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ABSTRACT

Rangelands are resilient to grazing and fire. However, the resilience of rangelands may
be degraded by livestock grazing too soon after wildfire. Due to the growing interest in soil
health and its link to sustainable grazing, following a large wildfire (109,346 ha, Lodgepole
complex in 2017) we tested the effect of grazing (grazed verses no grazing) on three indicators of
soil health in ponderosa pine savvanas of the northern Great Plains. We measured indicators of
soil hydrologic function (i.e., soil hydraulic conductivity), properties related to nutrient cycling
(i.e., soil organic matter, plant available nutrients, pH), and soil structure (i.e., aggregate
stability) in 2019 and 2020. Grazing occurred two out of three years following the fire. Most
indicators of soil health were not appreciably affected by grazing post-fire. However, we
detected a marginally significant negative effect of grazing on soil organic matter. Specifically,
soil organic matter was 7% greater in ungrazed than grazed areas. No other grazing treatment
effects were detected. Several soil health metrics varied between sampling years. Our results
suggest that grazing(two out of the three years) following fire is unlikely to negatively affect
many indicators of soil health of ponderosa pine savannas in the northern Great Plains. The
increased organic matter observed by resting did not have an appreciable impact on the other soil
health metrics. These findings suggest that soil health indicators are relatively resilient to grazing
after wildfire and have implications for grazing policy post-fire.
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CHAPTER ONE

LITERATURE REVIEW

Introduction

Soil health is assessed as a collection of soil properties to indicate the capacity of soil to
function as an ecosystem sustaining plants, animals, and humans (Doran and Zeiss 2000). With
this in mind, assessment of soil degradation and recovery may provide insight into improved
rangeland management decisions (Karl et al. 2017). When assessing soil health, direction and
rate of change of soil health indicators are very important for land management (Karlen et al.
1997). Effective assessment recognizes that different types and intensities of disturbances are
associated with variable rates of change and potential short and/or long-term impacts on soil.
Fires varying in intensities will have differing impacts on the soils ability to function and
therefore affects the soil health post wildfire (Kennard and Gholz 2001; Keeley 2009). Soil
health response to fire greatly depends on many local biotic and abiotic interactions and
therefore, post wildfire management is different across ecoregions and even property boundary
lines (Lentile et al. 2007). However, West-wide Bureau of Land Management (BLM) fire
recovery recommendations are to defer grazing post fire two years to allow for seeds to establish
and burned plants to regain vigor (Blaisdell et al. 1982; Bureau of Land Management 2007). Post
fire management becomes further disjointed when the fire history of local plant communities is
added to management recommendations. For example, fire scars from the Black Hills in South
Dakota show that ponderosa pine savannas burn twice as frequently (10-12 year FRI) as

ponderosa pine forests (20-24 year FRI) in the same ecotone (Brown and Sieg 1999). In an
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attempt to reconcile some of this apparent disparity, this literature review will evaluate soil
health responses to fire and grazing with a focus on East Central Montana ponderosa pine (Pinus
ponderosa) savannas.

Rangelands are diverse landscapes that vary across different spatial scales. Managing
these landscapes for resilience requires vast array of knowledge about how they operate and
function. Understanding ecosystem function plays an important role in interpreting soil health
measures as well (Brown and Herrick 2016). Soil function and processes focus on stable, in
place soil profiles that allow water, energy, and nutrients to cycle throughout the ecosystem
(Printz et al. 2014). The following sections describe field and lab measurements taken to assess
these processes as a measure of soil health. An effort has been made to review those process
related measures useful in tracking soil recovery in grazed ponderosa pine savannas following

wildfire.

Hydraulic conductivity

Infiltration is defined, “as the meters per unit time of water entering into the soil
regardless of the types of values of forces or gradients” while hydraulic conductivity is defined,
“as the meters per day of water seeping into the soil under the pull of gravity or under a
hydraulic gradient” (Kirkham 2004). These measurements are closely linked because infiltration
rate is highly affected by the hydraulic conductivity of the soil (Sheikh Leiveci et al. 2016).
Hydraulic conductivity measurements identify the maximum hydraulic gradient to constrict
preferential flow into large macropores. Thus, large macropores interconnected to the soil

surface are associated with high infiltration rates (Kirkham, 2004).



Productive and functioning rangelands capture, store, and release precipitation back into
the site. Integral to this interaction, hydraulic conductivity can be affected by disturbance.
Recovery of pre fire soil hydraulic properties depend on ground cover, soil organic matter,
vegetation, and persistence of soil-water repellency (Ebel and Martin 2017). During fire, the soil
surface undergoes chemical and physical processes that affect water entering the soil profile
(DeBano 2000). Fire consumes the vegetation and creates bare ground influencing surface
organic matter, aggregate stability, and water repellency (Fox et al. 2007) and may affect
infiltration into the soil. The recovery period of post fire soil surface conditions vary based on
severity of the fire (Keeley 2009).

Different ecosystems have different soil responses to fire due to differences in pre-fire
vegetative conditions, fire characteristics, and post-fire vegetation recovery. For example, under
high severity fires ponderosa pine forests on volcanic soil had over two times lower infiltration
rates (mm hr!) than unburned soils under the same forest type and lower infiltration than
severely burned soils under mixed coniferous forests on volcanic soils or granitic soils derived
soils under ponderosa pine (Martin and Moody 2001). However, low severity prescribed fire did
not alter soil hydraulic conductivity in Mediterranean pine ecosystems under unsaturated
conditions (Plaza-Alvarez et al. 2019). The contrasting responses may have been caused by
water repellant compounds formed during fuel combustion.

In ash cap soils, ground cover and water repellency affect the infiltration capacity. After a
high intensity fire in a western Montana conifer forest, ash capped soils generated increased soil
water repellency compared to unburned sites through one year, but was not different in year two.

Surprisingly, infiltration rates did not differ between burned and unburned sites in years one and
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two post-fire (Robichaud et al. 2016). In another study sampling soil surface hydraulic
conductivity and water repellency within a month after a June Colorado front fire, hydraulic
conductivity was different between low verses moderate burn severity, but low vs. high and
medium vs. high differences were not observed. Water repellency was not significant between
any of the burn severities. The lack of difference in the high severity burn was water repellency
occurring at 5-50mm below the soil surface that their surface test did not measure (Lewis et al.
2006). Vegetation response decreased sediment runoff yield comparable to the control five years
after the fire. Grazing after fire may limit vegetation response and further impact the effects of
water repellency on infiltration by limiting post-fire ground cover. Changes in infiltration arising
from surface repellency could also be expected to lower soil hydraulic conductivity.

Field saturated hydraulic conductivity recovered before the next fire cycle in an analysis
of five studies across the world lasting longer than three years (Ebel and Martin 2017). Because
field saturated hydraulic conductivity has a low resistance and moderate to high resilience
against wildfires, impacted watersheds will provide the ecosystem services after a brief period of
impairment (Ebel and Martin 2017). These authors believe the resiliency of hydraulic
conductivity would not be dampened as long as fire frequency, spatial extent, and severity do not
change vegetation type (Ebel and Martin 2017). Throughout these studies, grazing was not a
factor in post fire disturbance

In a South Dakota study (Comer 2019) comparing ungrazed, grazed, and burned sites,
infiltration rates were not significantly different among treatments. Fire and grazing were looked
at as separate disturbances. Volumetric water content (soil moisture) was different between the

three treatments. They concluded that the largest difference of 0.06 m*/m? or 6% from the three



soil depth measurements: 6,12, and 24 inches was not sufficient to cause a biological effect. In a
West African Savanna study looking at grazing post fire, increasing grazing pressure decreased
infiltration rates, but there was no statistical interaction between fire and grazing for an early
growing season burn (Savadogo et al. 2007). United States studies indicate that increasing
grazing pressure beyond a site-specific threshold reduces infiltration by decreasing soil organic
matter and soil aggregate stability which increases soil surface crusting effectively reducing soil

surface porosity (Blackburn 1984; Briske et al. 2011)

Aggregate stability

When soil structure decreases from aggregates breaking down and decreasing pore
spaces, infiltration and hydraulic conductivity decrease (Oades 1984). Soil aggregates are
defined by diameter as micro- < 0.25mm or macroaggregates >0.25mm and the arrangement of
these particles and pores form soil structure (Fernandez-Ugalde et al. 2014). Aggregate stability
refers to the structural integrity necessary for soil to remain intact when subjected to outside
forces such as rain drop or hoof impact (Mataix-Solera et al. 2011). The complex involvement of
the abiotic and biotic factors in aggregate formation is one reason it is used as an important
indicator of soil health (Mataix-Solera et al. 2011). Loss of aggregate stability causes soil
crusting and surface sealing which can lead to reduced water infiltration and increased soil
erosion (Mataix-Solera et al. 2011). However, a similar correlation between aggregate stability
and infiltration was not found in the northern Great Plains (Reinhart et al. 2019). The lack of
uniform landscape response could be explained in part by soil organic matter.

When organic matter is the major particle binding agent, as in the temperate northern

Great Plains, macroaggregates are responsive to management changes, but microaggregates are
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not as responsive (Oades 1984; Fernandez-Ugalde et al. 2014). However, not all
macroaggregates(>0.25mm) may not consistently respond the to same management. In the
northern Great Plains, small macroaggregates(0.25-1mm) stability was reduced by grazing where
larger macroaggregates (1-2mm) had no detectible effect (Reinhart et al. 2019). Because soil
aggregates are formed with organic matter, they provide physical protection of SOM from
microbial activity and are considered an important mechanism for carbon stabilization
(Wiesmeier et al. 2019). Consequently, if fire and grazing reduce SOM inputs to the site,
aggregate stability may decrease.

Mass of soil detachment from sheep and goat grazing on cropland two weeks after a low
to moderate intensity fire was positively correlated with increasing stocking rates. Even with a
slight increase in soil wettability with increasing stock rates, a higher risk of erosion on semi-arid
croplands exists (Stavi et al. 2016). However, when grazing was looked at as a single
disturbance, there was no consistent effect on soil aggregate stability from livestock grazing in
the northern Great Plains (Reinhart et al. 2019). These outcomes suggest mixed effects. Even
though soil aggregate stability is unaffected in the NGP, grazing burned lands too soon after a
fire increases erosion risk as well as reduced forage availability. Burned vegetation and litter
leaves the soil exposed to rain drop impact, effectively reducing precipitation storage in the soil
and increasing erosion risk (Shakesby and Doerr 2006). Grazing can amplify this negative
response post fire by limiting recovery of grass roots that stabilize macro-aggregates (Oades

1984).

Organic matter (SOM)
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Soil organic matter(SOM) is primarily made up of soil organic carbon(SOC) and soil
organic nitrogen (Tiessen et al. 1994). Total soil carbon content results from inputs of organic
carbon (plant root and shoot litter) and losses of carbon from microbial mineralization (Kitchen
et al. 2009). Organic matter decreases with increased temperature and increases with increasing
moisture (Sikora and Stott 1996). Organic matter may play an essential role in plant productivity
due to its water holding capacity important for plant growth. Biomass production of wheat with
suboptimum irrigation in a greenhouse study with 4% OM and no fertilizer produced equivalent
to 2% OM with fertilizer (Oldfield et al. 2020). This could suggest that under non-fertilized and
low precipitation rangelands, higher SOM would increase in vegetative production, due in part to
the increased soil water holding capacity (Sikora and Stott 1996).

Soil organic matter has a high (r=0.97) correlation with water-holding capacity (Oldfield
et al. 2020). Low forest-floor moisture was associated with negative impacts on physical and
chemical soil properties during severe fires and may be as critical as fuel management in
determining post fire response (Switzer et al. 2012). During fires, litter burned on the surface is
reduced to particles and mixes with the organic horizon of soil causing a net increase of soil
carbon (Gonzalez-Pérez et al. 2004).

In nutrient poor ecosystems with low soil fertility, grazing does not provide positive
feedbacks to the system because mechanisms such as compensatory growth following herbivory
will not occur (Bardgett and Wardle 2003). If fire in the northern mixed-grass prairie causes low
soil fertility, then it would be expected that grazing post-fire would not benefit plant
productivity. These results indicate that increasing SOC in grazing lands following disturbance is

essential for sustainable land productivity and improving many ecosystem services (Sarkar et al.
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2020). Decomposition rates of SOM are affected by soil texture and site environmental
conditions (Sikora and Stott 1996) and factors influencing carbon incorporated into the soil are
soil texture, soil management, vegetation, and climatic variation (Augustin and Cihacek 2016).

Grazing can shift SOM inputs in the short-term by removing aboveground material from
the site and affect plant survival by altering the plant’s carbon allocation and root exudation
patterns. Therefore, long-term excessive herbivory can shift plant communities to less productive
states, ultimately decreasing SOM inputs to the site (Bardgett and Wardle 2003; Chen et al.
2015). Decreased yearly plant yields lead to reduced plant residue additions and therefore can
result in net negative SOM input to the site (Sikora and Stott 1996). The lack of appropriate
grazing management alters above ground productivity which in turn affects root production,
biomass, and turnover ultimately decreasing carbon influx into the soil and lowering SOM (Chen
et al. 2015). Management strategies for increasing SOM may vary between regions as well. Over
a five year period in the northern mixed grass prairie, soil organic carbon did not differ between
grazed mixed-grass prairie, nongrazed mixed-grass prairie, and grazed western wheatgrass sites
(Frank et al. 2002). Plant productivity, the primary source or soil organic matter, is also affected

by soil nutrient levels.

Nutrient profile

Soil mineral nitrogen (N), phosphorous (P), and potassium (K) are important for
predicting potential plant productivity (Allan and Killorn 1996), so it is helpful to understand
how disturbances such as fire and grazing affect the respective levels.

Losses of C and N from fires depend on the amount of the forest floor consumed (Switzer

et al. 2012). Under five different pre fire fuel management practices, no significant effect was
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found in mineral soil carbon (C) and nitrogen (N) content after prescribed fires in Rocky
Mountain Douglas-Fir forests (Switzer et al. 2012). In the tallgrass prairie following 13 years of
annual burning alone did not decrease C and N concentrations whereas mowing post burn to
simulate grazing decreased C and N concentrations by 20% and 17%, respectively (Kitchen et al.
2009). Unlike grazing, mowing removes vegetation nutrients and does not redeposit any of the N
from the biomass, as does grazing (Kitchen et al. 2009). Under grazing and fire in West Africa,
reduction in C and N was proportional to increasing levels of grazing. Carbon and nitrogen
values declined 0.3% and 0.02 mg kg!, respectively, however values were not significant among
the five levels of grazing including a control and fire. The authors attributed this to taking
composite samples of the top 10cm and acknowledged that there could have been differences if
they had focused on more of the surface/top soil (Savadogo et al. 2007).

Inorganic nitrogen did not vary in mineral soil between stand classes from old-growth to
sapling stands in Arizona ponderosa pine forests prior to burning. Immediately after burning
though, ammonium significantly increased with direct correlation to initial forest floor weight
and the amount of floor vegetation consumed by fire. Nitrate-nitrogen did not significantly
change immediately post fire. A year after burning ammonium levels had declined substantially
and showed up as nitrate-nitrogen in all stand age classes (Covington and Sackett 1992).

Total nitrogen (g kg'!) and mineralizable nitrogen (mg kg!) were not different in a low
severity burned understory ponderosa pine stands, but the unburned control had higher
phosphorous while burned areas had higher sulfur. Differences among all nutrients were

insignificant 4-5 years post burn and a “flush” of nutrients was not observed post-fire (Busse et



10
al. 2000). Timing of burn and post burn weather conditions may affect nutrient quantity and
availability.

In an Israel Mediterranean climate, total soil nitrogen in a burned Aleppo pine (Pinus
halepensis) forest was 25% lower than the unburned, but plant available forms of nitrogen were
commonly higher in burned (Kutiel and Naveh 1987). In the same study, ammonium (NH4"),
nitrite (NOy"), and nitrate (NOs3") levels were more than twice as high in burned vs unburned sites
eight months after the fire. The different levels in nitrogen availability were postulated to have
been from decreasing C:N after the fire, which allows for higher nitrogen mineralization. They
hypothesized that ammonium and nitrate levels were not from the fire, but subsequent
mineralization. This allows a window where the nutrients could be leached from the landscape if
plants do not gradually utilize them before a heavy precipitation event. Phosphorous increased by
300% after the fire. It was in a mobile form and returned to pre-fire levels following rain and
subsequent erosion and leaching (Kutiel and Naveh 1987).

No consistent soil nutrient response was found between a mix of fire and grazing
treatments using PRS (Plant root simulator) probes in a South Dakota grassland fire. Mowing
after fire did not change soil nutrient properties with most of the nutrients highest in first
sampling date 5 months after the fire (Kral 2014). In a Rocky Mountain Douglas-fir forest
following prescribed fire, phosphate, calcium, and magnesium increased after prescribed burn
treatments (Switzer et al. 2012).

Grazing can cause no effect, increase, or decrease nitrogen deposition in mesic
rangelands (Evans et al. 2017). In general, soil fertility increases with grazing on high fertility

soils and decreases with grazing on low fertility soils (Bardgett and Wardle 2003; Evans et al.
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2017). Precipitation and soil nutrient interaction can affect plant responses to grazing (Biondini
et al. 1998; Augustine and McNaughton 2006). Augustine and McNaughton (2006) found in
low-rainfall environments grazing reduced plant production under both high and low soil
fertility. Conversely, under high rainfall, grazing increased annual plant production on fertile
soils and suppressed production on soils with low fertility. Nitrogen pool fluxes followed rainfall
patterns (Augustine and McNaughton 2006). In a seven year northern mixed grass prairie
grazing study, annual plant production was driven by climatic variations, but no relationships
were found between grazing intensities (ungrazed, 50% use, 90% use) and total soil C and N
(Biondini et al. 1998). In another northern mixed grass prairie study, ammonium and nitrate
percentages were both higher in grazed than ungrazed treatments and higher stocking rates(0.2
ha/AUM) had higher levels than low stocking(0.8 ha/AUM), which they partly attributed to

increased excreta (Dormaar et al. 1990)

Soil pH and Electrical Conductivity

Values of pH between 6 and 7.5 generally promote plant growth and microbial activity
(Smith and Doran 1996). Soil pH increases after fire because of the organic acid denaturation
that comes from soil heating (Certini 2005). After a Douglas-Fir fire, pH increased in the forest
floor and only in the mineral soil in the high intensity burn treatment. The increase was the major
determinant of the community decline of microbial groups after fire treatments (Switzer et al.
2012). Raised pH levels remained one year after fire treatments (Switzer et al. 2012). In a low
severity ponderosa pine understory spring burn, pH levels were not significantly higher that fall

and 4-5 years after (Busse et al. 2000). The difference could be from fire intensity because the
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rise in pH was when the forest floor was converted to ash, which is an indicator of high intensity
(Switzer et al. 2012).

In a degraded Chinese arid desert steppe, year-long continuous grazing produced higher
soil pH levels than those reported for a two-year exclosure. In the same study, a six year
exclosure had the lowest soil pH (Pei et al. 2008).

Under Mediterranean climate conditions, both pH and EC increased after fire but
decreased rapidly (2 months) to levels similar of unburned soil (Kutiel and Naveh 1987). The
significant rise was hypothesized as a flux in soluble cations in the ash (DeBano et al. 1977;
Kutiel and Naveh 1987).

Electrical conductivity generally determines soil salinity, but is also related to available
nutrients for plant uptake (Smith and Doran 1996). Soil salinity can greatly influence physical,
chemical, and biological processes in soil as well as broader ecological processes (Smith and
Doran 1996). Values of EC between 0-1.5 mS/cm generally promote plant growth and microbial
activity (Smith and Doran 1996). However, both EC and pH both need to be measured in soil
solutions because an apparently good range of EC measure can be found in acidic soil unsuited
for plant growth (Smith and Doran 1996). While EC and pH are good initial indicators for soil
health, more measured factors are need to be looked at for a complete understanding (Smith and

Doran 1996).

Summary

Soil health response to disturbances is variable across different biomes as well as the
following abiotic factors on the site. Fire and subsequent grazing are common disturbances that

have helped shape the northern Great Plains. When comparing the differences between grazed
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and ungrazed plots in this ponderosa pine savanna in the northern Great Plains, I would expect
no difference in soil health indicators. Differences that may arise could be due to increased litter
on site, but due to the ecosystem evolving under fire and grazing I would not expect that to

impact soil health indicators.
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Abstract

Background Rangelands are often resilient to grazing and fire. However, the resilience of
rangelands may be degraded by livestock grazing too soon after wildfire. Due to the growing
interest in soil health and its link to sustainable grazing, following a large wildfire (109,346 ha,
Lodgepole complex in 2017) we tested the effect of grazing (grazed verses no grazing) on five
indicators of soil health in ponderosa pine savannas of the northern Great Plains. We measured
indicators of soil hydrologic function (i.e., soil hydraulic conductivity), properties related to
nutrient cycling (i.e., soil organic matter, plant available nutrients, pH), and soil structure (i.e.,
aggregate stability) in 2019 and 2020. Grazing was excluded for three years or occurred two out
of three years following the fire.

Results Most indicators of soil health were not appreciably affected by grazing post-fire.
However, we detected a marginally significant negative effect of grazing after fire on soil
organic matter (3.11 vs 2.90%). No other grazing treatment effects were detected. Several soil
health metrics varied between sampling years.

Conclusions Our results indicate that grazing (two out of the three years) following fire is
unlikely to negatively affect many indicators of soil health of ponderosa pine savannas in the
northern Great Plains. These results are largely consistent with results for vegetation studies. The
implications for post-fire grazing policy are that soil health is resilient to grazing after wildfire,
based on indicators measured.

Key Words: Soil health, grazing, fire, wildfire, ponderosa pine, Pinus ponderosa, soil organic
matter

Introduction

The northern Great Plains steppe ecoregion of North America includes multiple plant

communities that were largely shaped by periodic drought, grazing animals, and frequent fires



25
(Martin et al. 1998; Anderson 2006). Grasslands that evolved with these disturbances have the
ability to recover quicker than ecosystems where fire was not ecosystem-shaping (Sousa 1984).
Depending on the community type within the ecoregion, wildfires were common and occurred at
varying fire return intervals (Wakimoto et al. 2004). In the ponderosa pine savannas, fires burned
the understory vegetation every 10-12 years (Brown and Sieg 1999). Ungulate grazers (e.g.
bison, elk) are often attracted to recently burned areas because of subsequent vegetative growth.
The spatial-temporal interaction of fire and secondary herbivory, referred to as pyric-herbivory,
is thought to drive vegetation mosaics in the Great Plains (Fuhlendorf et al. 2009). Despite this
ecological dynamic, current Bureau of Land Management (BLM) and Forest Service (USFS)
recommendations are to rest pastures from livestock grazing two years after fire to allow for
seeds to establish and burned plants to regain vigor (Blaisdell et al. 1982, Bureau of Land
Management 2007, USDA Forest Service 2006). However, recent research suggests that the
ecoregion’s grassland/savanna may not require rest periods from grazing (Vermeire et al. 2014;
Gates et al. 2017; Powell et al. 2018; Williams 2020).

Related studies in the ecoregion have focused mainly on the effect of post-fire grazing on
vegetation. Grazers tend to focus on recently burned areas, specifically when the vegetation is
growing (Augustine and Derner 2014; Powell et al. 2018). However, similar herbaceous biomass
and productivity between grazed and ungrazed sites following fire has been observed in the
northern Great Plains (Vermeire et al. 2014; Gates et al. 2017; Powell et al. 2018). In a review on
grazing effects on biodiversity, disturbances that removed biomass (i.e. fire and grazing) and
lead to decreased plant dominance on the site had increased plant diversity in grasslands and

savannas (Koerner et al. 2018). In the NGP ecoregion, grazing history, grazing utilization, and
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fire each affected species composition or site production, but did not have interacting effects
(Vermeire et al. 2018). Recent studies have observed neutral to positive vegetative responses to
the fire-grazing interaction in the northern Great Plains. Less is known about these disturbances
affecting key soil properties and hence rangeland sustainability (Neary et al. 1999; Limb et al.
2016).

Soil health is assessed as a collection of soil properties to indicate the capacity of soil to
function as an ecosystem sustaining plants, animals, and humans (Doran and Zeiss 2000). This
study investigated soil function by testing the hydrologic function (i.e., soil hydraulic
conductivity), properties related to nutrient cycling (i.e., soil organic matter, plant available
nutrients, pH), and soil structure (i.e., aggregate stability). Field saturated hydraulic conductivity
(HC) reflects the effects of several physical characteristic such as soil texture, organic matter,
soil structure, and water repellency on soil moisture levels (Ebel and Martin 2017). Because of
this, measured changes in HC suggest alterations in the soil’s ability to capture precipitation
(Kirkham 2004). Soil organic matter (SOM) impacts the physical, chemical, and biological
functions in soils and is the leading choice when one soil metric is needed to asses soil health
(Obalum et al. 2017). Soil organic carbon (SOC) makes up a large portion of SOM (Tiessen et al.
1994) therefore, increasing SOC in grazing lands tends to increase land productivity and
improves many ecosystem services (Sarkar et al. 2020). Soil mineral nitrogen (N) and
phosphorous (P) are important for predicting potential plant productivity (Allan and Killorn
1996). Soil pH affects plant growth and is a good initial indicator for soil health (Smith and
Doran 1996). Lastly, stable soil aggregates provide site stabilization and physical protection of

SOM (Wiesmeier et al. 2019). Understanding ecosystem function plays an important role in
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applying and interpreting soil health measures (Brown and Herrick 2016). Soil health has been of
growing interest in recent years because of its link with sustainable grazing lands (Derner et al.
2018). Hence, monitoring soil degradation or recovery may provide insight into improving
rangeland management decisions (Karl et al. 2017).

We tested the effect of grazing after fire (moderate versus no grazing) on 12 soil
properties in a ponderosa pine savanna ecosystem. We used soil health metrics to determine
effects of the recommended two years of rest from grazing after fire. We hypothesized that
moderate grazing after fire might negatively affect some soil properties related to the savanna’s
hydrologic function, nutrient cycling, and soil structure. If grazing after fire reduces soil organic
matter, then we predict hydraulic function, nutrient cycling, and soil structure will be negatively
impacted. Properly managing these savanna landscapes requires understanding whether their
function can be easily disrupted by disturbances (fire and grazing). The objectives were to
improve 1) understanding the impact of grazing after fire on soil properties related to several
important ecosystem functions and 2) strategies for grazing management post-fire. Soil health
data from this study are complemented with vegetation data from Williams (2020) to show the
soil and plant community response to grazing after fire in northern Great Plains ponderosa pine

savannas.

Methods

A large wildfire on mixed private, state, and federal lands in central Montana provided an
opportunity to investigate the effects of grazing after fire on indicators of soil health. This
experiment evaluated the effect of grazing two out of three years post-fire verses complete rest

on soil properties related to hydrologic function, nutrient cycling, and soil stability. We
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quantified the effects of livestock grazing at four sites per pasture over two pastures (8 total
sites). At each site, two plots (15 x 25m) were established on similar burn severity sites and
randomly assigned a grazing treatment (grazed versus not grazed) in June 2018. Fencing was

erected on one plot per site. All sampling was conducted in 2019 and 2020.

Wildfire & Study Sites

The Lodgepole Complex Fire started by lightning on 19 July 2017 and was 90%
contained by 30 July. It burned 109,346 ha of private, BLM, state, and Charles M. Russell
National Wildlife Refuge lands across Garfield and Petroleum counties in Montana. Our study
was conducted on inter-mixed private property and BLM administered land 27 km northwest of
Sand Springs, MT. We sampled two pastures averaging 700 ha that were both burned in 2017.
One of the pastures burned 14 years earlier from a prescribed fire by the BLM.

All sites were randomly selected within the Cabbart soil series (Loamy, mixed,
superactive, calcareous, frigid, shallow Aridic Ustorthents, 2 to 75 % slopes) which is a common
soil for ponderosa pine savanna communities in eastern Montana. Placing study sites on the same
soil series helped to control for plot-to-plot variability within and between sites and pastures.
Common C3 graminoids were Pascopyrum smithii (Rydb.) A. Love, Hesperostipa comata (Trin.
& Rupr.) Barkworth, Carex filifolia Nutt., and the common Cy4 grass was Bouteloua gracilis
(Willd. Ex Kunth) Lag. Ex Griffiths. Common forbs were Ratibida columnifera (Nutt.) Wooton
& Standl., Psoralidium tenuiflorum (Pursh) Rydb., and Logfia arvensis (L.) Holub., Artemisia
frigida Willd. was the most common shrub and Pinus ponderosa (Lawson & C. Lawson) the

dominant tree species.
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Total annual site precipitation averaged 390 mm (2000-2020). The majority of
precipitation coming April through June, which averaged 185 mm (2000-2020). Precipitation
values were 224 mm in 2017, 444 mm in 2018, 521 mm in 2019, and 340 mm in 2020.
Following the fire in 2017, summer precipitation values between April and June were 234 mm,

181 mm, and 210 mm in 2018, 2019, and 2020, respectively (PRISM Climate Group 2020).

Post-Fire Grazing

Our aim was to graze both pastures the first year (2018) after wildfire, but that was
prevented by fence reconstruction complications. Thereafter, the grazing treatment applied to
both pastures was defined as grazing once within the first two growing seasons and a total of
twice within the first three growing seasons (Table 1). Pastures were moderately grazed with
approximately 50% forage utilization during the grazing period of July-September. By the end of
2019, the exclosures in both pastures represented the recommended two-year rest from grazing

post-fire.

Sampling

We collected samples in 2019 and 2020 two weeks before cattle came into the pasture
and two weeks after they were removed. To obtain a robust picture of the effect of grazing on
post-fire soil recovery, we measured five soil characteristics thought to embrace the concept of
soil health: Soil hydraulic conductivity, soil organic matter, soil aggregate stability, anion

nutrients, and soil pH (Brown and Herrick 2016).

Soil hydraulic conductivity Hydraulic conductivity measurements were taken using a

Mini-Disk Infiltrometer (MDI, Decagon Devices, Inc. Pullman, W.A., 2018). Suction rate was
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set at 2 mm across all sites. At each site, MDI measurements were taken at three randomly
selected locations within each exclosure and three in each grazed plot. Litter was removed from
the surface without disrupting the mineral soil surface. To ensure consistent contact between the
MDI and soil on slopes, 20 g of 70-grit silica were poured on top of the soil. Time began when
contact was made with the sand, but to avoid skewed HC values from the sand, infiltration
recordings from 0-30 seconds were not used in calculating HC. Beginning at 30 seconds, ml
recordings were taken at 30 second intervals. Recordings ended after 20 ml of water had
infiltrated from the 30 second reference or 15.5 minutes passed, whichever came first.

Measurements were taken in sampling periods 1 and 3 prior to grazing (Table 1).

Soil organic matter To evaluate the effect of post-fire grazing on soil organic matter, we
used loss on ignition (LOI, % wt. loss) to obtain SOM levels. Three samples were collected
before and after grazing with a 97 cm? corer to a depth of at least 10 cm and instantly bagged. In
the lab cores were weighed, then placed in the drying oven at 40° C for 16 hrs and re-weighed to
determine water content at time of collection. Any vegetation attached to the core surface was
ground and added into the sample. Soil and roots were ground to pass a 2 mm sieve. Then six 10
g subsamples were pulled from each plot sample, placed in crucibles and put in a muffle furnace
at 375° C for 16 hrs (Ball 1964). Percent weight loss during ignition is reported as SOM. Values

represent post-grazing from sampling periods 2 and 4 (Table 1).

Soil nutrients We measured plant available nutrients in plots with PRS® probes (Western

Ag Innovations Inc., Saskatoon, Canada). The probes were inserted per manufacturer
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instructions by cutting a slit in the soil and vertically inserting the probe to cover the depth range
of 3.5-9 cm and to capture plant available anions. Probes were inserted 24 June 2019 and
retrieved 18 October 2019 (116 days) and inserted 7 July 2020 and retrieved 5 November 2020
(121 days). Removal occurred beyond 116 days during 2020 due to weather and management
actions. At each of the eight sites, two probes were placed in the exclosure plot and two were
placed in grazed plot. Probes were sent to Western Ag Innovations (Saskatoon, SK, Canada) for
analysis (NOs-N, P, S, Fe, Mn, Zn, and B with units reported in pg ion/10 cm?). Some nutrient
concentrations were below mean detection level (MDL), which means the ion concentration is
not greater than zero at P<0.01. These values were used in analysis, but inferences were limited

for these nutrients.

Soil pH Six pH measurements were made in the lab on SOM cored samples using pH and
conductivity combination handheld unit HI 98130 (Hanna Instruments, RI, USA). A subsample
(20g) of soil collected for soil organic matter evaluation was mixed with DI water to a consistent

paste state for measurements. Values were calculated after grazing from periods 2 and 4 (Table

).

Soil aggregate stability Soil aggregate stability was determined following field protocol

of Herrick et al. (2001). We collected 5 surface samples in each exclosure and grazed plot.

Samples were taken prior to grazing during periods 1 and 3 (Table 1).

Statistical Analysis
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Outliers were identified using the maximum normed residual (Snedecor and Cochran
1991) method and replaced with the plot mean. Prior to analysis, plot averages were calculated
from subsamples or plot samples on all soil metrics. The effects of grazing and year after fire on
measured physical and chemical soil parameters were analyzed using ANOVA (Fox and
Weisberg 2019) with a generalized linear mixed models package (Lme4 package) (Bates et al.
2015) including grazing treatment, year, and a grazing by year interaction as fixed effects and
site nested within pasture as a random intercept to account for autocorrelation of multiple plots at
each site within pasture. Data were plotted and log transformed if needed to satisfy assumptions
of normality and homogeneity of variance. Transformed data were back transformed for
presentation and least squared means were calculated using the ‘emmeans’ package (Lenth
2021). An alpha < 0.10 was considered significant and all statistical analyses were performed in

R (R Core Team 2021).

Results

No interactions between treatment and year were observed (P > 0.14). Therefore, data are
displayed as treatment and year main effects (Table 2 and 3). We detected only one marginally
significant effect (P<0.1) of grazing after fire on soil properties related to ecosystem function.
Specifically, SOM was 7% greater in ungrazed than grazed areas. Other soil properties were not
appreciably affected by grazing post-fire (Table 2).

Differences between 2019 and 2020 were detected in 8 out of the 11-soil metrics
measured (Table 3). Hydraulic conductivity, soil aggregate stability, iron, zinc, and pH
decreased from 2019 to 2020. Two different people sampled aggregate stability between years

and subjectivity in measurements could have influenced yearly differences observed. Nitrate,
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phosphorous, and manganese increased from 2019 to 2020. Nitrate had multiple values fall

below MDL as well in 2019 so year effect may not be meaningful.

Discussion

The majority of soil measurements studied did not vary by grazing treatment after fire.
Most of our results suggest grazing after fire, specifically the first two out of three years post-
fire, did not impact hydrologic function, nutrient cycling, or soil stability. However, we did
detect more SOM in ungrazed than grazed plots. This result may be ecologically important. For
example, grazing after fire could reduce SOM because defoliated plants are less likely to
translocate resources belowground (Ryle and Powell 1975; Kitchen et al. 2009). However,
several factors may drive a change in SOM. For example, total SOM may be mediated by
variation in carbon inputs (e.g. quantity, quality, depth, timing) and/or rates of microbial
decomposition (e.g. inputs may prime microbial activity and increase mineralization (Tamura
and Tharayil 2014; Poirier et al. 2018; Dijkstra et al. 2021). Microbial decomposition may also
be affected by carbon inputs and other factors related to grazing effects such as a change(s) to
bulk density, soil temperature, etc.

If the grazing effects on SOM after fire persisted beyond three years, grazing
management would have to be reassessed to prevent decreasing SOM to the site and possibly
affecting the plant community and ecosystem processes (Bardgett and Wardle 2003; Chen et al.
2015). Among the soil properties measured, SOM may be the most sensitive to grazing after fire
and may function as a leading (not trailing) indicator of change to other ecosystem functions
(Bongiorno et al. 2019) For example, variation in SOM is often related to many other soil

functions (e.g. infiltration, soil structure, nutrient cycling) (Obalum et al. 2017). If SOM is
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persistently less in areas grazed after fire than ungrazed areas, then prolonged differences could
affect other ecosystem functions. However, with the decrease of SOM in grazed plots, we found
no evidence that either hydrological function (i.e. infiltration) or plant available nutrients (N, P)
were impacted. Because our study did not measure SOM pre-treatment, we cannot rule out the
possibility that effects were at least partly related to pre-existing differences and spatial variation
in SOM (VandenBygaart and Angers 2011; Necpalova et al. 2014).

We observed no effect of grazing treatments on soil water infiltration. This is somewhat
surprising because grazing often reduces infiltration (Gifford and Hawkins 1978). Some studies
in the ecoregion also reported no effect of grazing treatments on infiltration (Comer 2019;
Reinhart et al. 2019). Water infiltration is important because it relates to hydrologic functioning
and is often positively related to plant production (Thompson et al. 2010; Reinhart et al. 2015).
Infiltration is also thought to be positively correlated with SOM (Franzluebbers 2002). While we
detected effects of grazing treatment on SOM, we found no effects on infiltration. Grazing is
known to reduce aggregate stability through compaction and there is some evidence that
reductions in aggregate stability relate to less infiltration (Blackburn 1984; Briske et al. 2011).
However, we found no grazing effects on aggregate stability. Furthermore, others report no
relationship between soil aggregate stability and infiltration in this ecoregion (Reinhart et al.
2019). Our findings further suggest that SOM and aggregate stability may be weak predictors of
variation in infiltration (Reinhart et al. 2019). The grazing intensity applied in the two years may
have not been extreme enough to impact infiltration and/or aggregate stability (Blackburn 1984;
Briske et al. 2011). This suggests moderate stocking rate applied after fire may have few if any

negative effects on key soil functions of savanna sites in the northern Great Plains.
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Another study measured vegetative properties for our experiment and reported less litter
in 2018 in grazed than ungrazed treatments (Williams 2020). However, litter may have not been
the driver of the SOM differences we observed. Others suggested SOM in mineral soil is mainly
a product of root and microbial biomass and not litter (Sokol and Bradford 2019; Dijkstra et al.
2021). We suspect that litter incorporation is sufficiently slow in these semiarid savannas and

that SOM in mineral soil is likely more a product of roots and soil microbes.

Conclusion

We found few effects of grazing twice during the three years after fire on soil properties
related to hydrologic function, soil stability, and nutrient cycling. Soil organic matter was less in
grazed than ungrazed treatments. Because SOM may relate to multiple soil processes, this result
is evidence of some potential benefit to resting pastures from grazing after wildfire. However,
nearly all other soil properties were unaffected by grazing including functions (e.g. hydrologic,
nutrient cycling) that are thought to be affected by SOM. By 2020, we found no appreciable
grazing treatment effect on water infiltration, plant available nutrients, or aggregate stability. The
overall soil response supports the hypothesis that ponderosa pine savannas in the northern Great

Plains ecoregion are relatively resilient to grazing after fire.
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Tables
Table 1. Timing of wildfire, livestock grazing, and sampling from 2017 to 2020. Sampling

periods 1 and 3 were taken approximately 2 weeks prior to cattle coming into the pastures and
periods 2 and 4 were taken approximately two weeks after cattle came out of the pastures.

2017 2018 2019 2020
Pasture 1 Burned Grazed 1 Rested 2 3 Grazed 4
Pasture 2 Burned Rested 1 Grazed 2 3 Grazed 4

Table 2. Soil organic matter (SOM) at 0-10cm, hydraulic conductivity, soil aggregate stability,
nitrate (NO3), phosphorous (P), iron (Fe), manganese (Mn), zinc (Zn), boron (B), sulfur (S), pH
at 0-10cm means, standard errors of the mean and P-values of grazing exclosure and grazed plots
from eastern Montana in 2019 and 2020. Soil organic matter (%), hydraulic conductivity
(mm/hr), all nutrients (ug ion/10cm?). Bolded p-values are significant (P< 0.1)

Exclosure Grazed SE p-value
SOMP 3.11 2.90 0.25 0.08
Conductivity® 23.82 19.40 4.38 0.34
Stability? 5.55 5.37 0.17 0.21
NO3¢ 5.16 7.89 1.95 0.15
pe 1.92 1.89 0.61 0.93
Fe® 1.79 1.78 0.51 0.98
Mn° 0.72 0.72 0.13 0.98
Zn° 0.58 0.55 0.07 0.70
B¢ 0.08 0.06 0.01 0.30
Se 6.79 7.61 0.76 0.36
pHP 7.40 7.38 0.13 0.85

2 Sampled pre grazing

® Sampled post grazing

¢ Values for entire period from 2 weeks
before to 2 weeks after grazing
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Table 3. Soil organic matter (SOM) at 0-10cm, hydraulic conductivity, soil aggregate stability,
nitrate (NO3), phosphorous (P), iron (Fe), manganese (Mn), zinc (Zn), boron (B), sulfur (S), pH
at 0-10cm means, standard errors of the mean and P-values of soil metrics from eastern Montana
in 2019 and 2020. Soil organic matter (%), hydraulic conductivity (mm/hr), all nutrients (ug
ion/10cm?). Bolded p-values are significant (P< 0.1).

2 year ar

afth ﬁrse a?;‘th ﬁrse SE p-value
SOM® 2.94 3.08 0.25 0.22
Conductivity? 27.51 15.71 4.23 0.01
Stability? 5.95 4.97 0.13 <0.01
NO3¢ 1.12 11.93 1.46 <0.01
P 1.53 2.36 0.62 0.05
Fe¢ 2.35 1.35 0.52 0.02
Mn°® 0.60 0.84 0.12 0.07
Zn° 0.83 0.38 0.05 <0.01
B¢ 0.06 0.08 0.01 0.14
Se 6.70 7.70 0.76 0.26
pHP 7.57 7.21 0.13 <0.01

2 Sampled pre grazing

® Sampled post grazing

¢ Values for entire period from 2 weeks
before to 2 weeks after grazing
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CHAPTER THREE

CONCLUSIONS

Research results on rest periods from grazing after fire are variable across ecosystems
and primarily focus on vegetation response. The Lodgepole Complex wildfire provided us with
insight on how soil health on ponderosa pine grasslands in the northern Great Plains (NGP)
respond to grazing two out of three years following a wildfire. Previous studies on rest periods in
the NGP have shown that the system is resilient to grazing first year post fire. However, the
adoption of this practice is not widespread due to conflicting research from other areas noting
one to two years of rest is necessary for ecosystem recovery.

Chapter Two adds depth to these previous studies by demonstrating that grazing post fire
has seemingly minimal impact on soil health in NGP ponderosa pine savannas. From the soil
metrics measured, soil organic matter was lower in grazed plots compared to exclosures. With
SOM differences between grazing treatments detected, long term monitoring is necessary to
observe if this trend continues. Plant community changes due to SOM and associated factors
would lead to a less resilient system to the next wildfire. Nutrient concentration, water
infiltration and soil stability were not different between resting and grazing two out of the three
years. This study indicates that rest periods are not necessary for soil health recovery, which is
important for long-term grazing system sustainability.

Wildfires are getting larger in size and affecting more hectares in the west every year.
When producers must rest land from grazing after fire in the NGP it has a significant impact on
their operations. This study, as well as companion studies done in this area have shown that the

commonly recommended rest periods are not as necessary for this ecosystem. This new
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information will help inform land managers on post-fire grazing management practices when the

next wildfire occurs in this ecosystem.
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