness 0-2% 0-4%
Land Form Till pléins | Till plains
MAP(cm)¥ : 26 36
MAAT (-C) 5.0 ' 75
2001 crop . Spring wheat Winter wheat
Years in no-till 7 6

T 30-yr mean annual prec1p1tat10n (1961-1990). Source: Slmpson NOAA weather

station.
I 30-yr mean annual air temperature (1961-1990). Source: Ft. Benton NOAA

weather station.

Once potential paired fields were identified, areas were located within fields
having a high probability of uniform initial soil conditions with respect to soil organic

matter. Site-specific ranges of selected soil properties and landscape attributes were used
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as selection criteria for identifying paired samples across the field boundary separating
tillage systems. The combination of specific soil and landscape attributes is referred to
here as a soil-landscape association. Soil-landscape associations in the context of this
study can be considered as localized areas with a high probability of similar initial

conditions with respect to soil organic carbon (Dr. T. Keck, pers. comm., 2002).

Cut Bank

Uayre

eat Falls

Figure 2.1. Map of Montana showing locations of sampled sites. 1) Conrad W,
2) Simpson,3) Saint Johns, 4) Ft. Benton, 5) Chester, 6) Conrad E

Two steps were required in defining the soil-landscape association at each site.
First, preliminary field sampling identified the specific combination of soil and landscape
attributes to be used as a soil-landscape association at each sample site. The

approximate areal extent of the association was then drawn on a base map. Secondly, a
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30-meter grid was established on the map and points of intersection from the grid were
randomly selected. An e).iploratory soil pit was excavated at corresponding point in each
field. If the soils at the randomly selected sample point met the specific criteria, then it
became a valid sample location. If not, then another point on the grid was raqdomly
selected until six valid sample locations meeting the 'soil-landscape criteria were lo;:ated on
either side of the field boundary.

Landscape attributes of slope position, shape, steepness and aspect along with
the local depositional environment were used to define tﬁe landscape component of a soil-
landscape association. Féf the most part, landscape attribﬁtes were used to ﬁitially map
out areas of potentially similar conditions. It is conceivable, however, that an initially
selected sample point within the mapped area could be excluded becaﬁse of landscape
irregularities such as a pocket of secondary alluvial deposition within an otherwise intact
glacial till landscape. An example landscape description for a specific site might be as
follows: south-tending, linear backslopes with 2 to 4% slopes.

Soil attributes used to define the soil-landscape associations were soil texture and
depth to accumulated calcium carbonate (Table 2.2). Turnover rate of soil organic
carbon is' a function of soil texture (Parton et al. 1994), and soil organic carbon content
increases with clay.content (Burke et al. 1989). The clay fraction of soil has been shown
to reduce turnover rates of SOM decomposition through chemical (adsorption) and

physical (aggregation) protection, thus increasing SOM (Burke et al. 1989).
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Depth to CaCOs; is an expression of the leaching environment and other soil
properties related to soil texture and local climate conditions. Narrowing the site-specific
range in depth to lime (accumulated calcium carbonate) for each soil-landscape
association provided strict control in selecting paired samples with highly similar soil-site
conditions. A typical soil component used for comparisons might be as follows: Kobase
silty clay loaﬁ with clay loam textures thréughout and a depth to accumulated calcium

carbonate of 20 to 36 cm. -

Table 2.2. Soil characteristics for sites at Simpson and Ft. Benton, MT, 2001,
sampled for variability analysis (values are site-specific unless otherwise noted)
‘ Simpson ) Ft. Benton
Soil Series ‘Telstad o Kobase

Fine-loamy, mixed,
Soil Classificationt superactive, frigid Aridic

Fine, smectitic, frigid

Argiustolls Torrertic Haplustepts
Depth to Lime (cm) 38-56 22-36
Depth to Lime (cm)t 18-50 24-60
Surface clay % 11-17 23-47
Surface clay %7 18-27 35-40
Surface Texture class sandy loam clay loam and clay
Surface Texture class loam , silty clay loam

T Reported by SSURGO database.

Variability within the soil properties use& to define the soil-landscape association
could affect SOC content significantly. The specific criteria for the NT/CT pairs
minimized confounding effects so that differences in SOC content could be attributed to.
management practices and site-specific soil properties, rather than environmental

gradients.
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Soil Organic Carbon Sampling

Twelve microsites (six in each tillage system) randomly positioned within the
defined soil-landscape association were chosen for soil organic carbon sampling at each
site (Fig 2.2). The soil sampling scheme was adapted from the Canadian Prairie Soil
Carbon Balance Project (Ellert et al. 2001). Sample preparation and carbon analysis

procedures were adapted from Conant and Paustian (2002).

Till No-till

Soil Type B
P /

0 : O

XjQ5 0 -

y \
Soil Type C

Figure 2.2. Schematic of sampling design. Boxes represent microsites and “x”s represent
core configuration.

Each site was intensively sampled for soil organic carbon during the first two
weeks of September, 2001. Both sites were managed as a wheat-fallow system and
sampling occurred after the wheat crop was harvested at each site. A 2x5-m frame was

centered over the exploratory soil pit and directionally oriented so that core position #1
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was the northeast corner of the frame. The frame served as a sampling template to ensure
consistent sample spacing at all microsites. Surface soil cores were taken by hand using
an aluminum bulk density ring (7.4-cm diameter x 10 cm deep). The ring provided a
consistent sample in loose, crumbly surface soil. Starting from the northeast corner (2,5),
soil samples were taken at the following positions around the frame: #1 (2,5), #2 (2,3), #3

(2,1), #4 (0,0, #5 (0,2), #6 (0,4) (Fig. 2.3).

Figure 2.3. Sample microsite map showing locations of core samples (coordinate
reference in parenthesis)
Sample Preparation

All samples were oven-dried at 40°C for 4 d, then weighed for bulk density
determination. Bulk density measurements were used to convert carbon concentrations to

an equivalent mass value and as a measure of sampling consistency.
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Each sample was passed through a 2-mm sieve to reméve rock fragments,
surface plant litter, and coarse root material. ‘Visible surface litter and root material that -
passed through the 2-mm sieve Wés removed by hand. Rock fragments, surface litter and
root material were removed, dried af 76°C for 24 hr and weighed separately to adjust
bulk density values. Surface litter was not analyzed for C content. Bulk soil samples were
sub-sampled (50 g for C analysis, 100 g for texture analysis and 100 g archived)
individuallly for analysis. Approximately 30 g of tile C sub-sample was milled to fine
powder (<200 pm ) in a ball mill (Pica Blender Mill Model 2601, Cianflone Scientific

Instruments Corp. Pittsburgh, PA) for C analysis.

Sample Analysis

Soil samples were analyzed for total C, inorganic C, total N, texture, and pH.
Total C and total N content of soil samples were measured by cofnbustion usi‘né a LECO
C/N/S 2000 analyzer (LECO Corporation, St. Joseph; MI, USA). Total nitrogen was
measured to calculate C:N ratios as a check for credible organic carbon levels. Soil C:N
ratios have been measured in a range of 3:1 to 14:1 with a mean of 10:1 (Robertson et al.
1997). Soil CN ;at.ios outside thgt range could signify an inaccurate estimate of soil
inorganic carbon. Over- or underestimating soil inorganic C Wlill result in erroneous
organic carbon values. Inorganic C was determined using a modiﬁed pressure c.alc-imeter
method (Sherrod et al. 2002). Soil pH and texture were measured at the Montana State

University Soil Testing Laboratory using standard 1:1 (Eckert 1989) and modified
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hydrometer methods (Gee and Bauder 1986), respectively. Using the measured bulk

density of the field samples, all éoil organic carbon values were converted to and reported

on an equivalent mass basis according to methods described by Ellért and Bettany

(1995). Soil organic carbon (SOC) was calculated by difference given by the equation:
TotC — IC = SOC [Eqn'l]'

Where To;cC = total soil carbon, IC = inorganic soil carbon; and SOC = soil organic

carbon.

Statistical Analysis

Soil organic carbon and soil bulk density dafa were analyzed using analysis of
variance (ANOVA), analysis of covariance (ANCOVA), and variance component
analyées. ANOVA was run as a combined analysis inclﬁding both sites. ‘Site’ and
‘Tillage’ treatments Wére considered fixed in the models. Data were analyzed using two
full models; 1) including individual core values as subsamples, and 2) ﬁsing microsite
values calculated as the mean of the six cores associated with that microsite. Replication
occurs at the microsite level; therefore, microsite was used as the error term to test the
effects of site and tillage.

Clay content is a driving variable in soil organic fnatter dynamics and clay
contents varied between and within sites; 'therefore, ANCOVA was uséd to determine if
measured differences in séil organ{c carbon and bulk density were increased bgl including

the effect of ciay cotitent as a covariate. ANCOVA was run as full and reduced (by site)
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models using microsité values only because the covariant clay content was determined at
the microsite level (micro.sites and cores were considered random factors). Variance
component aqaiysis was used to determine the relative contribution of core and microsite
variability to. the overall Varianée in both sdil organic carl;on and bulk density within tillage
treatments. Variance component analysis estimates the magnitude of the variance
component assc;ciated\ with the ‘gﬂ‘ect of a random factor (Neter et.al. 1996). All
statistical anélyses were preformed using the SAS statistical ;oﬂware 8.02 (SAS, 2001).

The soil sampling optimization procedure consisted of randomly choosing
microsites and cores for e;ach ficrosite x core combination and running analysjs of )
variance to determine the point at Which significant differences in the tillzige response wc;re
lost (P=0.10). For initial screening, 10 iterations were run for each microsite x core
combination to remove combinations that did not meét our standardé (all 10 iterations
significant, P=0.10). The two optimal prospective microsite x core corr-lbi‘nations (4x2
and 3x3) were subjected to .a more robust set of 100 randomly selected iterations. A P-

value of 0.10'was used for testing the significance of terms in all ANOVA and ANCOVA

models.
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Results

Sampling Variability

The full model ANOVA, including individual cére values as subsaﬁples,
determined that the site at Ft. B'enton, MT (Site 4) had higher organic carbon content than
the site at Simpson, MT (Site 2) (P <0.01) and no-till fields had greater SOC content
than tilled fields (P <0.01) (Tables 2.3-2.4). ‘Soil bulk density was greater at Simpson (P
<0.01); however, tillage did not have a significant effect on bulk density (P = 0.62)
(Tables 2.3 and 2.4). Coefficients of variation (CV) were lower for bulk density
compared to soil organic cafbon (Table 4). The CV for SOC in no-till was less than in

tilled fields, while the %CV for BD was similar between tillage systems (Table 2.4).

Table 2.3. ANOVA mean squares for soil organic carbon (SOC) and soil bﬁlk
density (BD) in the O to 10 cm depth including individual cores as subsamples at
Simpson and Ft. Benton, Montana, 2001.

SOC BD
Mean Mean
Treatment df Squares P>F Squares P>F
x10 .
Site 1 256838 <0.01 3790 <0.01
Tillage(S) 2 15573 <0.01 0.62 0.62
Microsite(T*S) 20 2.78 <0.01 : 1.27 0.02

Cores 120 1.27 0.66
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Table 2.4. Soil organic carbon (SOC) content and soil bulk density (BD) values for the 0 to
10-cm soil depth at Simpson and Ft. Benton, Montana, 2001. ]
Simpson, MT Ft. Benton, MT
SOC : ~BD : SOC E BD

Tillage
System  tha’! CVi gcm?® CV t ha'l CV gom? CV
No-till 8.78a 8.3 1.33a 54 18.15a 8.4 1.24a 7.8
Tillage 6.926 132 132a 62 14446 105 12la 77
1 CV is coefficient of variation (stand‘ard deviation divided by mean) reported as a
percentage. -
Means followed by same letter do not differ (P = 0.1).

Tillage explained the majority of the -variation in SOC after data were adjusted for—
covariant clay content (Table 2.5). Including clay as a covariate reduced site meén
squares for SOC by 40-fold; however, the tillage mean squares were relatively unchanged
(Table 2.5). The full model ANCOVA determiged that the Ft. Benton site had
significantly greater orgénic carbon than at Simpson (P <0.01), and ;chat no-till fields had
significantly greater organic carbon than tilled fields (P <0.01). Soil bullf density did not
differ significantly between sites nor between tillage practices (P =0.17 and 0.59,
respectively) (Table 2.5). The reduced mgdel ANCOVA (by site) showed that no-till
fields at both Simpson and Ft. Benton had greater soil organic carbon than their
corresponding tilled fields (P = 0.10 and <0.01, ;espectively) (Table 2..6). Soil bulk
density was not affected by till;'tge at Simpson nonr Ft. Benton (P = 0.57 and 0.33,

respectively) (Table 2.6).
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Table 2.5. ANOVA and ANCOVA mean squares for soil organic carbon (SOC) and soil

bulk density (BD) at Simpson and Ft. Benton, Montana, 2001.

SOC BD

Treatment df MeanSquares P>F Mean Squares P>F
x1o
. ANOVA (unadjusted for clay content)

Site 1 428.06 <0.01 6.32 <0.01
Tillage(S) 2 2595  <0.01 0.10 0.62
Microsite(T*S) 20 0.46 0.21

ANCOVA (adjusted for clay content)
Site 1 10.62 - 0.01 0.45 0.17
Tillage(S) = 2 2334 <001 012 059
Microsite(T*S) 20 - 0.46 : 0.22

Table 2.6. ANCOVA mean squares for soil organic carbon (SOC) and soil bulk density
(BD) at Simpson and Ft. Benton, MT, 2001. :

Simpson, MT
SOC BD
df  Mean Squares P>F Mean Squares P>F
- ' ~ x10
Tillage 1 1.15 0.10 0.07 0.57
Microsite(T) -9 0.34 0.20
- Ft. Benton, MT
SOC C BD ‘
df  Mean Squares P>F = Mean Sciuares P>F
' x10
Tillage Bt 2585  0.01 0.27 0.33
Microsite(T) 9 0.60 0.26

Sampling Design Optimization

Variance component analysis of soil organic carbon and bulk density showed that

the majority of the total variance occurred within microsites rather than between
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microsites with the exception of SOC values in the tilled field at Simpson (Table 2.7).

This was especially evident for the no-till fields.

Table 2.7. Variance component estimations for soil organic carbon (SOC) and soil bulk
density (BD) within sites at Simpson and Ft. Benton, Montana, 2001.

Simpson, MT Ft. Benton, MT
No-till Tillage No-till Tillage
SOC BD SOC BD: SOC BD SOC BD
x 100 x 100 x 100 x 100

Microsites  0.04 0.16 0.55 0.04 0.0 0.0 0.75 0.21
M G0 6 -©) ©  © G (@3
Cores 0.50 0.38 0.33 0.65 3.1 0.92 1.7 0.69
(93) (70) 39) (95 (100) (100) (69) (77)

Note: Percentage of the total variance in parentheses.

Detection of a tiliage effect on soil organic carbon became less frequent as
random selections of microsites and cores were removed from the data set (Fig. 2.4).
When only a single core per microsite was used to measure tillage-induced differerices in
soil organic carbon, six microsites per field was insufficient for both sites. However, if
two cores per microsite were taken, four microsites were sufficient to consistently detect
tillage-induced differences at both sites (Fig. 2.4). If three cores were taken, then three
microsites were sufficient (Fig. 2.4). We reasoned that farmers and researchers would
want to take as few tétal cores as possible to reduce césts associated with determining
management-related changes in carbon, and so subjected the 4x2 and 3x3 combinations
to more rigorous testing to see which was more consistent. We adopted. a conservative

level of significance for microsite X core combinations whereby all iterations had to be
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signiﬂcant (P<0.10) to meet our standard. Further testiﬁg showed that eight cores in a
4x2 configuration detected a till’age effect in 200 of 200 iterations (100 iterations per site)
whereas nine cores in a .3x3 conﬁguraﬁon detected a tillage effect in 199 of 200 iterations
(100 iterations per site) (Table 2.8). The 3x3 combination had one non-significant
iteration-for the Simpson site (P = 0.1 135. Mean SOC, SE, CV and average P valueé ,
were very similar for these twé sarhpling combinaﬁons (Table 2.8). Mean implied change
in carbon (AC), calculated as no-till C - tilled C, was similar within sites. The 3x3
combinations (2.3 and 3.5 t C ha! ) tended to be slightly higher than the 4x2
combinations (2.0 and 3.3 t C ha™') for Simpson and Ft. Benton, respectively (Table 2.8).
The range in 90 percent of AC values were noticeably lower for the 3x3 c.ombinatio‘ns," |
1.2and 2.2t C ha' (Simpson and Ft. Benton, respectively) and the 4x2 combinations,
12and 231 .C ha™! (Simpson ar;d Ft. Benton, respectiyely) suggesting the existence of~
some potential outlier values (Table 2.8). Sampling in a 4x2 or 3x3 design did not appear

to change the distribution of implied C change (Fig. 2.5-2.6).
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Simpson

2x1 3x1 2x2 4x1 5x1 2x3 3x2 6x1 2x4 4x2 3x3 2x5 5x2 2x6 3x4 4x3 6x2

Microsite x Core Combination

Ft. Benton

2x1 3x1 2x2 4x1 5x1 2x3 3x2 6x1 2x4 4x2 3x3 2x5 5x2 2x6 3x4 4x3 6x2

Microske x Core Combination

H Significant m Not Significant

Figure 2.4. Significant vs. non-significant iterations for microsite x core combination
(PO. 10) at Simpson and Ft. Benton, Montana, 2001. All combinations totaling more
than twelve cores detected a tillage effect (PO. 10). Carbon change was 1.3 and 5.1 t
C ha"lat Simpson and Ft. Benton, respectively.



Table 2.8. Summary statistics of 100 ANOVA iterations of 4 x 2 and 3 x 3 microsite by core “combinations in no-tl (NT)
and tilled (T) fields at Simpson and Ft. Benton, MT, 2001.

4 Slmpson,MT
, C 4xD ' ‘ 3%3
_ SOC(tha) cCvi SOC (t ha™)) ___Cv
NT T ACf SE NI T P NI T AC SE NT T P
Min 87 66 09 02 33 49 <001 87 66 - 09 010 3.1 54 <001
o _ 14 : (1.3) _ -
Mean 92 72 19 04 77 126 001 92 72 19 04 78 121 01
Max 9.7 79 29 05 127 173 005 98 79 32 06 126 178 0.1
(2.6) - @25) '
SEgniﬁcant Iterations 100/100 99/ 100
Ft. Benton, MT o
, 4x2 3x3
SOC (t ha'!) . CV SOC(tha) = CV
NI T AC SE NT T P NI T AC SE NI T P
Min  17.1 .13.1 21 02 33 45 <001 174 131 22 02 33 43 <001
' (2.6) ' : (2.6)
Mean 18.1 144 37 05 75 104 <001 194 144 38 05 78 101 <0.01
Max 194 156 54 0.9 13.9° 157 007 182 156 57 09 128 152 01
- (4.9) (4.8)

Significant Itérations

100/100

100/100

t AC is implied change in soil organic carbon calculated as no-till C - tilled C for the entire dataset and do not necessarily
correspond to reported minimum and maximum SOC values. Values in parenthesis correspond to minimum
and maximum values for the center 90% of the data.

T CV is coefficient of variation reported as a percéntage.
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Figure 2.5. Distribution of implied C change (calculated as no-till C - tillage C) for 100
iterations of 4 microsites per field x 2 cores per microsite and 3 microsites per field x 3
cores per microsite at Simpson, MT, 2001.
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Figure 2.6. Distribution of implied C change (calculated as no-till C - tillage C) for 100
iterations of 4 microsites per field x 2 cores per microsite and 3 microsites per field x 3

cores per microsite at Ft. Benton, MT, 2001.
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Discussion

Sampling Variability
The results of this study show that soil organic 'c;arbon is inherently variable related
to inherent natural variability in soils and to the variability associated with soil sampling
techniques. Bulk density ciid not differ due to tillage effect at either site, however
differences occurred among microsites, which suggests that soil properties such as bulk
density vary within soil-laridscape associations independent.of management practices.
The lack.of a significant tillage effect between tillagé systems is consistent with results of
Bauer and Black (1981) where stubble fnulch and moldboard plow tillage systems were
compared after 25yr of cultivation.” Coefficients of variation for bulk derisity were 7 to
| 53% less than soil organic carboﬁ, -lower than the 61% diffefence found by Robertson et
al. (1997). 1n a ,u,nifo;mly managed field with seemingly. homogenous.soil properties, ..
confirming that soil organic carbon was more variable across a landscape compared to
soil bulk density.
Based on variance component analysis, much of the variability occurred within
micr;_)'si@e'_s_ ) "1_:h,<_3 1olwer vé@zlbilityjbé;vs}gég ._n;i-c“rosiie'sn may lg'e a functipn of tile f;lesg:_alé -
variability of SOC, the variabi]ity as;ociated the sample collection methods, or a
combination of—boéh-.- It is expected that with ;1 larger sample volume (i.e. cores bulked to
microsite level vs. individual cores) that the variability in measurement values would

decrease based on volume-variance relationships described by Wagenet (1985). Most of

the variability in SOC occurred within microsites (core level variance component
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vanalysis), yet differences among microsites existed, underscoring the notion that SOC can
vary across a field even though great care was taken to sample similar soil-landscape
associations and collect consistent samples. Stratifying by soil-landscape association likely
reduced SOC variability in this study compared with previous studies. Soil organic carbon
CV’s ranged from 8 to 13%, lower than the 20% reported by quertsoﬁ et al. (1997),
and the 12 to 19% reported by Conant and Paustian (2002). Though SOC appeared to
be more variable within microsites, the expression of that variability was at the microsite
level (shown in the sarﬁpling des,i_gn,optimization).ﬂ |

_ Accounting for differences in clay content may be an important consideration
When determining the significance of management practices on SOC accumulation. The
covaria:nce ana‘lysis‘ resulted in tillage variance remaining relatively unchanged while the
variance associated with site was reduced 40-fold. Thus, determination of clay content
may be critical when comparing SOC accumulation due to land management among sites
differing in clay content. . The importance of using a covariance analysis may Become more
-important when making comparisons across larger areas (i.e. regiénal comparisbns),
because small differences in clay content betwegn neighboring fields may be confounded
with the interactiéns of translocation processes, soillmovement, and tillage (B
McConkey, pers. comm. 2003). For 'example, an accumulation layer of translocated clay
commoniy occurs 1n the soils of this region. Soil movement phrbugh wind and water

erosion has the potential to remove significant amounts of the soil surface, thus reducing

the effective soil depth to the accumulated clay layer, particularly in a tillage based system.
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As this process continues portions.of the accumulated clay layer could be incorporated
into the surface soil or exposed altogether, thus resulting in fine-scale differences in clay

content within a field.

Sampling Design .OptiJ;nization

The number of sarﬁples taken for s.oil organic carbon measurements has a direct
influence on the precision of measﬁrable SOC differences and the cost associated with
acquiring and analyzing those samples. Our results coﬂcur_ that the sampling design is an
important consideration. IConcurrent with our hypothesis, results suggest that less than 36
cores in a 6 microsite X 6 cuore configuration will reliably detect a measurable tillage effect
on SOC after 6 yr, given our initial soil and mahagement conditions. The majority of
variability associated with~samp1ing.procédures occurred within microsites (core level) for’
both soil bulk density and SOC, supporting that the overall mumber of cores per field is
important to achieve reliable SOC measurements.

In this study, replication occurred at the microsite level, therefore microsites
would be considered samples. . It is possiblg to estimate the n_u{nber of samples needed to

detect a given magnitude of difference using an estimate of the population variance (i.e.

~-sample variance). andmcludmg a t correction for that-substitution (Steele-and Torrie

1980). As an example, to detect a 1.0 t C ha™! change due to the adoption of no-till for
10 yr, based on C sequestration rates o 0.06 to 0.12 t C ha’! yr! found in the Brown and

Dark Brown Chernozem soil groups of Canada (Smith et al. 2001), 6 and 9 samples (i.e.




microsites) per tillage treatment would have been réqﬁiféd at Simpson‘and Ft. Beﬁton,
respectively, givén the level of variability found at each respective site. However, reliable
detection of the actual tillage effect (13 a_lnd 5.1t C ha at Simpson and Ft. Benton,
respectively) 'Was maintained when eight or nine cores (aggregated into 4 or 3 microsites,
respectively) were used to. sample similar soil—lé,ndscape associations. Based on results of
the sampling optimiz_ation, a minimum of eight cores in a 4 microsite x 2 core or nine cores .
in a 3 microsite x 3 core configuration would be required to reliably detect a tillage effect
“on soil organic carbon diﬂ‘er’encés after 6 yr within similar soil-landscape associations at
Simpson and Ft. Benton. Either configuration could be used to efficiently measure C
differences in fields of differing management practices and to monitor C change over time
at benchmark sites. |
Decisions as to the number of samples taken in an experiment are commonly
based on time a‘nd resource allocations. As the number of microsites increases per field,
the statistical power for determining differences increases (e.g. 3 x 3, n=3; 4 x 2, n=4),
however the costs e'issoéiated' with sample analysis and ‘gedr'eferenc;ing and installation of
permanen‘-c sampiing locationé for— r'ép‘eated future samp'l'il;g-g, also increase. Increasing the
number of cores at each microsite provides a better pooled estimate of soil orlganic‘
carbon at each mié:rosite, however-the time and labor cost also increases with additiénal
cores. The cost associated with sample analysis would not increase by taking additional
cores per microsite, because in an operational benchmark ‘chiesign, éo.il from all cores at a

microsite could be bulked by depth in the field.
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Conclusions
Four microsites with two cores per microsite or three microsites with three cores
per microsite were optimal sampling designs for measuring soil organic carbon differences

(6 to 7 yr) in fields managed with and without tillage at two sites in north central Montana.
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SENSITIVITY OF THE CENTURY MODEL TO SCALE-RELATED SOIL

TAXONOMIC VARIATION IN SOIL TEXTURE
Abstract

To facilitate carbon credit trading, farmers must be able to verify changes in soil ’
organic carbon (SOC) related to a change in manqgefnént practice. It is 1ikely that the use
of predictive models will meet this criterion. It is un(.:ertain if existing soil dataBases are
sufficiently accurate to support a predictive model in providing field-specific measurement
of SOC change. The objective of this study was to assess the sensiﬁvity of Century
model predictions of SOC change, resulting frohl farm management change, using existing
soil databases. This research explored the influence of soil texture on the effect of tillage-
induced changes in SOC .storage, and the sensitivity of the Century model to the effects of
soil texture input values from three re;solutions. Six farm sites in north central Montana
used to validate model predictions. Siteé were paired tfllage/no-till comparisons‘where
historical cropping systems, and soil; landscape, and climatic conditions, were similar
within each pair. The Century model accurately predicted SOC content using site-
specific soils data (10% deviation from measured values). Neither the STATSGO nor
SSURGO databases predicted soil textures adequately for use with Century. Century
proved to be sensitive to the eﬂ‘ecfs of clay content when predicting the amount of SOC in
a particular ﬂeld; however, the mo_del was insensitive to the effects of soil texture on C

sequestration as a result of land conversion to no-till management.
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Introduction

Previous studies have shown that the Century model is a valid model for
estimating soil organic carbon dynamics under various soil, climatic, and agricultural
practices (Parton et al. 1987; Paustian et al. 1992; Monreal et al. 1997). Parton et al.
(1987) found that the model adeciuately estimated soil C values in the Great Plains
representing various soil textures and climates (r* = 0.88, 0.92, and 0.92 for sandy,
medium, and fine textured soils, respectively). Century tended to overestimate C for fine
textures and underestimate C for sandy soils (Parton e1; all‘ 1987). In lox;g-term plots in
Swgden the model predicted SOC values Wit.hil’-l, 5 to 15% of measured values as a
function of temperature and initial composition of soil organic matter (Paustian et al.
1992). Century has also been validated in eastern Canada whére the model estimated
SOC to within 10% of measured values for 4 crop rotations in 3 soil climoseq'ﬁences
(Monreal et al. 1997). There is grqwing interest in using this model as a tool for estimating
carbon dynamics in situations where a limited amoﬁnt of site-specific information is known
for a particular field or farm (Zimmerman et al. 2003).

The Century model is a process-based model that estimates soil organic carbon
changes based on~ macroenvironmental gradients, management, and soil and plant
properties over long periods ( >30 yrs) (Parton et al. 1987). The médel is initiated using
specific variables describing the soils, climate, and management of a particular system.
Century simulates soil ofganic matter (SOM) formation and calculates decomposition

rates based on first-order kinetics that vary as a function of soil temperature and moisture,
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soil texture, and other variables. The model uses a fnonthly time 'step and includes both
carbon and nitrogen flows. Sensitivity of Century model predictions to differences in soil
texture associated with soil taxonomic variation could have signiﬁcant implications for the
use of soils iﬁput data from various sources.

Studies have evalﬁated various aspects of the Century model for modeling SOM
dynamics and validated the model for use in many enyironments, soil types, and
management systems. Carbon change due to cultivation and agricultural management
have been modeled using the Century model in the Argentine Pampa (Alvarez et al.
2001), Canadian prairies (Smith et al. 2001; Monreal et al.. 1997; Campbell et al. 2001b;
Smith et al. 1997), the U.S. Great Plains (Parton et al. 1987, 1994; Parton and
Rasmussen 1994), Swedish agroeéosystems (Paustian et al. 1992), and European
systems (Falloon and Smith 2002) among others. The sensitivity of Century to some of
the major input parameters was found to be highly variable and dependent upon site
specific mé'del‘ run ;:onditions. Century output values appeared to be most sensitive to
temperature and native carbon inputs, where a 20% change in temperature and native
c.arbon input values changed soil carbon content by 50 kg C ha'l_yr'1 in three major
agriculturai soil groups of Canada (Smith et al. 1997). Soil input variables from various
sources and scales could have a similar effect. .

Soils information can be obtained at various sca,ies of spatial and soil-attribute
resolutions. Existing soil databases such as the State Soil Geographic (STATSGO)

database, and the Soil Survey Geographic (SSURGO) database are generalizations of
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soil patterns across the landscape. Soil mapping units in Bqth the STATSGO and
SSURGQ databases may contain more than one defined soil series, each with its own soil
attributes. Soil properties for each soil series are reported as a range in values, fherefore
choosing a representative value for use in the Century model could be very important for
accurate soil carbon estimations.

A soil-landscape approach proposed by Dr. Thomas Keck (pers. comm. 2001)
was used to refine the seiection criteria for paired sampling to potentially reduce soil
organic carbon Vafiability. Identifying the same soil type across a field boundary provides
a good starting point but soil type alone does not guarante.e7 similar initial conditions with
respect to SOC. There are several reasons for this:

1) Soils can often exhibit substantial short range spatial variability in selected soil
properties even in apparently uniform environments.
2) Soil types (series) are based on generalized morphological c'haracteristics.

. Their description as potentially mappable entities .req'uires that ranges be given for
many different soil properties. For example, a typical range given for SOM in the
surface horizon of an “aridic intergrade” of Mollisols is 1-3%.

3) Soil organic matter is generally not used as é diagnostic criterium in identifying
soil series but rather it is an assigned attribute to the series.

4) Land use and management conditions are not accounted for in series
descriptioﬂs or classifications, yet they can have 1arge effect on SOM.

Similar to other soil propertiés, soil organic carbon varies spatially. The amount
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of variation in measured SOC vglu,es can be substantial with coefficients of variation of
20% reporte;d in a uniformly managed 48-ha site in southwest Michigan (Robertson et al.
1997). Such variability could mask the slow accumulation of SOC over a 6-yr period of
management change. The same taxonomic soil type may be accurately mapped on a
ridgetop or in a swale but may have very different SOM levels and potentials for SOC
change: Inherent differences due to topographic poéition are accentuatéd by plowing in
hilly terrain which enhances the transport of surface soil particles downslope, espet:ially
SOC (Gregorich et al. 1998). Thus, reducing the influence of soil spatial variability Wets an
impottantco,tmideratibn for making the pair-wise .comparisons of no-till and tillage based
management.

STATSGO and SSURGO databases, although founct to be highly correlated (R?
= 0.98), have the potential for differences in soil attributes (Juracek and Wolock 2002).
The degree of discrepancy between soil attributes atl 1:250,000 scale (STATSGO),
| 1:24,000 scale (SSURGO), and site-specific differences has been founct to be potentially
substantial. For example, general soil attributes including clay percent, soil permea‘ttility,
and hydrolo g.ic group were spatially and statistically analyzed for differences (Juracek and
Wolock 2002). For smali averaging areas (0.01 km?) in Kansas, differences in reported
clay percent ranged from -45 to 58% with a standard deviation of 7. As the averaginé
area increased f‘rc;m 25 to 400 km?, the range in difference was reduced (-11 to 4%) and
the standard deviation decreased to 3 and 2, respectively. The correlation between the

databases also varied with landscape position with the most variability falling within stream
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networks. Mean clay percént values stabilized with distance from stream networks with
mean differences in the +/- 1% range. Although the agreement in the databases
increased with the size of the averaging area and with distance away from stream bottoms,
the site-specific ranges are large and could result in substantial differences in model
predicted SOC values for a specific farm field. The objective of this study Waé to assess
the sensitivity of Century model predictions of soil organic carbon change, resulting from
farm management change, to variation in soil texture associated with using existing soil

databases.

Methods
Site Selection
| Paired no-till (NT) and conventionally tilled (CT) agricultural fields were chosen at
six sites in north central Montana to make inferential comparisons of SOC related to field
management (F ig.. 3.1, Table 3.1). Commonly used tillage implements in the study
included a tandem disc, chisel plough, cultivator, rold weeder, or hoe drill seeder. No-till
in the study area was defined as chemical fallow followed by direct seedin}gr into the
previous crop’s stubble. Soil organic carbon was sampled for validation of Century

model predictions.
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Cut Bank

ireat Falls

Billings

Figure 3.1. Map of Montana showing locations of sampled sites. 1) Conrad W,
2) Simpson,3) Saint Johns, 4) Ft. Benton, 5) Chester, 6) Conrad E.

Each paired site was required to meet the following initial criteria to minimize
confounding factors that could mask the effects of a change in tillage system.

1) Sampling sites were selected to have the same soil type and landscape position

under both tillage practices. This provided an initial assessment that soil properties

and erosion potential were similar across management boundaries.

2) No-till fields had been managed without tillage for a minimum of six years to

ensure they were fully representative no-till systems and to permit sufficient time

for SOC to respond to the management change.

3) NT/CT pairs were separated by an anthropogenic boundary (e g property

boundary) rather than a naturally occurring boundary such as a waterway or an



Table 3.1. Site characteristics for Chestér, Conrad East (E), Conrad West (W), Ft. Benton, Saint Johns, and Simpson, Montana,

2001. Values are site-specific unless otherwise noted.

7 Chester Conrad E - Conrad W Ft. Benton 7 Saint Johns - - 7 Simpson
County Liberty 7 Pondera Pondera Liberty Hill Hill
Latitude 48°42'04"N 48° 10' 07"N 48°10'32"N 48°08' 19" N 48°50'32"N 48° 56' 09" N
Longitude . 110°58'46"W 111°38' 11"W 111°41'13"W 110°56'44"W  110°04'57"W  110°13'10"W
Elevation (m) 1038 1040 1037 960 842 847
Years in NT 9 _ 9 10 ) 8 _ 7
2001 crop -Spring Wheat Winter Wheat Spring Wheat Winter Wheat Spring Wheat 7 Spring Wheat
Crop Rotations C°‘§V¥ EE‘I’JHD W-F W-F W-F W-F W-F
Tillage ,
implements cult, rw cult, sweeps, rtw  cult, rw, harrow  cp, sweeps, TW cult, cp, rw cult, rw
Slope Steepness 0-3% 0-2% 0-2% 'O-;l% 0-1% 01-2%
~ Land Form Till plains . Till plains Till plains - Till plains Till plains Till plains
MAP (cm)} 27 ' 31 31 36 26 26
MAAT (°C)§ 54 6.0 6.0 7.5 5.0 5.0

t cult = cultivator, r+w = rod weeded, cp = chisel plow
1 Mean Annual Precipitation estimated from the weather station nearest the site.
§ Mean Annual Air Temperature estimated from the weather station nearest the site.

Source: National Climate Data Center-(NCDC) Historical listing of National Weather Service Cooperative Network.

L9
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aBrupt topo graphic change. Close proximity minimized variability in ciimatic and

soil properties. |

4) Dryland fields producéd (in the 2001 growing season) the same type of wheat

(i.e. spring or winter), and had similar cropping histories. This minimized inter-

annual variation due to cropping type and history.

Once potential paired fields were identiﬁeci, areas were located within fields
having a high probability of uniform initial soil co.nditioﬁs with respect to soil organic
matter. Site-specific ranges of selected soil properties and landscape attributes were used
as selection criteria for identifying paired samples across the field bounciary separating
tillage systems. The combination of épeciﬁc soil and lgndscape attributes is referred to
here as a soil-landscape association. Soil-landscape associations in the context of this
study can be considered as localized areas with a high probability of similar initial
conditions with respect to soil organic carbon (Dr. T. Keck, pers. comm., 2002).

Two steps were required in defining the soil-landscape association at each site.
First, preliminary field sampling identified the specific combination of soil and landscape
attributes to be used as a soil-landscape association at each sample site. The
approximate areal extent of the association was then drawn on a base map. Secondly, a
30-m grid was established on the map and points 6f int.ersection from the grid were
randomly selected. An exploratory "soil pit was excavated at each corresponding point in

the field. . If soil and landscape attributes at the randomly selected sample point met the

specific criteria, then it became a valid sample location. If not, then another point on the
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grid was randomly selected until six valid sample locations meeting the soil-landscape
criteria were located on either side of the field boundary.
Landscape attributes of slope position, shape, steepness and aspect along with
the local depositional environment were used to define the landscape component of a soil-
Iandscépe association. Landscape attributes were used initially to map out areas of
potentially similar conditions. It is.conceivable, ho{ve\;er, 1:hat~ an initially selected sample
point within the mapped area could be excluded because of landscape irregularities such
as a pocket of secondary alluvial deposition within an otherwise intact glacial till
landscape. An example landscape description fof a specific site might be as follows:
south-tending, linear backslopes with 2 to 4% slopes.
Soil attributes used to define the soil-landscape as_sociatiops were soil texture and
depth to accumulatgd calcium carbonate (lime) '(Table 3 .2).A Turnover rate of soil organic
_carbon is a function of soil texture (Parton et al. 1994); and soil organic carbon content
tends to increase with clay content (Burke et al. 1989). The clay fraction of soil has been
shown to reduce turnover rates of SOM decomposition through chemical (adsorptioﬂ)
and physical (aggregation) protection, thus increasing SOM (Sofenson 1981; Tiessen et al
1982; Schimel et al. 1985).
Depth to lime is an expression of thé leaéhing environment and other soil

properties related to soil texture and local climate conditions. Narrowing the site-specific




Table 3.2. Soil characteristics for Chester, Conrad East (E), Conrad West (W), Ft. Benton, Saint J ohns, and Simpson, Montana,
2001. Values are for 0-20 cm depth and site-specific unless otherwise noted.

Chester Conrad E Conrad W Ft. Benton Saint Johns Simpson
No-till Tilled No-till Tilled No-till Tilled No-till Tilled No-till Tilled No-till Tilled
Soil Series Hillon Kevin Etheridge Kobase Telstad Telstad
Soil Fine-loamy, mixed F%n.e, smectitic, F?ne-lbamy, Fine, smectitic, Fine-loamy, Fine-loamy,mixed,
Classi ficationt (ca.lc.areous), frigid  frigid ’_l"orrertic fn%xed, ﬁ.igid frigid Torrertic fn%xed, fFigid sul?e.ractive, frigid
Aridic Ustorthents. Axgiustolls Aridic Argiustolls Haplustepts Aridic Argiustolls  Aridic Argiustolls
Texture Class * cl c cl c,cl 1 sL1
Texture ClassT 1 cl sicl sicl 1 1
Texture Class} fs1, L sil, cl sil, sicl, sic, cl, ¢ fsl, 1, sicl, cl fsl 1, cl fsl, 1 cl fs1, L cl
Clay(%) 38-39 42-43 39-42 45-47 23-26 16-19
Clay (%)t 5-35 18 -60 5-40 5-35 5-40 5-40
Clay (%)} 18-35 27-35 27-35 30-35 1827 18-27 S
Bulk Density- 1.27-1.28 1.32-1.36 1.36-1.40 1.29 1.46-1.47 1.45-1.51
(g/cm®) .
?g‘jikm%?nmy 1.1-1.45 1.1-1.45 1.15-1.40 1.15-1.45 1.15-1.45 1.15-1.45
?;B;?;nmy 1.20-1.40 1.15-1.35 1.15-1.35 1.20-1.40 1.20-1.40 1.20-1.40

2 ¢ = clay, cl = clay loam, fsl = fine sandy loam, 1 = loam, sic = silty clay, sicl = silty clay loam, sﬂ = silt loam sl = sandy loam

T Reported by STATSGO database.
f Reported by SSURGO database.
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range in depth to lime for each soil-landscape association provided greater control in
selecting paired samples with highly similar soil-site conditions. A typical soil component
used for comparisons might be as follows: Kobase silty clay loam with clay loam textures
throughout and a depth to lime of 20 to 36 cm.
Variabiiity in the soil properties used to define the soil-landscape association
could affect SOC ;:ontent. The specific criteria for the NT/CT pairs minimized
confounding effects so that differences in SOC conteht could be attributed to managerﬁent

practices and site-specific soil properties, rather than environmental gradients.

Soil Organic Carbon Sampling

Twelve microsites (six in both the tilled and no-till fields) randomiy positioned °
within the defmed.soil—la.ridscape association were chosen for soil organic carbon sampling
at each site (Fig 3.2). The soil sampling scheme was adapted from the Canadian Prairie
Soil Carbon Balance Project (Ellert et al. 200 1‘), and sample preparation and C analysis

procedures were adapted from Conant and Paustian (2002).
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Till No-till
Soil Type B

Soil Type A

Soil Type C

Figure 3.2. Schematic of sampling design. Boxes represent microsites and “x”’s represent
core configuration.

Each site was sampled for soil organic carbon during the first three weeks of
September, 2001, after the wheat crop in the wheat/fallow rotation was harvested. A 2-
x 5-m frame was centered over the exploratory soil pit and directionally oriented so that
core position #1 was the northeast corner of the frame. The frame served as a sampling
template to ensure consistent sample spacing at all microsites. Surface soil cores were
taken by hand using an aluminum bulk density ring (7.4-cm diameter x 10 cm deep). The
ring provided a consistent sample in loose, crumbly surface soil. Starting from the
northeast corner (2,5), soil samples were taken at the following positions around the
frame: #1 (2,5), #2 (2,3), #3 (2,1), #4 (0,0), #5 (0,2), #6 (0,4) (Fig. 3.3). Subsoil

samples were taken in the exact positions as the surface soil samples using a Giddings
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hydraulic press with a 5.4-cm dia. core. Subsoil samples were separated into 10-20, 20-

50, and 50-100 cm increments.

Figure 3.3. Sample microsite showing locations of cores samples (coordinate reference in
parenthesis).
Sample Preparation

All samples were oven-dried at 40°C for 4 d, then weighed for bulk density
determination. Bulk density measurements were used to convert carbon concentrations to
an equivalent mass value and as a measure of sampling consistency.

Each sample was passed through a 2-mm sieve to remove rock fragments,
surface plant litter, and coarse root material. Visible litter and root material that passed
through the 2-mm sieve was removed by hand. Rock fragments, litter and root material
were dried at 70°C for 24 hr and weighed separately to adjust soil bulk density values.

Approximately 50 g of each bulk sample was composited by depth for each frame.
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Composite samples were sub-sampled for analysis With 50 g for C analysis, 100 g for
texture analysis (O to 10 and 10 to 20 cm depths ohly) and 100 g archived..
- Approximately 30 g of the C sub-sample was milled to fine powder (< éOO pm ) in a"ball’
mill (Pica Blender Mill Model 2601, Cianflone Scientific Instruments Corp. Pittsburgh,

PA) for C analysis.

Sample Analysis

Samples were analyzed for total C, inorganic C, total N, texture, and pH. Total
C and total N content of soil samples were measured by combustion using a LECO
C/N/S 2000 analyzér (LECO Corporation, St. Joseph, MI, USA). Inorganic C was
determined using a modified pressﬁre calcimeter method (Sherrod et al: 2002). Soil pH
and texture were measured at the Montana State University Soil Testing Laboratory using
standard 1:1 (Eckert 1989) and modified hydrometer methods (Gee and Bauder 1986),
respectively. Using the measured bulk density of the field samples, all soil organic car‘bon
values were converted to and reported on an equivalent mass basis according to methods
described by Ellert and Bettany, 1995. Soil organic carbon (SOC) was calculated by
difference given by the equation: o

| T(‘)tC ~IC= SOC- [Eqﬂ 1]

Where TotC = tofal soil carbon, IC = inorganic séil carbon, and SOC = soil o;ganic

carbon.
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Soil samples were analyzed for total C, inorganic C, total N, texture, and pH.
Total C and total N content of soil samples were measured by combﬁstion using a LECO
C/N/S 2000 analyzer (LECO Corporation, St. Joseph, MI, USA). Total nitrogen was
measured to calculate C:N ratios as a check for credible organic carbon levels. Soil C:N
ratios have been measured in a range of 3 to 14:1 with a meaﬁ of 10:1 (Robertson et al.
1997). Soil C:N ratios outside that range could signify an inaccurate estimate of soil
inorganic carbo;l. Over- or underestimating soil inorganic C wili result in erroneous

organic carbon values.

Statistical Analysis

Soil organic carbon data were analyzgd using analyéié of variance (ANOVA) for
all depths, and analysis of covariance (ANCOVA) for the 0 to 10 and 10 to 20 cm
depths. Clay content is a driving v.ariablé in soil organic matter dynamics. Clay contents
varied among and within sites; therefore, AN COVA was used to determine if the
differences in soil organic carbon occurred when accounting for this covariant. Data were
analyzed using Ihicrosite values as replicates. ‘Site’ and ‘Tillage’ treatments .were
considered fixed in the model. ANOVA and AN COVA were run as full and reduced (by
site, by depth, and by site and depth) models. ANOVA and ANCOVA were also used
_ to determine if differences in soil organic carbon occurred when the data were pooled
into a 0-20 cm depth for comparison to Century model estimates. All statistical analyses

were preformed using the SAS statistical software 8.02 (SAS, 2001) and alpha=0.1.
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Century Mo c!el Initialization

1 The Century model was initialized for 5 of the 6 paired comparisons using present
and historical management information supplied by cooperating produceré, soils data from
site-specific field samples and existing soil databases, and climate data from the National
Oceanic and Atmospheric Administration website. Crop growth para.meters' and tillage
effects on SOC are modifiable in Century. Crop growth pararheters developed for
Saskatchewan, which has similar agricultural conditions as the study area, aqd default
tillage effects were used in this study. One site that Waé soil sampled (Conrad East) was
omitted because the no-till producer opfed not to participate after soil samples were
taken. The data supplied by the cooperating broducers included when the field was fﬁst
cultivated, management oﬁerations (by month), equipment used, crops grown (by year),
rotations (by year), fertilizer use (type, amount, date applied), and average yields (by
crop) for each’ field. -

"Soils data required for Century initialization include soil texture (% sand, silt, and
clay), bulk density, ‘and drainage class. Paired fields were first modeled using site-specific
' soils data (Table 2) and land management history. STATSGO and SSURGO soil data
were theg used in place of site-specific soil data. Both STATSGO and SSURGO soils
" information are reported as a range of high and low values, and all SSURGO data were
bound within the STATSGO range for c1a.y % and bulk density in this study. Century soil

inputs spanned the full range of STATSGO data for the top 20 c¢m of soil (Century

assumes a depth of 20 cm).
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Sensitivity Analysis

Holding the site-specific land management history constant, the Century model
was initialized using the complete range of clay % and bulk density reported in
STATSGO. It is important to noté that STATSGO does report the relative %
composition of the soil séries in the mapping unit (Appendix B, Fig. B.1), however the
database does not delineate how the soil series are distributed within the mapping unit
For this reason, the largest range in texture and bulk density values were used to model
the “worst-case” scenario. The model was re-initialized beg-inning with the lower limit of
STATSGO data and proceéded by increasing clay céntent by 5% and decreasing soil
bulk density proportionally (coarse-textured soils tend to have higher bulk density than
ﬁne-te).(tured. soils) to cover the coﬁlplete STATSGO range in clay and bulk density for
each field. All fields fell into the ‘well-drained’ drainage class; therefore, no- adjustments
were needed for that parameter. Soil water holding capacity is strongly linked to soil
texture and the soil water status at wilting point (-15 bar) and field capacity (-0.33 bar)
were estimated according to % sand, silt and clay, % organic matter, and soil bulk density
in an equation developed by Rawls et al. (1982). The effect qf erosion on soil organic
carbon distribution was not included in model estimates. Century soil organic carbon
estimates using both site-specific and STATSGO soils data were compared to measured
C values.

Implied C change due to the adoption of no-till management for the field sites Was

calculated as the amount of organic carbon in the tilled fields subtracted from their paired
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no-till plots. P.rediction intervals were used to set a range‘in the distribution of predicted
values such that most observationg will fall within that range with some degree of .
confidence (Neter et al. 1996). Prediction intervals (95%) were built around the predicted
implied C change using the SigmaPlot 2000 v. 6.0 statistical software (SPSS Inc 2000). |
The software used standard equations to calculate prediction intervals which are
described in detail by Neter et al. (1996). Results were compared to measured
differences to determine if Century predicted the measured implied change in carbon

including a 95% prediction interval.

Results

Soil Organic Carbon

Full model analysis (including all sites) of the 0"‘-20 and 20-100 cm increments
showed that no-till had greéter measured SOC in the 0 to 20 cm depth (P<0.0i)‘, but
SOC did not differ in the 20-100 cm depth (P=0.12) due to tillage (Table 3.3). Inthe O
to 20 cm depth, mean squares for the site effect were reduced 6-f61d and error mean
squares decreased 12% by adjusting for the clay covariant (AN CCVA), whereas tillége’
means squares were unchanged (Table 3.3).

Despite the seemingly upimportant effect of clay on SOC in the full model,
analysis by site of the 0 to 20 cm increment sf10wed fhat includ,;mg clay as a covariant
influenced the significance of the tillage effect. Withoﬁt adjusting for clay (AN OVA),

tillage had a significant effect on soil organic carbon at all sites except Conrad E (Table
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3.4). Including clay as a covariant reduced error means squares at Chester, and had little

effect at the other sites (Table 3.4). In addition to the non-significant tillage effect at

Conrad E, ANCOVA also resulted in the loss of a significant tillage effect at Saint Johns

(Table 3.4).

Table 3.3. Full model ANOVA and ANCOVA soil organic carbon mean squares for 0
to 20 and 20 to 100 cm depths at 6 sites in north central Montana, 2001.

0-20cm
Mean Squares P
ANOVA 7
Site 310.6 <0.01
Tillage(S) 30.7 <0.01
Error 33
No-till Till
t ha'
Mean SOC (SE) .24.2 (0.9) 21.3 (0.8)
~ ANCOVA
Site 50.9 <0.01
Tillage(S) 30.7. <0.01
Clay 254 <0.01
Error 2.9
~ No-till Till
t ha'
Mean SOC (SE) 24.3 (0.3) ' 21.2 (0.3)
‘ ' 20-100 cm
ANOVA
Site 75.7 <0.01
Tillage(S) 11.4 0.12
Error 6.4
No-till Till
t ha ~
Mean SOC (SE) 18.0 (0.6) 17.6 (0.5)
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. Inthe 20 to 100 cm depth, tillage had a'signiﬁcant effect only at the two Conrad
sites (Table 3.4), however the trend for the tillage effect was not consistent. At Conrad
" E, the tilled field had greater SOC than the no-tilled‘ﬁeld; however, the relationship was
reversed and ‘of similar magnitude 'at Coprad W (Table 3.5).

Across all sites, no prevalent rélatiohship occurred between soil texture and C
sequestration rates with the adop;cion of no-till (r2=0.19) (Fig. 3.4). Annualized rates of
C accumulation under no-till were used because the lengfh of tir;le since the adoption of
no-till was not consistent aéross all sites. There is a general trend of increasing C storage
with higher clay content, but the relationship is ﬂot strong.‘ Annual precipitation can have a .
significant impact on primary productivity and hence C inputs for the soil. Annua}
precipitation since the adoption of no-till does not appear to have a strong relationship
with respect to the annualized rates of implied carbon changé. Annual precipitation since
1996 has consistently been lower than mean annual precipitation at each site (Appendix
A, Figs A.1-A.4), and represents a minimum of half the years of no-till for eac_h site.
There are likely many confounding variables that could be effecting C sequestration rates

in addition to soil texture.




Table 3.4. Reduced model (by site) mean Squafes for the 0 to 20 (ANOVA and ANCOVA) and 20 to 100 (ANOVA) cm dépths at
Chester, Conrad East (E), Conrad West (W), Ft. Benton, Saint»]ohns, and Simpson, Montana, 2001.

I8

Chester Conrad E Conrad W Ft. Benton Saint Johns Simpson
Mean P>F- Mean Mean A Mean . - Mean T Mean PoF
Squares Squares : Squares Squares - Squares Squares -~
' A 0 to 20 cm 7 B
. B , ANOVA
Tillage(S) 32.4 007 42 034 488 <0.01 76.0  <0.01 46 006 183 0.01
Error 8.0 4.1 1.3 3.6 1.0 1.9
ANCOVA , 7 ,
Clay 244 008 79 0.8 02 073 62 <001 01 077 - 0.1 0.88
Tillage(S) 389 003 29 039 428 <001 821 <001 33 012 10.1 0.05
Error 6.2 3.7 1.4 34 1.1 2.1
20 to 100 cm
ANOVA 7 _
Tillage(S) 0.4 087 314 002 251 007 45 038 0.7 052 6.1 0.42

Error 13.3 4.1 | 5.7 ‘ 5.3 17 7 8.5




Table 35 Meaﬁi soil orgaﬁid carbon values (0 to 20 and 20 to 100 cm) unadjusted (Mean) and adjusted (LS Mean) for clay content

for Chester, Conrad East (E), Conrad West (W), Ft. Benton, Saint Johns, and Simpson, Montana, 2001.

Chester Conrad E Conrad W Ft. Benton Saint Johns Simpson
' -tha’
‘ 0 t0 20 cm ’
Mean 23.1 26.0 21.1 30.4 19.1 15.9
SE 0.9 0.6 0.7 0.9 0.3 0.5
LS Mean 22.3 24.1 20.8 27.8 21.6 19.9
SE 0.6 0.8 0.7 1.0 1.0, 1.5
) , 20 to 100 cm
Mean 18.4 18.5 17.0 219 14.3 16.6
SE 1.0 0.7 0.9 0.7 0.4 0.8
‘ _ 0 to 20 cm '
No-till  Till  No-till ~ Till No-till Till - No-ill Till No-till Tilll No-till Till
Mean 247a 214b 266a 254a 24.1a 2016  329a 2786 198a¢ 185h 17.1a 14.6b
SE 11 12 0.9 0.8 0.4 0.5 1.0 0.5 0.4 0.4 0.4 0.7
LSMean 24.0a 20.5b 24.6a 23.6a 226a 1906  305a 2516 226a 207a 209z 19.0b
SE 07 08 1.0 0.9 0.9 0.8 - 1.1 12 1.2 1.0 1.5 1.7
7 , B 20 to 100 cm 7

‘Mean 18.6a 183a 169a 20.16  18.6a 1536 225a 212a 14la 146a 173a 159a
SE 20 05 0.7 1.0 1.4 09 11 0.8 05 05 09 1.4

Means followed by same letter did not differ P =0, 1).

Z8
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1.0
Soil texture effect on C sequestration rates
y = 0.0I0Ix + 0.0256
R2=0.19
o 0.6
0.4 -
Clay % . Implied C sequestration rate

_________ Regression

Figure 3.4. Regression of soil clay content on the annualized rate of implied C change due
to the adoption of no-till at six sites in north central Montana, 2001.

Analyzing by sampling depths (0-10, 10-20, 20-50 and 50-100 cm) across all
sites, tillage had a significant effect in the 0-10 and 10-20 cm depths (f<0.01 for both
ANOVA and ANCOVA, respectively) (Table 3.6). Tillage effect was significant for the
20 to 50 cm depth (P = 0.04 for ANOVA) and not significant at the 50-100 (P = 0.28
for ANOVA) cm depth (Table 3.6). Adjusting for clay, mean squares for site were
reduced 4-fold in the 0-10 cm depth and nearly 10-fold for the 10-20 cm depth (Table
3.6). Mean squares for tillage remained unchanged in the 0-10 cm depth, but were
reduced by nearly half in the 10-20 cm depth (Table 3.6). Error mean squares were

unchanged (Table 3.6).
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Examining the sampling depth analysis by site revealed mixed results for tillage in
the 0 to 10 and 10 to 20-cm depths. Without adjusting for clay, nc;ftﬂl fields had greater
SOC than tilled fields at 3 of 6 sites (0 to 10 cm), Conrad W, Ft. Benton, and Simpsén
(Table 3.7). No-till remained greater than tilled after adjusting for clay at 3 of 6 sites, but
Saint Johns and Simpson were interchanged (Table 3.7).

Soil organic carbon results in the 10 to 20 cm depth Weré more consistent among
sites and tillage systems, but Awere inconsistent below 20 cm. No-till was significantly
greater than till at the Conrad E and Chester ;ites only (10 to 20 cm), regardless if means
were adjusted for clay (Table 3.7). Below 20 cm, no consistent tillage effect was

detected (Table 3.8).

Table 3.6. Reduced model (by depth) ANOVA and ANCOVA mean squares for 0 to 10,
10 to 20, 20 to 50 , and 50 to 100 cm depths at 6 sites in north central Montana, 2001.

0-10 cm 10-20 cm 20-50 cm . 50-100 cm
Mean Mean Mean Mean
Squares P>F Squares P>F Squares - P>F  Squares P>F
' ANOVA
Site 89.5 <0.01 704 <0.01 298 <0.01 28.3 <0.01
Tillage(S) 117 <001 83 <001 57 004 41 03
Error 1.2 1.7 2.4 3.2
' ANCOVA

Site 24.1 <0.01 7.4 <0.01
Tillage(S)  11.6 <001 45  <0.01
Clay 23 0.6 08. 05

Error 1.2 1.7




Table 3.7. ANOVA and ANCOVA soil organic carbon means (t ha™*) for the 0to 10 and 10 to 20 cm depths at Chester, Conrad
East (E), Conrad West (W), Ft. Benton, Saint Johns, and Simpson, Montana, 2001, '

Chester ~ Conrad E Conrad W Ft. Benton Saint Johns Simpson
No-till  Till No-till Till No-till  Till No-till Till No-till  Till No-till  Till
L ANOVA )
. : 0-10cm ~
Mean 119a 11.5a 124a 12.7a 12.8a 10.16 = 17.7a 14.2b 10.0a 9.6a 8.8a. 7.0
SE 0.7 0.6 0.4 03 0.3 0.3
o , ‘ ~ 10-20cm o
Mean 129a 9.9 143a 12.7b 11.4a 10.15 15.1a 13.6a 9.8a 9.0a 8.3a 7.6a
SE 0.7 0.5 0.4 0.7 0.4 0.4
ANCOVA
| . 0-10cm
LSMean 1192 1l4a 122a 129a 1294 10.15 17.9a 14.0b6 10.7a  8.8b 8.3a 7.4a
SE 0.7 0.6 0.4 03 03 0.4
, o 10 - 20 cm , ‘
LSMean 12.8a 9.9b 143a 12.6b 11.3a 102a - 153a 13.6a 9.7a 9.0a 8.4a 7.6a
SE . 0.8 _ 0.4 0.5 0.8 . 0.4 04

Means followed by same letter did not differ (& = 0.1).

¢8




Table 3.8. ANOVA soil organic carbon means (t ha™) for 20 to 50 and 50 to 100 cm depths at Chester, Conrad East (E), Conrad
West (W), Ft. Benton, Saint Johns, and Simpson, Montana, 2001.

Chester | Conrad E ~ Conrad W 7Ft. Benton .Saiﬁt Johns 7 Simpsbn

- 20-50 cm

No-till TillL No-ill Tl No-tll Till  Notll Tl  Notil Tl Notill Tl

Mean 93a 8.9a 10.6a  12.7b 11.6a 9.2 13.3a 12.4a 9.2a 8.9a 9.1a 9.5a

SE 0.9 0.6 0.6 0.7 04 0.5

‘ . » _ 50-7100cm7. L ,
Mean 94a 95a " 63a 7.4a 8.0a 6.1a 92a - 89a 4.9q 5.6a 8.2a 6.4a

SE 1.0 0.6 0.8 0.6 - 05 ) 04 1.0

Means followed by same letter do not differ (P = 0.1).

98
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Century Model Sensitivity Analysis

" The Century model tended to overestimate soil organic carbon as compared to
measured Valugs. Modeled SOC estimates of soil organic carbon in the 0-20 c¢m soil ‘
depth at e_ach site deviated from measured values with an average difference of +10% and
arange of -1% to +28% (Table 3.9). On average, model estimates for the two tillage
systems were +9% (-1% to +28%) and +11% (1% to 18%) for no-till and tillea,
respectively, supporting that the Century model is not biased toward a particular tillage
system (Table 3.9).

The accuracy of Century model SOC estimates using STATSGO and SSURGO
database information were dependant upon whether reported database ranges in clay
content included the site-specific values. STATSGO reported clay contents fell short of
measured clay values at Chester, Ft. Benton and the tilled field at Conrad W, but
encapsulated the measured clay Valués at bonrad W (np -till field), Saint Johns, and
Simpson (refer to Table 3.2 for STATSGO values). SSURGO ranges in clay content did
not include measured values at Chester, Conrad W, Ft. Benton and fche tilled field at
Simpson, but did include measured values at Saint Johns and the no-till field at Simpson
(refer to Table 3.2 for SSURGO values). Ranges in estimated SOC content using
STATSGO and SSURGO soil data included the measured SOC values at Chéster (tilled
field only), Conrad W, Saint Johns, and Simpson (with the exception of the tilled field
using SSURGO data). Largely due to shortcomings of the STATSGO and SSURGO

databases, model predictions of SOC were lower than measured values at Chester (no-till

]
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field only) and Ft. Benton (Table 3.9, Figs. 3.5-3.6). Estimated soil organic carbon
values from Century were similar to measured values at Saint J oilns and Simpson (Table
3.9, Figs. 3.7-3.8); however the model tended to over-estimate measured values at
Conrad W (Table 3.9, Fig. 3.9).

Estimates of SOC from Century for no-till and tilled systems are seﬁsitive to the
effect of clay content based on the range of modeled SOC values. Estimated SOC for the
upper limit of reported clay content was 2.3 to 2.7 times greater than SOC estimates for
the lower clay limit at the 5 sites modeled using STATSGd database ranges in clay
content (Figs 3.5-3.9).

Model estimates showed inconsistent results when predicting the implied carbon
change (no-till C - tilled C) using STATSGO soil data. Either as a reflection of
* shortcomings of the soils database_or an apparent insensitivity of Century to the effect of
clay content on SOC gains through no-till adoption, Century estimates (jncluding a 95%
prediction interval) did not predict the measured implied change in C associated with the
adoption of no-till at any of the 5 sites (Figs. 3.10-3.14). Century underestimated implied
C change at Chester and Simpson (Figs. 3.10-3.11); however, implied C change was
over-estimated at Conrad W and Saint Johns (Figs. 3.12-3.13). Century estimates were
lower than the measured Va\lue at Ft. Benton as a function of both a shortcbming in
- STATSGO data and an apparent insensitivity of the models to tillage effect on SOC as a_

function soil clay content (Fig. 3.14).




Table 3.9. Measured and predicted 0 to 20 cm SOC values (using site-specific and soil databases for soils inputs) for no-till and
tilled fields at, Simpson, Saint Johns, Ft. Benton, Chester, and Conrad West (W), Montana, 2001.

Chester : Conrad W Ft. Benton Saint Johns Simpson
Notill  Til  Notill Tl Notill Tl Notill Tl  Notill Till
» | t ha? | A
Mean¥ewured 247 214 241 201 329 278 - 198 185 171 146
SE L 12 0.4 05 10 05 04 04 04 07

95% CI 0 23.5-29.922.7-20.1 23.7-24.5 19.6-20.6 31.9-33.9 27.3-28.3 19.4-20.2 18.1-18.9 16.7-17.5 13.9-15.3
. , Site-specific soils data
Predicted SOC 253  23.6 30.7 24.4 36.7 32.2 19.7 19.4 174 14.8

Difference from -
measured SOC .

+2%  +10%  +28%  +21%  +12%  +16% 1% 5% 2%  +1%

SSURGO soils data uéed for input data

Predicted range 7

nSOCwith 0 0 1520 2327 1922 2630 2427 1822 1620  17-22  15-19
varying input
data ] - ,
STATSGO soils data used for input data
Predicted range
inSOCwith 52 g5 13-29 924 1329 1126 12-28 1026 1027  10-26°
varymg mput - .

~ data

68
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Figure 3.5. Predicted SOC values (Century model) for no-till and tilled fields using
STATSGO reported clay content in 5% increments at Chester, Montana, 2001.
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Figure 3.6. Predicted SOC values (Century model) for no-till and tilled fields using
STATSGO reported clay content in 5% increments at Ft. Benton, Montana, 2001.
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Figure 3.7. Predicted SOC values (Century model) for no-till and tilled fields using
STATSGO reported clay content in 5% increments at Saint Johns, Montana, 2001.
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Figure 3.8. Predicted SOC values (Century model) for no-till and tilled fields using
STATSGO reported clay content in 5% increments at Simpson, Montana, 2001.
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Figure 3.9. Predicted SOC values (Century model) for no-till and tilled fields using
STATSGO reported clay content in 5% increments at Conrad W, Montana, 2001.
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Figure 3.10. Implied carbon change (no-till C - tilled C), with 95% prediction interval for
modeled values, using STATSGO reported clay content at Chester, Montana, 2001.
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Figure 3.11. Implied carbon change (no-till C - tilled C), with 95% prediction interval for
modeled values, using STATSGO reported clay content at Simpson, Montana, 2001.
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Figure 3.12. Implied carbon change (no-till C - tilled C), with 95% prediction interval for
modeled values, using STATSGO reported clay content at Conrad W, Montana, 2001.
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Saint Johns, MT
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Figure 3.13. Implied carbon change (no-till C - tilled C), with 95% prediction interval for
modeled values ,using STATSGO reported clay content at Saint Johns, Montana, 2001.
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Figure 3.14. Implied carbon change (no-till C - tilled C), with 95% prediction interval for
modeled values, using STATSGO reported clay content at Ft. Benton, Montana, 2001.
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Discussion

Soil Organic Carbon

Significant increases 1n soil organic carbon due to the adoption of no-till
management and increased cropping intensity have been documented in other studies.
(Paustian et al. 1997,1998; West aﬁd Marland 2002; Campbell et al. 1996, Halvorson et
al. 2002). Tillage commonly does not hav‘e an effect on SOC below the depth of
plowing, which tends to be léss than 20 cm in the Northern Plains (Camp'bell'et al. 2000a;
Campbell et al. 200b). Though SOC differences occurred in the 20 to 50-cm depth at
two sites in this study, the tillage effect on SOC conﬂigted, where the tilled field had
greater SOC than the no-till field at Conrad E and the reverse occurred at Conrad W.

-Reliable, unbiased baseline carbon values Will be a critical cbmponent toa
market-based carbon trading system. Likewise, it would be equally important to
determine; 1) if significant gains in soil carbon occur, and 2) the rate of C accumulation
that occurs with the adoption of best management practices, such as the elimination of
tillage (i.e. no-till), in major agricultural regions. Thié would particularly bé of interest if a
practice-based (i.e. per-acre payments) approach were to be taken for carbon trading.

The data reported in this study support that 61ay content was an important covariant with
respect to soil organic carbon measurements and should be considered when determining
differences among sites. Including clay as a covariant was not as critical for determining

differences among tillage systems.
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Covariate effects of clay content on the significance of SOC content under no-till
management occurred in both full and reduced models, however the effects were small as
compared to comparisons among sites. Adjusting for 'differences in clay co;ltent (ie.
ANCOVA) when anal);zing SOC values among and within sites (i.e. tillage effects) may
have reduced bias (i.e. soil texture) for estimates of soil organic carbon values and may
have provided more reliable deterrﬁination of true differences in soil organic carbon in
paired field site comparisons.

Significant tillage effects on SOC differences within the top 20 ¢cm (0 to 10, 10 to
20 or Oto 20 cm depths) occurred at all sites when including clay as a covariant. In the
aggregated 0-20 cm analysis, ANCOVA showed differences at 4 of 6 sites. Conrad E
and Saint Johns were the exceptions. When including a covariant in the analysis, mean
responses are a function of both the treatment and the _veilue of the covariant (Neter et al.
1996). ANCOVA adjusts mean values to account for the influence of the covariant, thus
ANCOVA means differed from ANOVA means. In the 0-20 cm depth, ANCOVA |
, mean differences in SOC between tillage practices converged by 0.2, 0.4, and 0.6 t ha'!
at Conrad E, Conrad W, and Simpson, respectively, with no change in significance as
comipared to ANOVA. For the same depth at Chester, Ft. Benton, gnd Saint Johns, |
mean SOC differences diverged by 0.2, 0.3, and 0.6 t ha™, respectively, however
significant difference determined by ANOVA at Saint Johns was overturned. The more
detailed 0 to10 and 10 to 20-em analysis showed a tillage effect at Saint Johns in the 0-

10 cm depth and at Conrad W in the 10-20 cm depth where ANOVA had previously
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determined no difference. ANCOVA had the opposite effect at the Simpson site in the 0
to 10-cm depth. Accounting for the clay effect in the 0-10 cm depth caused mean SOC
differences to diverge at Chester, Conrad W, Conrad E, Ft. Benton, and Saint Johns by,
0.1,0.1, 0.4, 0.4 and 1.5 t ha™, respectively and to converge at Simpson by 0.9 t ha™’. In
the 10 -20 cm depth, mean SOC differences converged at Chester (0.1 t ha™), Saint
Johns (0.1 t ha'), and Conrad W (0.2 t ha!), causing a significant differ_ence at Conrad
W to be overturned, and diverged at the remaining é_ites by 0.1t0 0.2t ha as a result of
accounting for clay percentage di‘ﬁerences; Including clay as a covariant to remove the
effect of % soil clay on SOC content provided reliable e_stimates of the effects of
management at 6 sites in north central Montana.

The use of clay as a covariant for paired management comparisons of SOC
content at the field level may not be as criti;:al as for' comparisons at a coarser scale (B.
McConkey, pers. Comm., 2003). Textural differences at the field level may be a function
of the interactions of translocation processes, soil mbvement, aqd tillage. For example, an
accumulation layer of translocated clay commonly occﬁr in the soils of this region. Soil
movement through wind and Watér erosion has the potential to remove significant amounts
of the soil surface, thus reducing the effective soil depth to _thé accumulated clay laye.r. As
this process continues, particularly in a tilled fallow scenario, portions of the accumulated
clay layer could be incorporated into the surface soil or exposed altogether, thus resulting
in fine-scale diﬁ'erences in clay content within a ﬁelci. Clay content would remain a

consideration, however including clay content as a covariant may not be critical.
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The magnitude of measured SOC in the-0-10, 10-20 and 0-20 cm depths are
consistent with other dryland agriculture research. The management systems in this study
were primarily adequately fertilized wheat-fallow syst'&ns. The magnitude of implied
SOC increase due to 6-10 years of no-till ranged from 1.2 to 5.3 t C ha™!, which was
consistent with the 2 to 5 t C ha™! inprease with 7-11 years of no-till in Saskatchewan
 (Campbell et al. 1996, 2001b).

North—c.entral Montana and soutﬁwestern Saskatchewan are in the same
agroecoregion (Padbury et al. 2002), thus comparison of results within this
agroecosystem is especially relevant. Annual SOC gains were estimated using the
measured implied C-change (no-till C - tilled C) and avéraging over years 1n no-till. The
annual C gainé in the 0-10, 10-20 and 9-20_ cm depths were similar to or less than that
reported from southwest Saskatchewan, with the exception of Ft. Benton. Annual C
accumulation due to the adoption of no-till ranged from 0.13 to 0.4 t C ha™! yr’! at5of 6
sites, with a much higher rate-of 0.87t C ha_'1 yr'! at Ft. Benton. At Simpson, Chester,
| and Conrad W, annual C gains were 0.34, 0.36, and‘O.4 t Chal yr!, after 7, 9, and 10
years of no-till, which is equivalent to rates measured in southwestern Saskatchewan
(Campbell et al. 1996, 2001b). No-till management sequestered soil carbon at rates of
0370 0.52 t C ha'! yr'! near Swift Current, Sask. in fertilized wheat-fallovsll fields over 7
to 11 years ( Campbell et. al. 1996, 2001b). The Conrad E and Saint Johns sites had
. annual gains of 0.13 and 0.15 t C ha™ yr! after 9 and 8 years of no-till, respectlvely,

which is lower than Campbell et al. (2001b) findings. The Saint Johns site had one of the
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lowest mean annual precipitation values Which would tend to limit net primary production,
C inputs into the soil, and hence, C gains. Additionally, beginning in 1996, annual |
precipitation across all sites was only 72 to 90% of the 30- yr average (Appendix A,

Figs. A.1-A.4), which would also contribute to lower sequestration rates.

Modeled annual C gains were calculated using the predicted implied C change
(no-till C - tiiled C) from the Century model and averaging over years in no-till. Modeled
estimates ranged from 0.04 to 0.75 t C ha™ yr! for 5 of the 6 sites (Conrad E could not
be modeled due to lack of management data). Agreements between measured and
modeled annual gains were mixed among sites. For example, modeled C gains were
equivalent to the measured value at Simpson, greatér than measured at Conrad W, and
modeled C gains were lower than measured at Chester, Ft. Benton and Saint Johns.
Modeled C gains deviated from measured by 0.03 to 0.23 t C ha™ yr.

Though the Ft. Benton site- had greater annual C‘grains than has been reported in
other parts of the same agroecoregion, site characteristics were different than the other
sites in this study and those differences tend to favor greater C storage. The Ft.. Benton
site had the highest clay content of all the sites and had been under no-till for the shortest
time (6 yr). Clay soils accumulate more carbon under no-till (Campbell et al. 1996) and
C storage tends to be greatest in the first decade of no-till adoption (Paustian et al. 1997).
Additionally, the 30-yr average (1961-1990) annual precipitation was greater at Ft.

Benton than any other site, which would favor increased net primary production,

increased C inputs to the soil, and hence, greater C storage. Nevertheless, the rate of
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change at Ft. Benton is higher than typically found in other uncontrolled field experiments

in this agroecozone.

It is difficult to show causality in paired observational comparisons because there
are potentially more confounding variables tha1\1 can be accounted for in such a study.
Although due diligence was used in establishing these paired sites, causality must be
inferred with caution. Paired comparisbns certainly measure a difference, but additional
unknowns limit the extent of SOC change that can be attributed simply to change in tillage
system. Additionally, by excluding the carbon stored in the accumulation of plant material
on the surface of no-till fields, the no-till vs tilled comparison may be biased toward the
tilled field due to annual incorporation of crop residues into the soil. Hov'vever, taken in

the aggregate, no-till systems in this study increased SOC in the 0 to 20-cm soil depth,

across all sites, by an average of 2.9 t C ha™ over a 6 to 10 yr period.

Century Sensitivity Analysis

The dependability of Century estimates was largely dependant on the accuracy of
mput data for soil properties. The lack of both precision and accuracy in STATSGO and
SSURGO database information limited model results. STATSGO and SSURGO
database ranges of clay content did not encompass the measured clay values in one or
both of the t'illage treatments at 5 or 7 site/tillage combinations, respectively, which had a
profound effect on the accuracy of model estimates. The overall average deviation of

Century model SOC estimates from measured values was +10% when using site-specific
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soils data. When using STATSGO and SSURGO soils data, in only 7 of 10 (STATSGO)
and 6 of 10 (SSURGO) cases did the range in model estimates inclucie measured values,
despite the large range in predicted values. When STATSGO inc}ud‘ed the ﬁleasured clay
values, the model performed well (5 of 5 modeled SOC ranges included measured
values), However, when STATSGO did not include measured clay. values, only 2 of 5 of
the ranges in modeled SOC estimates encompassed the meésured Valueé. A similar
trend occurred when using SSURGO 'soils data (3 of 3 when measured clay was includéd
in SSURGO and 4 of 7 otherwise). Though SOC estimates were well short of the
measured values when the databases fell short, the slope of; ‘the prediction line suggests
that if the databases included the measured clay value, modeled estimates were on target.

For eéch site and tillage system, as clay content increased SOC estimates from
Century also increased. There was a 2.5-fold increase in the amount of carbon predicted |
from the low clay values tq the high clay values. This supports that Century is. seﬁsitive to
the effects of soil texture when predicting soil organic carbon. Century calculates a
decomposition rate of the active soil organic matter pool and the stabilization efficiency of
the active SOM pooi to the slow pool as functions of soil silt and clay fractions (Parton et
al. 1994).

Field studies have been inconclusive in determining the effect séil texture has on C
sequestration with the adoption of no-till management. The results of this study did not
show a meaningful relationship of soil texture with annualized implied rate of C change due

to adopting no-till (> = 0.19). In a review of 11 long-term paired conventional and no till
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experiments, Paustian et al. (1997) also did not observe an apparent pattern of C
'sequestration related to the effects of soil texture to a depth of 30 cm. Similarly, data
from approximately 140 field sites across major agricultural regions of Canada have not
shown a definite relationship of soil texture'o'n C storage with the elimination of tillage in
the short-term (3 years) (B. McConkey, unpublished data, 2003). Additionally, Sims and
Nielsen (1986) did not find a signiﬂcant correlation between clay and éOC content 1n 52
cultivated grassland A horizons in Montana. The Sims and Nielsen (1986) study,
however, included substantially larger ranges in eleva‘;ion and precipitation (670-1463 m
and 28-76 cm, respectively) than the present study (840-1040 m, and 26-36 cm), which
could have masked a relationship between clay and SOC. Soil organic carbon research
from long-term plot studies in southwest Saskatchewan did show that soil texture
influences the amount of soil carbon gained in response to no-till management in the 0
to15-cm soil depth (Campbell et al. 1996). After 11 to 12 years of no-till, the amount of
soil carbon was greater in no-tilled ﬁelds.than the tilled controlby 0, 1.6 and 3.9tha'ina
sandy loam (~10% clay), silt loam (~23% clay), and clay (42% clay) soil, respectively.
The relationship of soil texture on C accumulation with the adoption of no-till may not be a
major factor in short-term C gains (3 to 5 yr) Whefe confounding factors such as drought,
erosion, and destructive weather events may limit biomass production (B. McConkey,
pers comm. 2003). In the long-term (10+ yr), soil texture effects may become more '

evident.
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Assuming a relationship exists between soil texture and the effect of tillage on soil
organic carbon, Century estimates were not sensitive to the effects of soil texture (i.e.
clay%) on soil carbon change in response to the adoption of no-till. Century did not
predict difference the amount of implied carbon change due to the adoption of no-till at
the 5 sites modél‘ed in this study with respect to the wide range in ciay peréentages.
Model results for the five sites in Montana showed little difference in the amount of carbon
stored in coarse-textured soils (5% clay) compared to fine-textured soils (35-40% clay),
with the exception of the Ft. Benton site. For e;(ample, the difference in predicted soil C |
change per year at 5% and 35 or 40 % clay content ranged from 0 to 0.06 t C ha™! yr!
across all sites, except Ft. Benton. In this vétudy, 'the time under no-till managemént was
less than 11-12 years (6 to iO years); however, Paustian et al. (1997), citing unpublished
data from C.A. Campbell, found that SOC increased (0 to 15-cm depth) more rapidly in
the first 6 yr (15%) of no-till than the remaining 7 yr (4%) of a 13-yr study in
Saskatchewan. The relationship of nearly 0.12 t C ha™! increase per 1% increase in clay
content obsel_'ved by Campbell et al. (1996) was not oBserv_ed in Century results for the
Montana sites. For example, Century estimated implied carbon gains due to the adoption
of no-till from 1.0 to 4.6 t ha™ at 5% clay, and gains 0of 0.9 to 5.0 t ha! at 35 to 40%
clay.

The insensitivity of Century to soil texture effects on C sequestration with the
adoption of no-till management is consistent with research by Smith et al. (2001) wl.len

modeling C dynamics across Canada, where Century showed no influence of soil texture
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on C change in response to changes in tillage management. Using Century, Smith et al.
(2001) determined soil carbon sequestration coefficients for a wheat-fallow system in
sandy loam (0.052 t C ha! yr!), loam (0.052 t C ha'! y.r'l) and cléy loam (0.049 t C ha’!
yr'") soils in the Brown Chernozem soil group, similar to the soils in the Montana study
area. The insensitivity of the model to soil texture effects on C sequestration under no-till
management is also consistent with the Century model’s assumed direct influence of tillage
disturbance on C storage. The Céntury model treats the influence oftillage as a relative
increase in the potential rate of decomposition and is independent of soil texture in the
model. Texture sensitivity in Century occurs as indirect secondary effects through the
Wate?r ‘balanée, productivity, and SOM decomposition éubmodels. Soil texture may not
have a ~s1:rong influence o_ri the tillage effect on C sequestration in these types of systems.
If the assumption that a strong relationship exists between soil texture and the effect of
tillage on soil organic carbon is not true, then the research presented heré further validates
the Century model for estimating soil organic carbon dynamics in semi-arid dryland
agricultural in north central Montana.

It is hoped that by using process-based soil organic matter models, such as the
Century model, that there would be a better understanding of SOM dynamics and that
models could reduce the cost associated with monitoring and Verifying C change for a
carbon-trading effort. The research used-to develop Century has broadened the
knowledge of the processes and mechanisms that govern C dynamics. However, by

using Century to quantify C change for carbon trading, there is the potential for substantial
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economic consequences. If the model were to underestimate the amount of carbon
sequestered during a carbon-contract period, then the farmer may not receive appropriate
compensation for their effort. Equally, if the Ian del were to overestimate the increase of
soil carbon during a contract period, the farmer may be over-compensated and the buyer
of the carbon credit may not receive the full benefit of the C that has been purchased. To
quantify the potential economic consequences, an uncertainty and cost/benefit analysis of
both measured C change over time and modeled estimates is needed, which is l.)eyon(i the
scope of this research.

Due to potential economic consequences resulting from incorrect estimations of
sequestered C, questions have arisen as to whether s;oil sampling for SOC shguid occur
both prior to, and at the conclusipn of, a carbon-trading contract. Some experts claim
that soil sampling for C on a regional- or national-scalé effort could potentially be cost
prohibitive frém both a monetary and C emissions standpoirllt. Still, others argue that with
efficient sampling techniques, measuring C is a viable option and could strengthen the
validity and support for carbon contracts; thus the parties invoh'/ed with such an agreement
may be more willing to continue participation and to receive benefits from a national C-
sequestration effort. Additionally, potential new technological advances with in situ SOC

- measurements will likely further reduce the cost associated with field measurements.

Additional research is needed on both the effect of soil texture on C sequestration

with the adoption of no-till, and thé Century model’s sensitivity to soil texture on modeled

tillage effects, to determine if adjustments to the model would be necessary. This research




106

was not an e)'chaustive look at the effects of soil texture on C sequestration nor Century’s
predictive capabilities as influenced by soil texture. The results presented here are for a
relatively homogenous agroecoregion 1n north-central Montana

Largely, it was shortcomings of the STATSGO and SSURGO soils databases
that limited the effectiveness of Century. The.re was no advantage to using the finer-scale
SSURGO data over the coarse-scale STATSGO data. Both databases suffered from the
same basic limitatipns and were equally poor at encompassing the “true” soil textures
measured in this study. Results of using either the 1:250,000 scale STATSGO or the
1:24,000 scale SSURGO data for Century soil texture apd soil bulk density inputs were
equally poor for predicting carbon change due to the adoption of no-till in ﬁorth central
Montana.

Shortcomings of the STATSGO and SSURGO soil databases éould present
issues for de;veloping carbon contracting units. If contracting units for C credits were to
coincide with field-scale C estimations, the confidence of C estimates using Century with
either soils databaée would likely not meet standards of C buyers. Field-scale sources of
soils data would be needed and methods of collection optimized to reduce cqsts. IfC
contract units encompassed relatively homogenous argoecozones, a “representative soil”
may be defined for that particular region. This representative soil may be initially
delineated using STATSGO soil mapping units; however, sampling to test the accuracy of
the STATSGO soil attributes for the aéroecozone would be needed to increase the

confidence of STATSGO soil data and soil carbon estimateé.
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Conclusions

Including soil clay content 'Wés an important consideration when comparing soil
organic carbon ‘cc‘)ntent among sites; however the clay covariant was not as critical for
comparisons between tillage systems. Both ;che STATSGO (1:250,000 scale) and the
SSURGO (1:24,000 scale) soil databases did not adequately reflect the soil textures
across the six sites sampled in this stﬁdy. The Century model was sensitive tov the‘effects
of soil texture when predicting the amount of SdC in ﬁeldé managed with and without
tillage; however the model did not show tilat soil fexture changes the amoun’é of SOC
accumulated over a 6 to 10 year period of no-till management. From a modeling
standpoint, neither the S'fATSGO nor the SSURGO datab‘as‘es.providea adequate field-
scale soil texture information for use in the Century model, thus site-specific soil

_information is recommended for use with the Century model for modeling C dynamiics at

the field/farm level.
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EPILOGUE

General Summary

The research presented in this thesis will leﬁd support to future measurement,
prediction, and general understanding of soil organic carbon sequesttation in semiarid
dryland agricultural systems. nReliable measurement.of soil organic carbon change
associated with a shift in tillage management can be difficult, for SOC varies spatially and
~ the degre;e of variability can be substantial. Confounding variables such as climate,

" topographic position, erosion poteﬁtial, and soil texture also vary spatially and can greatly
influence SOC change across small distances. A soil-landscape association method of
field stratification addressed these confounding variables and reduced SOC measurement
variability; however, due to natural variation in soil texture, differgnces in soil texture still
occurred bet‘ween tillage treatments at some sites. Differences in soil textures may
confound determination of the tillage effect, particularly at regional and larger areas. A
measure of soil texture (i.e. % clay) was added as a covariant in statistical analyses.
Including percent clay as a covariant provided estimates of §OC under no-till and tilled
management adjusted for diﬁ‘erences in clay content, and reliable determination of tillage
effects.

The effect of soil textural variation at field-, 1:24,000 (SSURGO), anq 1:250,000

(STATSGO) scales on the predictive capability of the Century model was explored.
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Both the SSURGO and STATSGO databases were limited in their accuracy of predicting
soil textures at the sample(i fields. Ranges in clay percentage reported by SSURGO
included the measured values fof 3 of 10 fields and STATSGO included 5 of 10. Dﬁe to
the differences in scale, the width of the STATSGO ranges in clay % were 2 to 7 -times as
wide as the SSURGO ranges. The shortcomings of these soils databases had a profound
effect on the accuracy of Century model predictions using SSURGO and STATSGO
soils data to run the model. | |

Both soil texture and the scale at which soil texture data were obtained had an
effect on the accuracy of soil organic carbon values predicted by the Century model.
Using field-scale soil textures and site-specific management data, Century accurately
predicted soil organic carbon at five sites in north cent;al Montana to within an average of
10 % (range of -1 to +28%) of measured values. Largely due to shortcomings of the
SSURGO and STATSGO databases, model predictions of SOC were lower than
measuredlvalues at Chester (no-till field only) and Ft. Benton. Estimated soil organic
carbon values from Century were similar to measured values at Saint Johns and Simpson;
however the model tended to over-estimate measured SOC values at Conrad W.

Soil organic carbon estimates from Century for the management systems in this
study were sénsitive to the effect of clay content based on the range of modeled soil
organic carbon values. Estimated SOC for the upper limit of reported clay content was
2.3 to 2.7 times greater than SOC estimates for the lower clay limit at the 5 sites modeled

using STATSGO database ranges in clay content. Conversely, Century was largely
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insensitive to the effects of soil texture on the potential soil carbon change in response to
the adoption of no-till. Century did not predict the amount of implied carbon change in
response to the adoption of no-till at the 5 sites modeled in this study over a wide range in
clay percentages. Model results for the five sites in Montana showed little difference in
the amount of carbon stored in coarse-textured soils (5% clay) compared to fine-textured
soils (35-40% clay), with the exception of the Ft. Benton .site. The insensitivity of Century
to a soil textural effect on C storage under no-till management assumes thaf a strong
relationship exists between soil texture and the effect of tillage on soil organic carbon.

This relationship is currently not well understood.

Additional analysis of the Century model’s sensitivity to soil textural input
variables is needed to determine if adjustments to the model would be necessary. This
research was not an exhaustive look at the effects of soil texture on Century’s predictive
capabilitiés. Largely, it was shortcomings of the SSURGO and STATSGO soils
databases that limited the effectiveness of Century. Tﬁe model was sensitive to the effects
of soil texture when predicting the amount of SOC in fields managed with and without
tillage; héwever the model was not sensitive to the effects of soil texture on the ability of a
particular soil texture to accumulate SOC over a 6 to 10 year period of no-till
management. From a modeling standpoint, neither the SSURGO nor the STATSGb
databases provided adequate soil textural information for use in the Century model, thus

site-specific soil information is recommended for use with the Century model.
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Looking Back

Reseérch is a learning experience from the initial idea to well past the completion
of a thesis or other public.ation. Reviewing the entire process of this research is as
daunting a task now as the flIét few organizational meetings were in the beginning. Much
research and progress has been made in the last few years pertaining to éampling methods
and modeling techniques directed at soil organic carbon change resulting from chaﬁges in
soil management. The learning curves associated with soil sampling and carbon analysis
were aggressive personal climbs; additionally, overcoming the Vert.ical challenge of
learning a model as complex as the Century model was no menial task.

The soil—landscapé association method of field stratification was effective at
locating sites that were similar with respect to soil propertieé and the pohtential‘of soil
organic carbon change. Excavating exploratory soil pits at each prospective microsite
location proved time consumiﬁg and somewhat inefficient, costing 6 to 8 hours per site to
complete, depending on the soil variability at the site. When this point of the stratification
procesé has been reached, an explor'atory soil core may prove just as effective at
obtaining the necessary soil attributes needed to define the soil-landscape association,
assuming that compaction is taken into consideration when measuring depth to lime.
Using an exploratory core at potential microsites would translate into a more rapi_d
turnover time for microsite selection and reduce field time by approximately 3 to 4 hours

per site. '
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The soil organic carbon sampling variability study could I\iave been more robust
had more than two sites been used in the analysis. This portion of the thesis was a
secondary objective and could have been sef up to include more sites had 1t been more of
a primary objective. The results of the study are encoﬁraging to the development of
efficient soil organic car_bpn sampling designs for the semi-arid dryland agriculture in
Montana. In both the sampling variability study and the Century sensitivity study, the
measurement of carbon in surface residues and coarse pla.nt litter (>2 mm) in the soil
would reduce the potential bias created by not including these fractions in the total carbon
stock, particularly in the no-till ﬁeids.

The Century sensitivity study could have been more conclusive, 1) had more sites
been soil sampled, better representing the full range of soil textures reported by
STATSGO, for comparison to prédicted values, and 2) if carbon change had been
directly measured rather than implying the change in paired no-till / tilled comparisons.
Sampling cropland that represents the full range of soil textures reported by STATSGO
and SSURGO would be highly unlikely due to the efficacy of sandy soils to support crops
* in semi-arid dryland agriculture, and the logistics of locating paired\ comparisons. The
difficulty of using paired comparisons lies in locating paired fields that meet the criteria
necessary for good comparisons, and ﬁnding twicé as m;my producers who are interested
in participating (i.e. one producer per tillage treétment). Paired comparisons certainly
measures a difference, but causality must be implied with caution, for there can be many

confounding factors that were unintentionally overlooked. Long-term measurements on
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experimental plots provide better treatment comparisons, however no-till farmers familiar
with university research were interested in what has happened to soil carbon since they

have adopted no-till, and paired comparisons are required to determine such a change.

Looking Ahead

Much soil carbon research has been done using small p1<.)t experimental designs.
Small plot designs are easily ﬂlanaged, and are run by scientists. The research using small
plots has certainly contributed much to 1;he soil organic carbon knowledge-base. I believe
the next step is to begin involving the ‘end-user’ in soil carbon research. Soil carbon
research has been focused on the processes of soil carbon dynamiqs, and determining
| potential rates of change associated with various management options. Including farmers
in an applied expgrimental design at a field-scale could shed light on a regional potential of
carbon storage. This proposed research would have farmers manage the experimental
plots using'their equipment, and making decisions based on farm sustainabiliﬁy rather than
strict experimental designs. Through a grant from the Consortium for Agricultural Soils
Mitigation of Greenhouse Gases (CASMGS), this proposed research is underway in
ﬁorth central Montana. A split-block experimental design is set up to test the effects of
tillage management and cropping intensity on carbon sequesfration in semi-arid dryland
small-grain production. Cropping intensity will be increased by including a pulse crop of
the participating producer’s éhoice. At the end of the study we will be able to compare

results to those found by small plot experiments and to begin making estimations of the
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potential of Montana dryland agriculture to sequester carbon and help mitigate greenhouse
gases.

The design of the'CASMGS project offers experimental control benefits as well
as additional research questions to be asked in addition to that asked in the research
presented in this thesis. First, the split-block design allows for careful control of the
management systems within each site as compared to thg uncontrolled management
comparisons in the thesis. Second, repeated measurements over time will allow for a
‘true’ determination of carbon change due to no-till rather than an implied change, and. will S
provide a better comparison to Century model estimates. The addition of pulse crops in
rotation will shed light into the plausibility of increasing both cropping intensity and soil
carbon storage in a semi-arid environment. Pulse crops also provide additional soil _ o
nitrogen through N-fmation which may reduce fertilizer requirements yet maintain both
crop productivity and provide the nitrogen required for soil organic matter fo@ation.
Lastly, nitrous oxide emissions will be compared among treatments. This will allow
measurement of greenhouse gas “leakaée” from the system for a net greenhouse gas
accounting. Beneﬁts of the research possibilities offeréd in the CASMGS project will be
realized for many years to corﬁe.

Coupled with the CASMGS project is another avenue of soil carbon research
that is just beginning to surface. Remote sensing has been used for many apﬁlications
ranging from forestry management to land cover and land use change cietecﬁon. Remote

sensing products, in particular satellite imageries, have the potential to monitor and verify
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carbon sequestering practices. For example, Landsat ETM+ satellite imagery and logistic
regression have béen used to document no-till and conventional till management in north
central Montana (Bricklemyer et al. 2002). Satellite imagery may provide cost efficient
means of estimating soil, crop, and management inputs for use in the Century model as
well as providing verification that certain management practices have or have not been
used on particular fields.

The topic of soil texture effects on C sequestration with the adoption of no-till has
not been resolved. Research in southwestern Saskaj:chewan supports that there isa
strong effect of soil texture on carbon gains under long-term no-till, whereas research
across a larger area of the Canadian prairies and the U.S. Great Plains has not observed a
strong, meaningful relationship of C storage and clay content. This issue should be
researched in more detail. The research may entail measurements in a paireci design
similar to that used in this thesis research and/or a rigorous small plot study using amended
soiis encompassing a wide range of soil textures. The effect of soil texture on C storage
with the eliminétion of tillage may be a regional effect that can be tailored into the
treatment of soil textures in the Century model.

In the interest of a full 'accounti.ng of the potential of agricultural systems to
sequester carbon and help mitigate the greenhouse effect, organic systems should be
explored. Tﬂe number of acres managed as organic systems are growing every year and
some organic producers are claiming to increase soil organic matter at a rapid rate.

Implementation of the bench mark sampling design in fields recently converted to organic
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management would begin to look at carbon dynamics under these intensively managed
systems. Additionally, there has been somé discussion about inorganic carbon increases
through biochemibal,processes below the tillage layer in tillage-based systems; this should
be explored further to determine if the same processes occur in no-till systems.

Technology is rapidly evolving in our world. As soil scientists, we should
embrace technology and ii;’s potential to help meet our- needs. Faster, more accurate, and
efficient means of measuring soil carbon are needed. Tociay we have machines that can
measure wheat protein “on.-.the-go” to help in the precision agriculture effort. “On-the-
g0” quantitative soil carbon measurements could propel the fledgling carbon-credit
market. Additionally, probability based statistical designs could be develqped‘ to target
soil sampling in carbon contract units. |

Equally as import as the.potentia‘l of carbon sequestration in agricultural systems
to reduce greenhouse gases to help mitigate the greenhouse effect are the “ancillary”
benefits of aéricultural best management practices. These “ancillary” benefits include
reduced soil erosion, increased productivity, and increased biodiversity m agoecosystems.
The elimination of tillage, better stubb.le management, increased cropping intensity, and
diverse crop rotations have the potential to conserve our soil resources and propel us

toward a more sustainable agricultural
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ANNUAL SITE PRECIPITATION
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Annual Precipitation for Chester, Montana

———————— Annual Precipitation - - - MAP

Figure A.l. Annual precipitation (1991-2001) as compared to mean annual precipitation
(MAP) for weather station nearest the Chester site. Data source: National Climate Data
Center (NCDC) Historical listing of National Weather Service Cooperative Network.

Annual Precipitation for Conrad, Montana

-------- Annual Precipitation MAP

Figure A.2. Annual precipitation (1991-2001) as compared to mean annual precipitation
(MAP) for weather station nearest the Conrad E and Conrad W sites. Data source:
National Climate Data Center (NCDC) Historical listing of National Weather Service
Cooperative Network.
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Annual Precipitation for Ft. Benton, Montana

————————— Annual Precipitation - - - «+MAP
Figure A.3. Annual precipitation (1991-2001) as compared to mean annual precipitation
(MAP) for weather station nearest the Ft. Benton site. Data source: National Climate
Data Center (NCDC) Historical listing of National Weather Service Cooperative
Network.

Annual Precipitation for Simpson and St. Johns, Montana

———————— Annual Precipitation - - - ®MAP
Figure A.4. Annual precipitation (1991-2001) as compared to mean annual precipitation
(MAP) for weather station nearest the Simpson and St. Johns sites. Data source:
National Climate Data Center (NCDC) Historical listing of National Weather Service
Cooperative Network.
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APPENDIX B
STATSGO SOIL COMPOSITION
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Chester Conrad W  Ft. Benton  St. Johns Simpson

Figure B. 1. STATSGO reported clay % corresponding to the three most prevalent soil
series at Chester, Conrad W, Ft. Benton, St. Johns, and Simpson, Montana. Values at
the top of boxes indicate the % composition of soils within each mapping unit that are
included in the afore mentioned range of clay %. Lines within boxes represent mean

values.
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