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General Introduction/ Literature Review
Despite realization of the benefits of fire on certain ecosystems and an increase in the use
of fire for ecosystem management, the specific interactions between fire and all aspects of forest
ecosystems has not been extensively researched. The effect of fire on soil chemistry, biology,
and physical properties is one of these relationships that is not well understood. Furthermore,
research indicates that the effects of fire depend on climate and vegetation and vary greatly
between regions. The Great Lakes region is especially lacking in research on prescribed fire for
ecosystem management (Miesel et al. 2012). Finally, most studies on fire in this region have
examined only one, catastrophic fire event. It is becoming increasingly evident that fire
frequency and seasonality are just as important as fire intensity and one year studies do not
adequately quantify response variables (Miesel et al. 2007, Robertson unpublished data 2016). If
frequent fire is going to be used for forest management in the Great Lakes region, a better
understanding of its effects on soil and other ecosystem properties is essential.
Site Background and Experimental Design
This study was conducted at the University of Wisconsin Stevens Point Treehaven
Environmental Education Center (45°29’22”N, 89°34’28”W) near Tomahawk, Wisconsin. The
research site, established in 2013, is composed of 17 hectares of mature mixed hardwood and
pine. The experimental design was established by R.E. Masters and K. Burns in 2012, as a
completely randomized design with 3 replications of eight treatments applied to 24, 0.81 hectare
experimental units, each separated by 3.7 m fire breaks (Appendix 1).
Within each unit, 12 permanent sample plots were established using ArcGIS 10.0. No
sample plots were located within a 10-m buffer zone from any unit boundary to reduce edge
effects. The first plot was randomly located and subsequent plots were arranged systematically
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so that they were equally spaced within a given experimental burn unit. The major treatments
were thinning and burning at variable frequency and season. In units selected to receive a
thinning treatment, all balsam fir (Abies balsamea) <25 cm were selectively cut by hand to
remove ladder fuels, prior to treatment application. Thinning was performed in random stands to
a range of 18 to 37 m2 basal area, with two unthinned treatments. Fire frequency treatments
include a control (unburned and unthinned), a thinned but unburned unit (TNB), a rough
reduction burn (RRB) (unthinned but with 4-year interval spring burns), and a sequence of
thinned units with 1-, 2-, 3-, and 4-year spring burns (respectively; TS1, TS2, TS3, and TS4)
The final treatment was thinned and burned in the fall at 2-year intervals (TF2). At this point
only initial prescribed burns have been completed for all units with the 1-year burn interval
treatment having been burned twice. Prescribed burns performed as of December 2016 have
consisted of 1-year interval burns applied in Spring 2014, 2015 and 2016, and Fall 2014. The
first burns for RRB, TS2, TS3, and TS4 were applied in spring 2015, except one RRB unit was
burned in Spring 2014. Thus these are essentially the same treatment replicates at this point in
the study (i.e., they each reflect a only one prescribed burn in the same time period).
Fire History
Historical accounts of the area describe the landscape as having “strips of pines” at
“intervals” and “clumps of small birch and pine… scattered over it” (Owen 1852). These types
of landscapes suggest that the area had been influenced by more frequent fire than those
naturally caused by lightning (Radeloff et al. 2000). One account even directly mentioned fire;
“[The area was] sparsely covered with pine trees, through which fires appear to have
occasionally run, burning the smaller thickets, and giving the country a prairie-like appearance”
(Warren 1885). In fact, it is estimated that 50% of Wisconsin’s native vegetation has been
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influenced by native fire (Curtis 1959). This is also evidenced by the shift in the landscape upon
European settlement and fire suppression.
There is some variation in the current estimation of the historical fire regime of the field
site. Most of the accepted literature suggests that the area experienced infrequent fire (Wolf
2004). A 2008 study (Nowacki and Abrams 2008) took into account climate, vegetation,
landscape, and available fire history to develop a nationwide scale of natural, long-term fire
regimes. The study site falls into their “Category V”, describing a fire frequency of over 200
years featuring stand replacing fires (Nowacki and Abrams 2008). More recent studies suggest
this estimation is too high. A study examining 49 fire scarred tree cross-sections, most from
within Treehaven property, determined that 24 fires occurred within a 182-year period with an
average fire frequency of 4.4 years. The most recent fire, prior to this study, occurred in 1946
(Steigerwaldt 2015).
Fire as a Management and Restoration Tool
Many of the native species in central Wisconsin evolved with fire (Curtis 1959).
Returning fire to the ecosystem in the form of controlled, low-intensity burns may have
beneficial effects such as reducing encroaching, woody invasive plants while promoting firetolerant species (Hauser 2008, Buckman 1962). The influence of fire on vegetation depends on
its intensity, frequency, fuel load, and seasonality. The present study utilizes low-intensity fire
that does not cause crown scorch and overstory mortality (Van Wagner 1973). Prescribed fire
reduces the buildup of woody fuels, which can eventually lead to catastrophic wildfire, by
burning and consuming them before they can build up to dangerous levels (Anderson et al. 1994,
Hunter 1990, Van Wagner and Methven 1978, Rhu et al. 2008). Although the presence of too
much woody fuel can create problems, some amount is necessary to provide habitat for small
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mammals, insects, and microbes. Because of this, and the fact that the fuel load contributes to the
intensity of the fire, the amount and types of fuels should be monitored throughout a prescribed
burn, often requiring fuels to be removed before a burn through thinning (Anderson et al. 1994).
Since the 1970s, fire has been effectively used to manage red and white pine ecosystems
in the Great Lakes region (Van Wagner and Methven 1978). Many of the species in these regions
are adept to frequent fire. Red pine (Pinus resinosa) is an example of a species which requires
bare mineral soil to germinate and has thick bark and high crowns (Dickmann 2004, WDNR
2012). Prescribed fire can greatly increase understory diversity in pine ecosystems (Rego et al.
1991). However, this relationship can depend on site specific conditions such as slope, overstory
composition, and basal area (Elliot et al. 1999). However, the effect of fire frequency and
seasonality on mixed red and white pine ecosystems in the Great Lakes region has not been
extensively researched.
Thinning for Forest Management
Thinning can be used in conjunction with fire as a combined management practice.
Thinning has been used in conjunction with fire to "jumpstart" ecosystem restoration efforts to
reduce the densification effects of fire exclusion and return forest structure to density levels to
those of pre-European settlement (Sparks et al. 1998). When trees are removed from an
ecosystem, shade intolerant trees are able to grow, with more space and less competition for
light. Thinning can promote the growth and health of residual trees and can increase biodiversity
by promoting the growth of new species (Hunter 1990). Studies show that thinning increases
aboveground biomass production and can result in higher nitrogen, magnesium, and potassium
content in plant tissue (Velazquez-Martinez 1992). Although most thinned biomass is typically
removed from a site for timber, a significant amount of slash often remains. Net primary
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productivity of the understory is dramatically increased commensurate with the level of thinning
(Feltrin et al. 2016). Research shows that thinning prior to prescribed fire has different effects on
the soil than fire alone (Masters and Engle 1994). The presence of slash can increase residence
time, leading to different effects of fire on the soil, such as lower pH and altered chemistry (Rhu
et al. 2008). Although the effects of fire or thinning alone on soil properties are fairly well
understood, there is less research on the combination of the management techniques. The effects
of fire and thinning can result in either faster or slower nitrogen transformation rates, seemingly
depending on the amount and composition of slash deposited on the ground after thinning (Grady
and Hart 2006). Also thinning may interact with fire synergistically or as an opposing influence
(Masters and Engle 1994). This study aims to clarify this relationship between thinning, fire, and
soil effects.
The Effect of Fire on Soil Physical Properties
Much of the influence of fire on soil physical properties is related to OM content, which
is often directly altered by fire. Soil properties that are not dependent on OM, such as texture, are
typically unaffected. Soil properties that are related to OM content can be influenced by even
low-intensity fire. Water holding capacity (WHC), for example, can decrease as OM is reduced
with fire (DeBano 1990). Fire has been shown to decrease OM content and the O horizon
thickness significantly (Moghaddas and Stephens 2007). Reduction of the O horizon could also
lead to long-term changes in A horizon depth, which is something that this study aims to capture.
Changes in OM content can influence pore size distribution in soil by decreasing both pore size
and total porosity (Neary 2005). This leads to a larger soil bulk density and compaction (Certini
2005). The removal of OM from mineral soil can also reduce WHC and cation exchange
capacity (CEC) (Anderson et al. 1994).
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Fire can sometimes cause an increase in water repellency immediately following a fire
event. The process “occurs during the combustion process when distilled aliphatic hydrocarbons
migrate into the soil profile and condense on soil particles to form a water repellant layer”
(DeBano 1990). This phenomenon can create pooled precipitation on the soil surface and cause
excess runoff (Letey 2001). Burned areas are already susceptible to erosion due to exposure of
the mineral soil (Anderson et al. 1994) and this hydrophobicity can result in increased erosion by
reducing a soil’s infiltration rate. Hydrophobicity after fire tends to be more pronounced on dry
soils and after high-intensity fires (Pyne 1996). There is little evidence regarding the influence of
prescribed fire on runoff and infiltration.
The Effect of Fire on Soil Chemical Properties
Soil pH has been shown to increase after fire due to basic cations being released via
combustion (Neary 2005). This effect is dependent on fire intensity and is less pronounced in
low-intensity fires (Certini 2005). Some studies have noted a rise in pH of up to 0.6 units
(Moghaddas and Stevens 2007). It is also suggested that thinning and, therefore, the amount of
acidic slash present prior to burning influences this relationship. Alban et al. (1977) performed
prescribed burns under a red pine plantation and recorded a distinct rise in pH in the forest floor
but a decrease in pH in the mineral soil, suggesting that the impact of fire on pH decreases with
depth. Changes in pH from low-intensity fire are usually temporary and have little effect on the
long-term soil nutrient regime (Anderson et al. 1994). However, with frequent fires, it is
reasonable to think pH will exhibit a long-term decrease.
Because of their importance to plant growth, the effects of fire on N and P nutrient cycles
are the most researched in terms of the effects of fire on soil chemistry. With fire, an initial
decrease in N usually occurs due to volatilization near the surface. This is important to consider
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when burning, because N can often be the limiting nutrient in forest ecosystems (DeBano 1990).
However, the N that does not become volatilized can change forms and become available to
plants and organisms. Small amounts of ammonium (NH4+) can be formed due to combustion.
Nitrate (NO3-) can then be formed from the ammonium via nitrification resulting in higher plant
available N (Certini 2005). A study in Israel showed a large increase in both total and plant
available P two months after wildfire as it was leached into the soil from the plant matter in ash
form, followed by a decrease to levels similar to surrounding unburned areas (Kutziel and Naveh
1987). P is rarely volatilized by prescribed fire as this requires very high temperatures. However,
fire can convert organic P into orthophosphate, which is the only form available to plants (Certini
2005). Nutrient availability can also increase due to translocation through the soil profile after
fire (DeBano 1990).
Magnesium (Mg), calcium (Ca), sulfur (S) and manganese (Mn) have high temperature
thresholds for volatilization of 750 °C and up and are rarely affected by prescribed fire events
(Neary 2005). Fire can, however, transform and facilitate translocation of these nutrients as ash
is leached into the soil. Other nutrients are more easily volatilized with heat and experience
significant losses (DeBano 1990). The effect of fire on micronutrients is not quite as clear, since
they are usually not limiting and therefore not as heavily researched. Alban (1977) described a
general trend of an immediate reduction of nutrients in the forest floor, but an increase of
available nutrients in the mineral soil and concluded that prescribed burns have no negative side
effects on a soil's productivity. Soil enzymes respond to increased fire frequency in different
ways, depending on the type of enzyme (Boerner and Brinkman 2003, Boerner et al. 2008).
Fire frequency is probably the most important factor in terms of fire’s effect on ecology
and vegetation physiognamy. However, the effect of fire frequency on soil properties is less
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understood. A study in a Siberian Scots pine forest showed an increase in soil OM in stands with
a fire return interval of 25 years when compared to those with a return interval of 43 years.
Nitrogen content did not vary between the sites (Czimezik 2004). A long-term study in Florida
shows that soil carbon is higher with two-year burn interval plots than one or three year intervals.
This is due to maximum root establishment and input into the soil upon plant death (Robertson
unpublished data 2016). The effect of fire frequency on the aforementioned soil properties seems
to depend on the climate and vegetation present, therefore, a better understanding of the fire
frequency on soil properties in the Great Lakes region is needed.
The Effect of Fire on Soil Microbial Properties
Microbiology is an important aspect of soil. Without microbes, soil would not function in
nearly the same way that it does with them. Soil microbes are responsible for decomposing OM,
cycling nutrients, mitigating pollutants, consuming or producing greenhouse gases, promoting
plant growth, causing or protecting against plant diseases, as well as a number of other
environmental functions. The exact roles and to what extent microbes play in them depends on
the type of ecosystem and the environmental conditions present there. These conditions include
anything that impacts soil pH, nutrient availability, OM content, soil texture, water content, light
availability, temperature, oxygen levels, and redox conditions. Since these conditions vary
heavily by region, so does the microbiological community of an area.
Pine forests are universally characteristic in that they typically have a low pH and high
levels of complex OM. This large quantity of complex OM is one of the drivers between the ratio
of fungi to bacteria in soil. Fungi are particularly adept at decomposing organics, of which forest
ecosystems possess a large amount. Studies suggest that soils of coniferous forests may contain a
fungi to bacteria ratio of up to 1000:1 (Ingham 2015). The particular site of study for this
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experiment contained O horizons of between one and six centimeters with larger, intact organics
on top of that. Within the fungal community, different organisms play different roles. Brown rot
fungi, such as Serpula lacrymans, are adept at breaking down hemicellulose and cellulose, while
white rot fungi can break down both cellulose and lignin. Some species of white rot fungi, like
Pleurotus ostreatus, even prefer using lignin as an energy source (Eriksson et al. 1990).
Mycorrhizal fungi are also prevalent in forest ecosystems. They form a relationship with trees in
which they gain carbon substrate from the roots. Sometimes these relationships are parasitic, but
often they are mutualistic in that the tree will receive enhanced nutrient and water uptake from
the fungi (Klopatek 1988). In order to accurately assess soil health, all of these types of
microorganisms should be being measured.
Fungi to bacteria ratios depend on more factors than simply OM composition, namely
nutrient availability and pH. Research suggests that more fungi tend to be present in acidic
environments, a characteristic of the research site in this study (Anderson and Baath 2004).
Fungi to bacteria ratio can also depend on soil water content and atmospheric N (Berg 1998). A
major justification for this study lies within the intricacies of these relationships between
microbial composition and environmental conditions. Since fire impacts many of the conditions
that microbial composition is dependent on, and because the data of the effects of fire on soil
microbes in the Great Lakes region is limited, a better understanding of these relationships is
needed if prescribed fire is going to be used commonly as an ecosystem management technique.
One of the largest research needs in soil science is the search for indicators of soil health.
Estimating the quality of a soil, while spending a minimal amount of resources, is valuable in
both the context of agriculture and land management. First, soil health needs to be defined. Often
it is defined in terms of aboveground phytomass production, especially in an agricultural context
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(Schloter et al. 2003). Other definitions include aboveground biodiversity or properties of the
soil itself, such as pH, nutrient content, and physical properties. Several indices have been
formed in an attempt to incorporate these properties into a single value (Schloter et al. 2003).
However, these index values are sometimes not useful at a smaller scale, since many of the
components that factor into it are just as important on their own.
Microbial DNA analysis is being investigated as an indicator of soil health (Sparling
1997). The benefits of this type of analysis are that it provides an extremely accurate diagnosis of
a soil's microbiology. The equipment needed to measure microbial abundance can be pricey, but
after that the cost per sample is relatively cheap. Most in-situ measurements of soil microbiology
are quick, but they do not provide the same level of insight that DNA analysis offers. Breaking
microbial populations down by species gives an indicator of everything that is happening in that
soil. This can be used as an estimate for the overall health of the soil or to diagnose specific
issues or functions that may be occurring.
In order for this indicator to work, an idea of how this ratio specifically affects different
soil properties could be important. A study that examined fungal to bacterial ratios across
different ecosystems (desert, tallgrass prairie, fir forest, pine plantation, and agriculture) in
relation to carbon (C) sequestration rates recorded a general trend of higher fungal biomass with
increased C (Bailey 2002). A caveat is that the exact ratio, in relation with C, varied from site to
site. pH also shows a strong correlation with fungal to bacterial ratio (Baath and Anderson 2003).
An argument can be made that microbial populations are inadequate for indicating soil health in
a large-scale context, since environmental conditions, energy sources, and the range of microbes
present vary from location to location. This is not to say that measuring soil microbiology to
estimate soil health is useless, it just might require some trial and error to get right. Anderson
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(2003) suggests that comparing values with established site-specific baseline values could be a
useful tool for long-term assessments (Anderson 2003). Although the measurements being made
for this study might not serve as a direct indicator for overall soil health, they should be able to
give some indication of ecosystem function as they are being compared to controls and the roles
of the fungi and bacteria in the ecosystem are clear.
The overall effect of fire on soil microbiology seems to be closely related to the intensity
of the fire. Wildfires, that burn at much higher energy release rates than prescribed burns, can
damage overall microbial abundance for long periods of time. One study reported that after a
large forest fire in a Mediterranean pine forest ecosystem (primarily Phillyrea angustifolia,
Rosmarinus officinalis, Pistacia lentiscus, and Cistus salvifolius), microbial population estimates
via substrate induced respiration had still not recovered 11 years after the fire event (Dumontet et
al. 1996). This initial sharp decline and slow recovery is due to direct incineration of microbes
and alteration of the soil properties that they need to survive and reproduce. This relationship is
complex and difficult to estimate. Microbial populations experience a smaller reduction
following prescribed burns. Besides the temperature and duration of the fire, the degree to which
microbes are lost during fire depends on the particular microbes that are present and the texture
and water content of the soil (Dunn et al. 2004). Different species recover at different rates and it
varies between ecosystems, but overall microbial biomass can recover completely as soon as a
month after a prescribed burn (Neary et al. 1999). Additionally, temperature penetration is
greatest near the surface of the soil, so microbes in the top few centimeters will experience
greater loss than those located deeper in the soil profile.
Different soil microbes are affected by fire at different temperatures. A number of studies
indicate that fire has a larger impact on fungi than bacteria (Certini 2004, Dunn1985). Fungal
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threshold to fire is roughly 60°C in wet soil and 80°C in dry soil. Average bacterial temperature
thresholds are 80°C in wet soil and 90°C in dry soil. Arbuscular mycorrhizae have the highest
threshold to temperature at 94°C (Vazquez et al. 1993, Dunn 1985, Neary et al. 1999). However,
mycorrhizae are often the most impacted soil microbe after fire (Cerda and Robichaud 2009).
This is likely due to their association with plant roots, which are more susceptible to fire, and
OM, which is most abundant in the uppermost soil (DeBano 1990). The complexity and
variability of these effects and relationships only go to reinforce the fact that a better
understanding of them is needed.
Compared to other ecosystem responses to fire, soil is not as intensely researched.
Furthermore, most of these studies do not attempt to examine soil microbiology. Ecosystem
responses to fire seem to vary greatly from region to region. Therefore, if prescribed fire is to be
used as a forest management technique in the Great Lakes region, there needs to be a better
understanding of the effect of fire on soil microbiology.
If fire is going to be used for forest management, especially at frequent intervals, its
impact on the ecosystem needs to be better understood. Most studies on the effects of fire are
performed after a single fire event and do not capture the impact of frequent fire on the
ecosystem (MaClean 1983, Miesel et al. 2012). Furthermore, the vast majority of studies on both
fire for management, and its particular effect on soil are performed in the western and southern
regions of North America. Because the effects of fire are dependent on climate and vegetation, it
is crucial that a study that examines the effect of frequent fire on north central North American
ecosystems is established.
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Hypotheses
The objectives of this study are to determine the effects of thinning, fire frequency, and
seasonality on soil properties in a Wisconsin mixed pine ecosystem. Based on previous studies it
is hypothesized that:
1) OM will decrease in burned plots, with higher intensity burns leading to a larger
decrease. Soil OM will be the lowest in the shorter fire frequency treatments, as fire
directly incinerates OM (Miesel et al. 2012). Additionally, longer time between fire
events will allow roots to become established, returning more carbon to the soil upon
plant death (Shackleton and Scholes 2000, Robertson unpublished data 2016). Burn
season will likely affect soil OM, as the litter present on the ground will differ between
seasons.
2) Bulk density will increase in relation to the decrease in OM. The establishment of
roots with larger fire frequencies will further decrease bulk density by reducing
compaction.
3) Soil water holding capacity (WHC) will decrease in relation to the increase in bulk
density and increase with an increase in OM (Anderson et al. 1994).
4) Soil pH will increase in burned plots, with higher intensity burns leading to a larger
decrease. pH will be lowest in units experiencing less frequent fire (Certini 2005). The
difference in litter between seasons will likely play a big role in pH levels, as the rise in
pH with fire is due to the leaching of ash formed by these litter layers (Neary 2005).
5) There will be an increase in nutrients, especially N and P, after fire, with more intense
fires leading to a larger increase.
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-Increases in P and N will be the most pronounced. The amount of increase will
be dependent on the amount of litter present, so there will likely be seasonality
effects.
-C will increase significantly after fire. This effect will be most exaggerated with
intermediate (2 year) fire frequencies, as C is added to the soil from roots when
plants are topkilled (Shackleton and Scholes 2000, Robertson unpublished data
2016).
-Na and Ca will show little, if any, change
6) Soil microorganisms will decrease following fire, with higher intensity burns leading
to a larger decrease. These populations will rebound after fire, possibly resulting in more
microbial abundance than pre-fire conditions. Because of this, intermediate fire return
intervals may see the healthiest microbial populations, where too much and not enough
fire would be detrimental. Furthermore, microbes will benefit more from Spring burns
than Fall burns as with Spring burns, the nutrients leached into the soil after fire will be
available during the growing season.
7) Topsoil depth will have no immediate change after fire
- On a long-term scale, A horizon depth will likely increase with fire frequency,
as the low intensity fires will cause topkill in vegetation and increase organic
input in the soil via root death. E horizon depth is likely to
decrease, since frequent fire will decrease biomass of the forest floor and will not
be able to form organic compounds with aluminum and iron.
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Abstract

24

The objectives of this study were to determine the influence of thinning along with recurrent

25

prescribed fire on soil nutrient cycling, physical properties, and microorganisms in a mixed

26

conifer-hardwood ecosystem. The study was conducted on the 17-ha Treehaven Fire Plot study

27

area (45°29’22”N, 89°34’28”W). Prescribed burns were performed in May 2014, September

28

2014, and April 2015. Water holding capacity, bulk density, soil horizon depths, infiltration, pH,

29

OM, N, C, Mg, Mn, K, Ca, S, Al, Na, P, and soil respiration were all measured in response to

30

thinning and fire frequency and seasonality of fire treatments. Prescribed burning resulted in

31

lower OM (-20 mg kg-1 ) and increased pH (+0.3 units). Thinning lowered soil pH in the top 5

32

cm of soil. Bulk density only changed in the units that were burned twice, where it increased by

33

0.12 g cm -3. Soil C did not decrease alongside OM, suggesting that incomplete combustion due

34

to low fire intensity led to the presence of char in the soil. Thinning increased soil S, as the soil

35

became more acidic. P increased as the intensity of a given fire increased, as extractable P was

36

leached into the soil from ash. Ca was 642 mg kg-1 higher in units that experienced two spring

37

burns compared to those that had one fall burn. Total N was not affected by burning. Spring

38

burns lowered soil respiration immediately, but respiration rates had returned to pre-burn levels

39

within a month after fire. Soil wettability was not affected by the prescribed burns.
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Prescribed burns have decreased organic matter (but maintained C), raised pH, and

Decreased organic matter resulted in higher bulk density in units that had been burned
twice annually.



Prescribed burns decreased soil respiration initially, but rates rebounded to pre-burn
levels within a month's time.
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1. Introduction
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Until recently historical fire regimes in the Great Lakes region were estimated to have a
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historical fire return interval of over 200 years (Nowacki and Abrams 2008). However, more
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recent studies suggest this number is far too high, as fire scar evidence in Northern Wisconsin
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red pine stands at four different sites showed fire return intervals of between 5 and 29 years

68

between 1660 and 1925 (Guyette et al. 2016). A study examining 49 fire scarred tree cross
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sections associated with this study found 24 fires within a 182-year period with an average fire
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return interval of 4.4 years with the most recent fire having occurred in 1946 (Steigerwaldt

71

2015).
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If fire is going to be used for forest management in the Great Lakes region, especially at
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frequent intervals, there must be a better understanding of its impact on the environment. Most
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studies on the effects of fire are performed after a single catastrophic fire event and do not

75

capture the impact of frequent fire or low intensity fire on the ecosystem (Maclean 1983, Miesel
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et al. 2012). In North America, the vast majority of fire research for management has been
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performed in western and southern regions of the continent. Additionally, most studies of fire in
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the Great Lakes region are performed on Jack Pine dominated ecosystems, creating a need for

79

research on red pine and mixed pine/hardwood ecosystems. Finally, most of the research being

80

performed in the Great Lakes region does not focus on the response of soil to fire (Miesel et al.

81

2012). Because the effects of fire are specific to climate and vegetation, it is crucial that a study

82

that examines the effect of frequent fire on north central North American forest ecosystems is

83

established and specifically documents the effects on soil.

84
85

Many of the native species in central Wisconsin evolved within an ecosystem maintained
by fire. Returning fire to the ecosystem in the form of prescribed, low-intensity burns may have
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86

beneficial effects such as reducing the encroachment of unwanted woody plants while promoting

87

fire-tolerant species, such as red pine (Hanjy et al. 2011). The influence of fire on vegetation

88

depends on its intensity, frequency, fuel load, and the seasonality of the burn (Neary 2005). This

89

study utilized low-intensity fire that was intense enough to remove unwanted species and debris,

90

but not so intense that it lead to crown scorch and overstory mortality (Van Wagner and Methven

91

1978). Prescribed fire can reduce the buildup of woody fuels, which could lead to catastrophic

92

wildfire. Although the presence of too much woody fuel can create problems, some amount is

93

necessary to provide habitat for small mammals, insects, and microbes. Because of this, and the

94

fact that the fuel load contributes to the intensity of the fire, the amount and types of fuels should

95

be monitored before a prescribed burn, often requiring fuels to be removed before ignition

96

(Anderson et al. 1994).

97

Thinning is used in conjunction with fire to “jump-start” fire’s reduction of densification

98

(Sparks et al. 1998, Graham et al. 1999). Because fire has an effect of lowering densification,

99

mechanical thinning prior to prescribed burns can simulate years of prescribed burning and

100

reduce intensity during prescribed burns as well as increase the desired effects of fire in terms of

101

forest management such as facilitating new tree growth (Albrecht and McCarthy 2006). When

102

trees are removed from an ecosystem, those individuals that remain can have higher productivity,

103

with more space and less competition for light, water, and nutrients (Breda et al. 1994).

104

Understory composition is also altered significantly with the decrease in density and increase in

105

light availability (Thomas et al. 1999). Thinning can promote the growth of residual trees, restore

106

health in stressed trees, and can increase biodiversity by promoting the growth of new species

107

(Hunter 1990). Although most thinned biomass is typically removed from a site, a significant

108

amount of slash often remains. It has been established that thinning prior to prescribed fire has
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109

different effects on the soil than fire alone, partly due to the presence of slash, but also because

110

of the influences thinning has on ecosystem dynamics, such as increased light penetration (Rhu

111

2008).

112

1.1. The Effect of Fire on Soil Physical Properties

113

Soil properties related to organic matter (OM) content can be greatly influenced by fire

114

(DeBano 1990, Miesel et al. 2012). Soil properties that are not dependent on OM, such as

115

texture, are typically unaffected, however soils with different textures often respond to fire

116

differently, where coarse soils transfer head more rapidly (Harris 1995). Fire has been shown to

117

decrease soil OM content and O horizon thickness (Moghaddas and Stephens 2007). Reductions

118

in OM content can influence pore size distribution in soil by decreasing both pore size and total

119

porosity (Neary 2005). This can lead to a higher soil bulk density and compaction (Certini 2005).

120

As OM is reduced in the soil and bulk density increases, water holding capacity (WHC) also

121

decreases (Anderson et al. 1994).

122

Fire can sometimes create water repellency in surface soils immediately following a fire

123

event, as combustion of organics causes distilled aliphatic hydrocarbons to move downward and

124

condense onto soil particles to form a water repellent layer (DeBano 1990). This phenomenon

125

can create pooled precipitation on the soil surface and cause excess runoff (Letey 2001). Burned

126

areas are often already susceptible to erosion due to exposure of the mineral soil and this

127

hydrophobicity can result in increased erosion (Anderson et al. 1994). Hydrophobicity after fire

128

tends to be more pronounced on dry soils and after high-intensity fires, and is therefore not as

129

common with prescribed fire (Pyne 1996).

130

1.2. The Effect of Fire on Soil Chemical Properties
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131

Soil pH has been shown to increase significantly after fire due to the release of basic

132

cations as oxides and hydroxides via combustion where the ash produces an effect similar to that

133

of liming a soil (Neary 2005). Some studies have noted increases in pH of up to 0.6 pH units

134

after fire (Moghaddas and Stevens 2007) and others a decrease in pH of 0.3 units (Masters et al.

135

1993). However, these studies were not performed in the Great Lakes region. The effect of fire

136

on soil pH is dependent on overstory conditions and fire intensity and is less pronounced in low-

137

intensity fires (Certini 2005). Prescribed burns can cause a distinct rise in pH on the forest floor

138

but result in no change or even a small decrease in pH in the mineral soil, suggesting that the

139

impact of fire on soil pH decreases with depth (Alban 1977). Changes in soil pH from low-

140

intensity fire are usually temporary suggesting they have little effect on the long-term soil

141

nutrient regime (Anderson et al. 1994). However, frequent low-intensity fire may have a

142

cumulative, long-term effect on soil pH.

143

The effects of fire on nitrogen (N) and phosphorus (P) nutrient cycling is important to

144

monitor because of their influence on plant growth (MacLean et al.1983). An initial decrease in

145

total N sometimes occurs due to combustion near the surface. This is important to consider when

146

burning, because N can often be the limiting nutrient in forest ecosystems. However, N that is

147

not combusted may change forms and become available to plants and organisms (Kutiel and

148

Naveh 1987). This is especially important in northern ecosystems where N can tend to be tied up

149

in dead organic matter (MacLean et al. 1983). Small amounts of ammonium (NH4+) can be

150

formed due to combustion, depending on pH (DeBano 1990). Nitrate (NO3-) can then be formed

151

from the ammonium via nitrification (Certini 2004). An overall increase in inorganic nitrogen is

152

common after fire in both thinned and unthinned sites (Miesel et al. 2007). Nitrogen's

153

relationship with fire is complicated but the end result of fire is most often an overall increase in
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154

plant available N (MacLean et al.1983, Certini 2004). Phosphorus is rarely volatilized by fire

155

because this requires very high temperatures; however, fire can convert organic P into

156

orthophosphate, its plant available form (Certini 2004). Translocation of these nutrients may

157

increase after fire if there is an increase in their availability to plants, as nutrient availability

158

reflects the change in forms of these nutrients from organic to more mobile and available forms

159

(i.e. organic P to orthophosphate).

160

Magnesium (Mg), calcium (Ca), sulfur (S) and manganese (Mn) have temperature

161

thresholds for volatilization of 750 °C and up and are rarely affected by prescribed, low-intensity

162

fire events (Neary 2005). Fire, however, can transform and facilitate translocation of these

163

nutrients. In wet environments, an increase in water soluble P, K, Na, and Ca can be found near

164

the soil surface after fire (Grady and Hart 2006, MacLean et al. 1983). This relationship could be

165

important to this study, as the research site varies in soil water holding capacity and moisture.

166

Some studies have described a general trend of an immediate reduction of nutrients in the forest

167

floor, but an increase of available nutrients in the mineral soil (Driscoll et al. 1999). Others have

168

concluded that prescribed burns have no negative side effects on a soil's productivity (Alban

169

1977). This study aims to examine fire frequency and its combination with thinning in the Great

170

Lakes region.

171

1.3. The Effect of Fire on Soil Microbial Populations

172

The effects of fire on microbes is not very well understood in relation to other soil

173

properties and warrants more research (Staddon et al. 1996). The amount of microbial loss after

174

fire depends mostly on fire intensity, where wildfire can lead to sometimes catastrophic loss of

175

microbial biomass (Dumontet et al. 1996). Although fire intensity and residence time are

176

generally lower in prescribed fire, it is still something that should be measured, as microbial
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177

populations are essential for soil health. It is generally assumed that lower temperatures have

178

little to no impact on soil microbiology, however, this claim needs to be validated. The ratio

179

between fungi and bacteria is important to note when examining forest soils. Most studies show

180

an overall decrease in microbial populations immediately following fire, followed by a return in

181

activity to levels sometimes greater than conditions before the fire (Neary et al. 1999). This

182

recovery in microbial population often coincides with the first rainfall following fire which

183

leaches ash into and moistens the soil (Ahlgren and Alhgren 1965). Fungi are more adept at

184

breaking down complex lignin and cellulose found in trees, so forest soils tend to have a higher

185

fungi: bacteria ratio than other ecosystems (Dunn 1985). Since fungi are more susceptible to heat

186

than bacteria, fire might have an overall impact on the time it takes for this complex lignin to be

187

broken down (Dunn and Debano et al. 1979). Mycorrhizae are of particular interest in forest

188

ecosystems, as they form an important symbiotic relationship with the roots of trees where they

189

provide the trees with enhanced water and nutrient uptake (Klopatek 1988). Arbuscular

190

mycorrhizae have the highest threshhold to temperature at 94 °C(Vazquez et al. 1993, Dunn

191

1985, Neary et al. 1999). However, mycorrhizae are sometimes the most impacted soil microbe

192

after fire, likely due to their association with fine roots, which are most abundant in the

193

uppermost soil, and are more susceptible to fire (Cerda and Robichaud 2009, DeBano 1990).

194

Fungi, in general, have been found to be more sensitive to heat than bacteria (Dunn 1985).

195

Additionally, soil moisture levels greatly influence depth of heat penetration and, therefore, the

196

amount of microbes potentially lost during a burn (Klopatek 1988).

197

The long-term objectives of this study are to determine the effects of thinning and fire

198

frequency, and seasonality on soil properties in a Wisconsin mixed conifer-hardwood ecosystem.

199

It is hypothesized that OM will decrease and pH will increase with fire frequency and with
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200

higher intensity fires relative to lower stand basal area. Plant available soil nutrients should

201

increase with frequent fire. Soil respiration may decrease initially following burns, but we

202

hypothesize that it will increase to pre-burn levels shortly after. Fire, however, is regional in its

203

effects and influences different ecosystems in different ways. This study also will serve as a

204

baseline for continuing studies on this site about the long-term influence of fire and it will

205

provide a framework for understanding the effects of fire frequency and seasonality on soil

206

properties in the Great Lakes region.

207
208

2. Methods and Materials

209

2.1. Study Site

210

This study was conducted on the 17-ha Treehaven Fire Plot study area (45°29’22”N,

211

89°34’28”W) at the University of Wisconsin-Stevens Point Treehaven Environmental Education

212

Center near Tomahawk, Wisconsin. The fire plots were established in 2013. The study area is in

213

the northern highlands ecological province (WDNR 2015) and is dominated by mature mixed

214

pine and hardwood. The most common overstory species are red pine (Pinus resinosa), white

215

pine (Pinus strobus), white spruce (Picea glauca), red maple (Acer rubrum), balsam fir (Abies

216

balsamea), paper birch (Betula papyrifera), and northern red oak (Quercus rubra), listed in order

217

of abundance (Stiegerwaldt 2015). The site was reforested naturally in the early 1900s having

218

been previously cut over (Burns 2008). Mean fire interval for the site was 4.4 years, with most

219

recent fires occurring in 1946 (Steigerwaldt 2015).

220

Topography is somewhat hilly and dissected with 60% of the site on 6-12% slopes and

221

40% on 15-35% slopes. The soil type is Vilas- Sayner sandy loam; a sandy, isotic, frigid Entic

222

Haplorthod. Soil parent material consists mainly of sandy pitted outwash (NRCS 2013). Average
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223

annual precipitation for the study area is 817 mm y-1, with an average summer rainfall of 289

224

mm y-1. Average temperature is 6.47°C with an average summer temperature of 17. 9°C (NOAA

225

2016).

226

2.2. Cultural Treatments

Treatment Meaning

Treatments Performed So Far

n

Control

Thinning and fire control

No thin, No burn

3

TNB

Thinned and not burned

Thinned, No burn

3

RRB

Rough reduction burn

No thin, 2014 Spring burn

3

TS1

Thinned, Spring burn on 1 year FRI

Thinned, 2014 and 2015 Spring burns

3

TS2

Thinned, Spring burn on 2 year FRI

Thinned, 2014 Spring burn

3

TS3

Thinned, Spring burn on 3 year FRI

Thinned, 2014 Spring burn

3

TS4

Thinned, Spring burn on 4 year FRI

Thinned, 2014 Spring burn

3

TF2

Thinned, Fall burn on 2 year FRI

Thinned, 2014 Fall burn

3

227
228

The experimental design consists of a completely randomized design with three

229

replications of eight treatments applied to twenty-four 0.81 hectare experimental units. Within

230

each experimental unit, 12 permanent sampling plots were created using ArcGIS 10.0. A 10 m

231

buffer was applied within each unit to reduce edge related effects. The first plot in a unit was

232

randomly assigned, with the remainder of plots equidistant from one another.

233

Prior to commercial thinning on designated units, all balsam fir less than 10 cm diameter

234

at breast height was removed by hand to eliminate ladder fuels. Experimental units designated to

235

be thinned were commercially thinned in summer 2013. Red maple was prioritized for removal,

236

followed by white spruce, white pine, and lastly red pine. Units were thinned to 18-37 m2ha-1
25

237

basal area and slash was retained on site. Fire breaks, approximately 3.7 m in width, were then

238

established between burn units.

239

Prescribed burns were performed in May 2014, September 2014, and April 2015 thus

240

TS2, TS3, and TS4 are essentially replicates of the same treatment at this point in the study (i.e.

241

they all reflect only one prescribed burn in the same time period). Because this is a long-term

242

study, these treatments were analyzed as distinct treatments and again separately as a combined

243

single treatment.

244

The fire behavior of prescribed burns was characterized in each unit by recording, fireline

245

intensity, heat per unit area and fire temperature. Fireline intensity was calculated using Byram’s

246

(1959) equation (Equation 1, I = hwr), where I is the energy released by the flaming front of the

247

fire (kW m-1); h is the heat of combustion (kJ kg-1) adjusted for heat of vaporization and fuel

248

moisture content; w is the weight of fuel consumed (kg m-2), obtained by subtracting samples of

249

pre-burn fuels from paired samples of post-burn residue; and r is the rate of spread (m s -1),

250

obtained by timing fire spread over marked 5 m or 10 m distances. The standard of 18,000 kw m-

251

1

252

area (HUA) was calculated as I/r, where I is fireline intensity and r is rate of spread (Alexander

253

and Cruz 2012). Measurements of fire temperature were made with an infrared thermometer

254

(°C). Heat per unit area (HUA) (Equation 2), as the energy released per unit area, was

255

determined after Andrews et al. (2011).

was used for the unadjusted high heat of combustion (Alexander and Cruz 2012). Heat per unit

256
257

[1]

I (kW m-1) = h (kJ kg-1) × w (kg m-2) × r (m s-1)

258

[2]

HUA = (I (kW m-1))/(r (m s-1))

259
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260

2.2. Soil Physical Analysis

261

Intensive measurements of soil properties were conducted at four predetermined plots in

262

each burn unit (plots 3, 5, 8, and 11) (Appendix 1) during the summers of 2013, 2014, and 2015

263

to ascertain treatment effects on soil physical properties. Cores were taken from the same four

264

sampling points within each unit using a soil corer, containing 3 separate rings of 65 cm3 each at

265

0-3, 3-6, and 6-9 cm depths which were analyzed for bulk density (g cm-3). Water holding

266

capacity was measured in the 0-3 cm samples and is expressed as volumetric water content

267

(volume of water/total core volume) (Klute 1986). Each core was saturated and then placed

268

under 33 kPa for 24 hours to represent field capacity, weighed, and then dried at 105 °C for 24

269

hours. The procedure was repeated in a SOILMOISTURE pressure chamber at 1500 kPa over 48

270

hours to determine WHC at permanent wilting point (Klute 1986).

271

Separate 0-2 cm samples were obtained from a composite of five samples from the same

272

four plots within each unit in each treatment to estimate soil wettability. Dried soil (35 g) from

273

each sample was placed in a tin and three 10 μl drops of water were placed on the top of the soil

274

using a micropipette and absorbance times were recorded as a measurement of wettability; an

275

estimation of soil water repellency. Soil infiltration was also measured in-situ using Mini-disk

276

Infiltrometers for all of the Spring 2015 burns as a proxy for soil wettability (Robichaud et al.

277

2008). Two measurements were recorded on bare mineral soil at four plots within each unit one

278

week after each burn. During the summer of 2015, three measurements of the depths of O, A,

279

and E horizons were measured at each plot using a soil probe. The averages of these three

280

measurements were recorded and interpolation maps were created in ArcGIS.

281

2.3. Soil Chemical Analysis
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282

Soil samples were taken at the same four plots within each burn unit during the summers

283

of 2013, 2014, and 2015 at 0-5, 5-10, 10-15, and 0-15 cm depths. At each sample plot, for each

284

depth, 10 push probe samples were taken and then composited to reduce spatial effects (Schulte

285

et al. 2005). These samples were air dried, and passed through a 2 mm sieve. pH was measured

286

using a 1:1 soil:water mixture and measured with a SensIon+ pH3 ion selective electrode

287

(Schulte 1987). OM content was measured by loss on ignition (Schulte 1987). Exchangeable soil

288

nutrients (Mg, Mn, K, Ca, S, Al, Na) were measured using an ammonium acetate extraction and

289

ICP analysis on a Varian Vista AX CCD Simultaneous ICP-AES (Bigham 1996). Total C and N

290

were measured using dry combustion on a PerkinElmer Series II 2400 CHNS/O analyzer. Plant

291

available P was measured using a sulfuric acid extraction and colorimetric measurement as

292

recommended for forest soils of Wisconsin (Schulte 1987).

293

2.4. Soil Microbial Analysis

294

Soil respiration, defined as CO2 efflux from soil, was measured at the four plots within

295

each of the control, RRB, and TS1 treated units. This measurement was taken prior to each burn

296

and at one week, four weeks, and four months after the burn. Respiration was recorded as CO2

297

efflux in a 0.1 m3 air- and light-tight chamber over a period of five minutes, where at each

298

minute, CO2 concentrations were recorded in mg L-1.

299

2.5. Statistical Analyses

300

Because this study was during the beginning phase of a long-term study, the TS2, TS3,

301

and TS4 treatments were analyzed as distinct treatments and seperately as a combined single

302

treatment. An alpha of 0.05 was chosen as the level of significance for hypothesis testing.

303

Experimental treatment means were analyzed using ANOVA and treatment means separated by

304

Tukey HSD test (Steel et al. 1996). Because variances were unequal ranked transformations were
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305

used and analysis of variance was performed on the ranks; equivalent to the Kruskal-Wallis

306

nonparametric procedure (PROC GLM; SAS Institute Inc. 2011). Analysis was performed with

307

each treatment considered separately (N=24, n = 3) and again with TS2, TS3, and TS4 pooled as

308

TSB (N=18, n = 9), the latter resulting in an unbalanced design. Effects of thinning and fire

309

intensity were isolated using orthogonal contrasts. Regressions were performed to compare the

310

effects of the range of values within each variable. Stepwise regression was used to determine

311

the best models to explain a given variables response.

312
313
314

3. Results
Soil physical responses to treatments were primarily properties related to changes in soil

315

OM. Average bulk densities for the 0-9 cm depth ranged from 1.1 to 1.16 g cm-3 before the burns

316

(Table 1). In the 0-3 cm depth, pre-burn bulk densities ranged from 0.98 to 1.08 g cm-3 (Table 2).

317

Although bulk density was higher on average in the 0-3 cm samples after burning, only the one

318

year frequency treatment showed a statistically significant increase of 0.12 g cm-3 in bulk density

319

from the initial measurement. All burned units, except for the RRB treatment, showed a general

320

upward trend with higher bulk densities in 2015 when compared to their initial values though the

321

increases failed to meet the statistical threshold. No significant differences in WHC were

322

recorded between treatments for the 0-3 cm depth samples (Fig. 1).

323

Treatments without fire had the highest OM content (54.5 mg kg-1 ) (Table 3).

324

Orthogonal contrasts showed a significant treatment level effect for OM in the top 5 cm of soil,

325

due to direct incineration. TSB and TF2 treatments were 25 mg kg-1 lower than the control and

326

TS1 treatments were 19 mg kg-1 lower (Table 4). Within treatments, there was a significant

327

effect between thinning and the control, where the unthinned units had 10.2 mg kg-1 less OM
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328

than those that were thinned (P>F=0.009). There was also an isolated burning effect, where

329

burned units had 19.5 mg kg-1 less OM than unburned units (P>F=<0.001). However, there was

330

not a significant difference between thinned and burned units (Table 3). Regression analysis

331

showed that OM decreased with a rise in heat per unit area (HUA) experienced during the burns

332

with polynomial regression analyses returning an R2 value of 0.5905 (Fig. 2).

333

Units with the TF2 treatment were the highest in average pH at 4.7 (Table 4). Units that

334

were thinned but not burned were 0.3 pH units lower than the rest, including the control,

335

suggesting that the presence of slash had an effect of increasing soil acidity (Table 3). Regression

336

analysis showed that pH increased with higher HUA experienced during the burns with

337

polynomial regression analyses returning an R2 value of 0.5582 (Fig. 3). These trends were only

338

visible for the top 5 cm of soil, as there were weak R2 value at the lower depths (Appendix 2).

339

Orthogonal contrasts showed an overall treatment effect (P>F=0.006), suggesting a synergistic

340

effect of fire and thinning. Units that were thinned averaged 0.13 pH units less than the rest

341

(P>F=0.013) and burned units had pHs that were 0.26 units higher than those that were left

342

unburned (P>F=0.001) (Table 3).

343

Ca exhibited a treatment level effect (P>F=0.036), where TF2 treatments had the lowest

344

extractable Ca content (Table 3). The TF2 treatment had 642 mg kg-1 less Ca than the TS1

345

treatment, perhaps due to the amount of ash on the ground at the time of sampling (Table 4).

346

Effects on S were a result of thinning treatments. Orthogonal contrasts showed a thin vs no thin

347

effect, where thinned units were 11.05 mg kg-1 higher than unthinned (P>F=0.040), and thin vs

348

burn, where thinned units were 5.7 mg kg-1 higher than burned units (0.020) (Table 3). This

349

suggests that S levels were impacted by thinning, but not fire, possibly due to the acidic soils

350

being able to facilitate sulfate anion adsorption (Nodvin et al. 1986). Mn was affected by
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351

prescribed fire treatments. Orthogonal contrasts showed an overall treatment effect where burned

352

units were on average 6.7 mg kg-1 lower than thinned units (P>F=0.046) (Table 3). More P was

353

available to plants on units that had higher HUA (Fig. 4). Units with the TF2 treatment

354

experienced over double the concentration of P (14.84 mg kg-1) than the TNB treatment (7.24 m

355

kg-1) (Table 4). There were also contrast effects where burned units had 4.18 mg kg-1 more P

356

than unburned units. This suggests that fire converted organic forms of P to extractable, or plant

357

available, forms which were then leached into the soil. N, Mg, K, Al, and Na did not exhibit any

358

treatment effects or contrasts, but should continue to be monitored as the study progresses. There

359

was no effect of fire on total C, but soil OM was highly affected, suggesting that much of the

360

soil’s C has been transformed into char due to incomplete combustion by the low intensity burns

361

(Gonzalez-Perez et al. 2004).

362

In the Spring of 2015 there was an immediate decrease in overall soil respiration,

363

followed by a return to pre-burn levels, after the burn in all treatments. Between treatments,

364

control units had significantly higher CO2 effluxes than burned units one week following the

365

burn, likely due to microbial populations succumbing to the heat of the fires. The four-week

366

post-burn data shows no significant differences between treatments, indicating that microbial

367

activity had recovered by that time (Fig. 5). Fall burns resulted in little difference between

368

burned and unburned areas likely due to cool temperatures suppressing microbial activity

369

(Appendix 3).

370

Sand content on the research site ranged from 67 to 82.4% and clay content was between

371

7 and 15.2% (Appendix 4). Soil textural classes ranged from sandy loam to loamy sand. The A

372

horizon depth was correlated with topography, where shallower topsoil depths were found on

373

plots with greater slope (Appendix 5). There were no differences between burned and unburned
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374

units in water drop penetration tests or soil wettability, as measured with a tension infiltrometer

375

(Appendix 6).

376
377
378

4. Discussion
Bulk density significantly increased in the top three centimeters after two consecutive

379

years of burns, likely due to the loss of OM during burns and the well documented relationship

380

of OM and soil bulk density (Certini 2004). Bulk density is not typically greatly altered after a

381

small number of burns, however, an increase in bulk density can be pronounced in long-term

382

studies (Robertson unpublished data 2016). Bulk density increased from their initial value in

383

units that had been burned twice. Therefore, it is expected that, as other units experience more

384

burns, their bulk density may increase as well. High bulk densities can decrease a plant's ability

385

to establish roots and lower a soil's ability to hold onto water, resulting in lower vegetative

386

production and increased runoff and erosion leading to soil degradation (Stirzaker et al.1996,

387

Jacobson and Schjønning1993). However, the release of plant available nutrients and subsequent

388

proliferation of vegetation and microorganisms may counter or even reverse the effects of the

389

loss of OM on bulk density in the long-term. Increased runoff due to compaction is a concern,

390

especially as some soils exhibit hydrophobicity when recently burned due to waxy plant matter

391

being deposited onto soil pores (DeBano 1990). In this study there was no detectable effect of

392

fire altering soil wettability. WHC did not change significantly over years between treatments,

393

although if soil OM continues to decrease and bulk density continues to increase, it may begin to

394

drop in future years. Since these characteristics are both closely tied to soil OM, it will be

395

important to continue to assess them, especially if OM content continues to drop in the burned

396

treatments. Besides OM, soil physical properties are closely related to the vegetation they
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397

support. When compared to vegetative surveys, the soil data from the site seems to suggest that

398

the two are closely related. Regression analysis indicated a strong relationship between the

399

change in bulk density from 2013 to 2015 and the number of stems per acre in each experimental

400

unit, where woody stems were more numerous in plots that saw smaller increases and, in some

401

cases, decreases in bulk density (Appendix 7). This suggests that the impact of fire on bulk

402

density was more pronounced on sites that had established root systems, where the presence of

403

roots mediated soil compaction.

404

OM was affected by experimental treatments, as orthogonal contrasts showed a

405

synergistic effect of fire and thinning. There was a strong effect of fire on OM, where it was

406

nearly 20 mg kg-1 higher in the control units than those with the TSB and TF2 treatment. This

407

decrease in OM with fire has been consistently recorded in the literature (DeBano 1990, Certini

408

2005, Miesel et al. 2012). The effect of heat on OM was less pronounced with depth. Because

409

OM content is lowered in fire by direct combustion, it had no effect on soils deeper than 3 cm. It

410

is common for prescribed burns, where the intensity is lower, to result in more shallow heat

411

penetration (Ryan and Noste 1985). Heat penetration is also less pronounced on natively sandy

412

soils. Decreases in soil OM can lead to lower soil CEC, decreases in microbial activity, and

413

lower vegetative productivity (Curtin et al. 1998, Anderson 2003, Reeves 1997). There is some

414

evidence that long-term, somewhat frequent fire can restore soil OM by top killing plants and

415

integrating their root matter into the soil (Shackleton and Scholes 2000, Robertson unpublished

416

data 2016). This has not manifested in this study, but may be observed with frequent fire

417

treatments in years to come. Soil OM was reduced overall following fire, but its potential change

418

in forms should be noted, as there was no change in C. It is documented that some of the OM

419

remaining after fire is present as char, which is a long lived form of OM with high potential for
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420

adsorption of nutrients and as microbial habitat (Knicker 2007). Char is a product of incomplete

421

combustion, a common trait of prescribed fire. Therefore, frequent prescribed fire could

422

potentially increase nutrient adsorption and microbial activity, leading to a more productive soil

423

and long term soil C storage.

424

Both thinning and fire had an effect on soil pH. Burned plots exhibited an increase in soil

425

pH, likely due to the deposition of ash on the soil surface. This increase in pH due to the

426

presence of ash has been previously noted in a number of studies (Neary 2005, Certini 2005,

427

Moghaddas and Stevens 2007, Miesel et al. 2012). The effect of fire on pH was less pronounced

428

with depth, likely due to smaller amounts of ash leaching beyond 3 cm (Appendix 2). The fall

429

burn treatment experienced the highest pH, perhaps because the developed ash had time to work

430

its way into the soil over the winter between the burn and summer sampling. The TNB plots had

431

the lowest pH of any treatment, suggesting that there may have been an effect due to the buildup

432

of naturally acidic slash in the thinned units. Units that were thinned and burned saw an increase

433

in pH because of the presence of this basic ash, despite the presence of slash. The idea that slash

434

mediated the pH effect of the burns is further evidenced by orthogonal contrast analysis where

435

there were significant effects for all contrasts except for thin vs burn, suggesting that treatments

436

were interacting (Table 3). Not all studies have shown an increase in mineral soil pH with

437

prescribed fire, possible due to a climatic effect and possibly because of higher OM contents

438

resulting in a higher soil buffering capacity (Masters et al. 1993, Alban 1977). pH plays a large

439

role in microbial growth, where lower pH generally favors fungi over bacteria, and because fungi

440

are more adept at breaking down complex carbohydrates found on the forest floor, decreasing a

441

soil's pH could potentially lead to increased decomposition of the O horizon (Rousk et al. 2009).

442

pH is an important factor in plant nutrient uptake. Even the slightly elevated pH levels in this
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443

study could lead to increased plant uptake of key nutrients such as N and P and alter understory

444

composition favoring plants that are quick to take up these nutrients (Lucas and Davis 1961).

445

The consistent liming effects of the ash in the frequently burned units could alter the soil

446

ecosystem with a consistently higher pH which could be especially pronounced on the already

447

sandy soil with low buffering capacity, where fire is removing OM, and further decreasing its

448

CEC and buffering capacity (Curtin et al. 1998). This rise in pH could lead to slowing or halting

449

of the acidic leaching process of podsolization and a subsequent alteration in soil horizon

450

development, including less eluviation of OM and metals. The long term effects of frequent fire

451

could favor a vegetative composition of plants that are adept to surviving in more basic

452

conditions.

453

The increase in extractable P was in accordance with the work of DeBano (1990) and

454

Miesel et al. (2007). Orthogonal contrasts showed a fire treatment effect, where burned units had

455

more extractable P than control units. Extractable P was also increased in conjunction with HUA

456

suggesting that greater fire intensity or duration burned more material and released organic P as

457

orthophosphates. This trend was noted in a synthesis of fire’s effect on C, N, and P, where

458

extractable (plant available) P levels increased with fire in organic pine soils as P is released

459

from the litter layer (Miesel et al. 2012). Multiple regression analysis between P and OM and

460

HUA supports this, with an increase in extractable P in units experiencing hotter burns with

461

longer residence times (R2= 0.5179, p<0.05). P is particularly important because it can often be

462

limiting in forest ecosystems, although that may not be the case in this system, so an increase in

463

P in frequently burned units could lead to overall increased productivity (DeBano 1990). Fire has

464

been documented to change the forms of these elements, for example the transition of organic P

465

to plant available orthophosphate (Certini 2005, DeBano et al. 1979). This begs the question of
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466

whether fire is altering not just the total abundance of nutrients, but rather their different forms as

467

well. Future research should analyze the difference in abundance of these different forms of

468

elements, particularly N and C.

469

The quantity of soil C was not significantly altered by fire, likely due to the low intensity

470

of the prescribed fire treatment (Johnson 1992). Low-intensity burns often result in incomplete

471

combustion which leads to lower soil C and increased char, composed of OM (Gonzales-Perez et

472

al. 2004). In this study, char was sometimes visible in the sampled topsoil of units that had been

473

burned. This idea is further evidenced by prairie soils which have historically experienced

474

frequent fire, where large amounts of soil OM in the form of char are found in the topsoil (Mao

475

et al. 2012). If soil OM continues to change with fire, there may eventually be an alteration in

476

soil C and N content, as the mineralization rates of C and N can be closely correlated in pine

477

ecosystems (Miesel et al. 2012, Quan et al.2014). In future measurements, fractionating C and

478

measuring specific forms of N may provide a better understanding of the relationship between C

479

and N mineralization. Na was not affected by treatments, which is consistent with the literature

480

(DeBano 1991) and metals Al and Mg were also unaffected by the applied treatments. Soil S was

481

not different between treatments. Orthogonal contrasts, however, showed a difference between

482

thinned and unthinned units, where units that were thinned had more soil S. Acidic soil has been

483

shown to facilitate sulfate adsorption and units that were thinned corresponded with lower pH

484

(Nodvin et al. 1986). S is important for plant growth, so an increase in productivity in thinned

485

units could be due to acidic soils providing increased sulfate anion adsorption as well as

486

increased space and sunlight. Ca was higher in the TS1 than the TF2 treatments. This is likely

487

because TS1 plots had been burned twice before and contained the most ash. Ash has a large Ca

488

component so the amount of soil Ca likely corresponds to the amount of ash deposition on the
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489

soil (Ohno and Erich 1990). Incomplete combustion can, however, lead to Ca remaining

490

immobile in leaf tissue, and the TF2 burns showed the smallest amount of fuel consumed by any

491

of the burns. Similar to S, Ca is an important nutrient for plant growth. Since fire is increasing

492

the plant availability of these nutrients, frequent fire should increase vegetative health and

493

overall productivity. It also may shift vegetative composition towards species that are adept to

494

outcompeting other species for these nutrients.

495

Soil nutrient levels can return to pre-fire levels within a year or two after burning, so

496

there is reason to think that the TS2 and TF2 treatments might have the most efficient nutrient

497

cycling where nutrients are reaching pre-burn conditions near the time of each burn (Úbeda et al.

498

2005). The continual monitoring of the long-term differences between treatments, as well as the

499

response of the vegetation, will begin to make these patterns more clear. Changes in soil P, Ca,

500

and Na were consistent with literature from other parts of North America. Other elements, such

501

as C, were not. Since the effects of fire on soil chemistry can be regional, and there is little data

502

available for the area, this suggests differences in these nutrients based on climate and

503

ecosystems.

504

Average soil respiration was significantly greater in the control units than burned units

505

when measured one week after prescribed burns were conducted (Fig. 5). This difference can

506

likely be attributed to the mortality of soil organisms due to fire. The one-month post-burn

507

measurements saw no significant differences in respiration, suggesting that populations had

508

already recovered. This quick recovery to pre-burn microbial activity has been noted by others

509

(Neary et al. 1999). The recovery in microbial population also supports the data from this study

510

that fire is increasing nutrient availability as ash is leached into the soil after burns (Ahlgren and

511

Alhgren 1965). A healthy microbial population is essential for ecosystem function, especially in
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512

a forest environment. Therefore, frequently burning, and increasing soil nutrient availability

513

could be beneficial. Although there were within year differences a caveat of this measurement is

514

that soil respiration also fluctuates between years due to differences in weather and will be

515

difficult to compare directly between years. This only emphasizes the importance of the long-

516

term design of this study, where more years of collection will begin to tease out climate and

517

weather related effects with measurements of temperature and rainfall.

518

Measurements of horizon depth and soil texture that were taken to set up an initial site

519

assessment were not analyzed, as it should not yet be affected by treatments. Changes in horizon

520

development can take large amounts of time, and because this is a long-term study, results can be

521

captured in the type of time scale it takes for these processes to occur. The measurements of O,

522

A, and E horizon depth will provide long-term insight into fire’s effect on soil development.

523

Because fire removes OM from the O horizon in red pine stands, it is reasonable to think that this

524

will affect the input and cycling of OM into the A horizon (Van Wagner and Methven 1978). O

525

horizons can rebuild, but this process may take years (Schaetzl and Anderson 2006). Studies

526

have also shown that soil C can be returned to the soil with two to three-year burn intervals as

527

fire topkills plants and root organic matter is worked back into the soil, which could extend the

528

depth of A horizons at an increased rate when somewhat frequently burned (Shackleton and

529

Scholes 2000, Robertson unpublished data 2016). As such, frequent fire could have an impact on

530

A horizon development, which is a result of the breakdown of OM into the topsoil as well as

531

organic input from root die off. Furthermore, OM has decreased and pH has increased with

532

burns, which would lead to altered leaching and weathering effects, perhaps leading to slowed

533

podzolization processes (Curtin et al. 1998). This effect could be further pronounced by the site's

534

sandy soils which already facilitate leaching. In some cases, fire has been shown to alter soil
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535

texture (Ulery and Graham 1991, Bogdanov 2012). In these instances, large wildfires are intense

536

enough to alter particle size distribution and influence soil structure by causing the formation of

537

aggregates. This is rare, and no reviewed literature on prescribed burns indicates that they are

538

intense enough to influence soil texture itself. The long-term texture data for this study should

539

follow suit and it is expected that there will be little impact of prescribed burns on soil texture.

540

Texture does however have important implications in terms of drainage and the type of

541

vegetation that will be present. Fire and its frequency will likely dictate the plant community’s

542

composition directly along with secondary influences from static soil properties and fire altered

543

soil properties.

544

This study aims to quantify the effects of thinning and prescribed fire frequency and

545

seasonality on soil properties in ecosystems of the Great Lakes region. Although this study has

546

only seen two years of prescribed fire, patterns are already beginning to emerge. Most of which

547

suggest that frequent fire is, overall, beneficial to forest soils. Sites that have been burned even

548

once have shown increased pH and plant available P, which will likely increase ecosystem

549

productivity. This study also suggests an interaction between fire frequency and thinning, which

550

has not been extensively researched. Forest managers will be able to use these findings when

551

applying fire and thinning treatments to their land. Fire has not had a completely positive effect

552

on soil in the short term, as soil OM has decreased, but this may change as treatments progress

553

through time. This should be kept in mind when applying frequent burns to an ecosystem. As

554

time goes on and more fire treatments are applied, the findings of this study will serve to

555

establish a framework of literature for fire's effect on soil in the Great Lakes region and fill a

556

void in the literature.

557
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Table 1. Mean (+ Standard Error) values for bulk density (g cm -3) at 0-9 cm for 2014 and 2015
with 2013 as a baseline. Means separation was based on rank-transformed data using Tukey’s
HSD test on the ranks. There were no significant differences in average bulk density between
treatments within years.
1

Treatment
TNB

RRB

TS1

TSB

TF2

2013

Control
1.16 (0.02)

1.10 (0.03)

1.13 (0.03)

1.12 (0.02)

1.10 (0.02)

1.12 (0.05)

2014

1.13 (0.03)

1.12 (0.02)

1.12 (0.02)

1.13 (0.04)

1.11 (0.03)

1.16 (0.04)

2015

1.18 (0.03)

1.13 (0.02)

1.11 (0.02)

1.14 (0.02)

1.13 (0.03)

1.14 (0.05)

1

Treatment acronym description: Control= no treatment, TNB= thinned no burn, RRB= rough
reduction burn, TS1= thinned with two spring burns, TSB= thinned with one spring burn, TF2=
thinned fall burn with 2 year return interval. (n=9 for TSB, n= 3 for all other treatments)
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Table 2. Mean (+ Standard Error) values for bulk density (g cm -3) values at 0-3 cm for 2014 and
2015 with 2013 as a baseline. Means separation was based on rank-transformed data using
Tukey’s HSD test on the ranks. Those means with the same letters were not different between
years (P > 0.05).
1

Treatment
Control

TNB

RRB

TS1

TSB

TF2

2013

1.10 (0.03)

0.99 (0.04)

1.03 (0.03)

0.99 (0.02)b

1.02 (0.04)

1.09 (0.03)

2014

1.05 (0.01)

1.00 (0.03)

1.04 (0.02)

1.06 (0.03)ab

1.05 (0.03)

1.06 (0.02)

2015

1.05 (0.02)

1.02 (0.02)

1.08 (0.02)

1.11 (0.02)a

1.07 (0.03)

1.07 (0.02)

1

Treatment acronym descriptions: Control= no treatment, TNB= thinned no burn, RRB= rough
reduction burn, TS1= thinned with two spring burns, TSB= thinned with one spring burn, TF2=
thinned fall burn with 2 year return interval. (n=9 for TSB, n= 3 for all other treatments)
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Table 3. Mean (+ Standard Error) values at 5 cm depth of pH, OM, N, C, Mg, Mn, K, Ca, S, Al, Na, and P (mg kg-1 soil) for samples from summer
2015. Contrasts refers to specific orthogonal contrasts that separate the effects of thinning versus the effects of fire. Means separation was based on
rank-transformed data using Tukey’s HSD test on the ranks. Those means with the same letters were not different (P > 0.05). As TS2, TS3, and TS4
have only been burned one time at this point, they are essentially the same treatment, but will segregate as time elapses and burns are repeated at the
designated frequency.
Treatment
Control

Contrasts
No Thin v
No Burn v
Thin
Burn
P>F

Thin v
Burn

TNB

RRB

TS1

TS2

TS3

TS4

TF2

Trt

5.9 (0.1)a

5.0 (0.2)b

3.7 (0.2)c

4.0 (0.4)bc

2.9 (0.1)d

3.5 (0.3)cd

3.9 (0.7)bc

3.4 (0.1)cd

0.001

0.010

<0.001

0.839

pH

4.4 (0)cd

4.3 (0.1)d

4.5 (0.1)bcd

4.5 (0.1)bcd

4.6 (0.1)ab

4.6 (0)a

4.8 (0)bc

4.7 (0.1)ab

0.005

0.013

0.001

0.166

N

22.5 (2.4)

25 (0.4)

23.0 (3.8)

31.4 (2.1)

29.2 (4.2)

23.6 (2.0)

26.0 (1.4)

23.9 (1.3)

0.377

0.202

0.353

0.439

C

406.0 (53.7)

315.7 (39.1)

403.0 (34.3)

348.7 (23.7)

352.0 (45.0)

310.0 (39.7)

347.7 (9.1)

332.0 (39.6)

0.749

0.131

0.927

0.202

Mg

110.0 (10.6)

111.8 (11.6)

107.8 (5.6)

125.4 (16.5)

104.5 (13.0)

109.9 (3.7)

85.8 (14.9)

74.7 (7.3)

0.131

0.461

0.379

0.495

Mn

76.9 (9.0)a

68.6 (16.1)ab

75.3 (19.9)d

80.0 (9.6)a

59.7 (6.7)cd

79.3 (12.8)d

70.4 (11.2)bcd

0.007

0.852

0.003

0.046

K

86.3 (13.1)

74.7 (9.4)

86.7 (18.6)

93.6 (15.2)

73.9 (10.2)

83.7 (9.7)

65.0 (1.6)

0.210

0.167

0.571

0.346

Ca

943.5 (125.7)ab

682.2 (59.6)c

0.036

0.934

0.173

0.597

S

20.9 (11.0)

37.0 (19.1)

55.9 (17.5)

0.151

0.040

0.883

0.020

Al

12.0 (1.0)

Na

16.8 (0.8)

P

10.12 (2.4)bc

OM

1

1

1117.8 (224)a 829.6 (54.0)abc

1324.0 (281.9)a 900.0 (80.5)ab

75.0 (14.8)abc
56.5 (4.1)
921.8 (58.7)a

704.3 (90.6)bc

2.8 (2.8)

43.0 (2.9)

10.8 (3.9)

31.2 (18.0)

30.6 (15.3)

10.4 (3.3)

9.1 (4.5)

10.4 (2.7)

13.7 (6.4)

12.5 (3.0)

9.0 (1.0)

5.4 (2.9)

0.818

0.763

0.717

0.855

12.1 (1.7)

11.8 (3.1)

15.1 (8.0)

10.6 (1.0)

11.7 (4.5)

16.1 (5.0)

14.8 (5.0)

0.819

0.316

0.344

0.928

7.24 (1.2)c

10.84 (1.6)abc

9.91 (0.1)bc

12.26 (3.8)ab

16.34 (1.4)a

13.0 (3.8)ab

14.84 (1.53)ab

0.040

0.333

0.010

0.549

Treatment acronym description: Control= no treatment; TNB= thinned, unburned; RRB= unthinned, rough reduction burn at 4-year interval; TS1=

thinned, spring burn at 1-year interval; TS2= thinned, spring burn at 2-yearinterval; TS3= thinned, spring burn at 3-year interval; TS4= thinned
spring burn at 4-year interval; and TF2= thinned, fall burn at 2-year interval. (n= 3 for all treatments)
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Table 4. Mean (+ Standard Error) values at 5 cm depth of pH, OM, N, C, Mg, Mn, K, Ca, S, Al, Na, and P (mg kg-1 soil) for samples from summer
2015. Means separation was based on rank-transformed data using Tukey’s HSD test on the ranks. Those means with the same letters were not
different (P > 0.05).TSB designates the grouped treatments of TS2 TS3, and TS4.
1

Treatment
Control

1

TNB

RRB

TS1

TSB

TF2

P>F

OM

5.9 (0.1)a

5.0 (0.2)ab

3.7 (0.2)ab

4.0 (0.4)ab

3.4 (0.3)b

3.4 (0.1)b

0.002

pH

4.4 (0)ab

4.3 (0.1)b

4.5 (0.1)ab

4.5 (0.1)ab

4.7 (0.1)ab

4.7 (0.1)a

0.007

N

22.5 (2.4)

25 (0.4)

23.0 (3.8)

31.4 (2.1)

26.3 (1.6)

23.9 (1.3)

0.320

C

406.0 (53.7)

315.7 (39.1)

403.0 (34.3)

348.7 (23.7)

336 (18.7)

332.0 (39.6)

0.669

Mg

110.0 (10.6)

111.8 (11.6)

107.8 (5.6)

125.4 (16.5)

100.1 (6.9)

74.7 (7.3)

0.566

Mn

76.9 (9.0)

68.6 (16.1)

75.3 (19.9)

80.0 (9.6)

71.33 (7.9)

70.4 (11.2)

0.064

K

86.3 (13.1)

74.7 (9.4)

86.7 (18.6)

93.6 (15.2)

71.4 (5.8)

65.0 (1.6)

0.210

Ca

943.5 (125.7)ab

1117.8 (224)ab

829.6 (54.0)ab

1324.0 (281.9)a

842.0 (52.0)ab

682.2 (59.6)b

0.036

S

20.9 (11.0)

37.0 (19.1)

2.8 (2.8)

43.0 (2.9)

24.2 (7.7)

55.9 (17.5)

0.075

Al

12.0 (1.0)

10.4 (3.3)

9.1 (4.5)

10.4 (2.7)

11.7 (2.2)

5.4 (2.9)

0.779

Na

16.8 (0.8)

12.1 (1.7)

11.8 (3.1)

15.1 (8.0)

12.8 (2.1)

14.8 (5.0)

0.787

P

10.12 (2.4)ab

7.24 (1.2)b

10.84 (1.6)ab

9.91 (0.1)ab

13.9 (1.4)ab

14.84 (1.53)a

0.037

Treatment acronym description: Control= no treatment, TNB= thinned no burn, RRB= rough reduction burn, TS1= thinned with two spring burns,

TSB= thinned with one spring burn, TF2= thinned fall burn with 2 year return interval. (n=9 for TSB, n= 3 for all other treatments)
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Fig. 1. Mean values of soil water holding capacity, calculated as the difference between the
average volumetric water content at field capacity (estimated at 33 kPa) and the permanent
wilting point (1500 kPa). Control= no treatment, TNB= thinned no burn, RRB= rough reduction
burn, TS1= thinned spring burn with 1 year frequency, TS2= thinned spring burn with 2 year
frequency, TS3= thinned spring burn with 3 year frequency, TS4= thinned spring burn with 4
year frequency, TF2= thinned fall burn with 2 year frequency. There were no significant
differences within treatments between years.

51

7
6

Percent OM

5

y = 2E-07x2 - 0.0013x + 5.2155
R² = 0.5905

4
3
2
1
0
0

1000

2000

3000
HUA

4000

5000

6000

(Kw/m-2)

Fig. 2. Percent organic matter (OM) as a function of heat per unit area (kWm-2) using polynomial
regression. OM decreased as HUA increased (R2=0.5905).
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Fig. 3. pH as a function of heat per unit area (kWm-2) using polynomial regression. pH increased
as HUA increased (R2=0.5582).
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Fig. 4. Phosphorus (mg L-1 soil) as a function of heat per unit area (kWm-2) using polynomial
regression. Phosphorus increased as HUA increased (R2=0.5205).
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Fig. 5. Mean values of soil respiration, represented as CO2 flux after a five minute period. Data
taken was before, one week after, and one month after the Fall 2014 burns. Means separation
was based on rank-transformed data using Tukey’s HSD test on the ranks. Those means with the
same letters were not different between years (P > 0.05).
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Appendix

Appendix 1. Site map
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Appendix 2. Percent organic matter (OM) of the 5-15 cm depth as a function of heat per unit
area (kWm-2) using polynomial regression.
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Appendix 3. Soil respiration, represented as CO2 flux over a five minute period. Data was
before, one week after, and one month after the Fall 2014 burns.
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Appendix 4. Soil texture, taken from composites at four plots in each unit from 0-9cm depth.
Texture was determined using the hydrometer method.
Unit
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Treatment
RRB
TS2
TS1
TS4
TS4
CONT
TS1
TS3
TS2
CONT
RRB
TS3
TS4
RRB
TNB
TF2
CONT
TS1
TF2
TNB
TF2
TS3
TS2
TNB

Clay
10
10.8
11
11
10
15.6
13.2
11
14
11.2
11
11.8
15
11.2
15
7
12
11.8
14.6
12.6
7.6
11
11
12.6

Silt
9
8.8
8.5
13.5
9
16
14
15.4
12.7
16
8
12.9
9
13.5
15.7
16.5
16.3
16
12
21
10
12
11
20.4

Sand
81
80.4
80.5
75.5
81
68.4
72.8
73.6
73.3
72.8
81
75.3
76
75.3
69.3
76.5
71.7
72.2
73.4
66.4
82.4
77
78
67
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Appendix 5. Interpolation of topsoil (A horizon) depth across the site. Depth is represented
in cm as an average of three measurements at each sampling plot. ArcGIS was used to
create the interpolation.
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Appendix 6. Water Drop Penetration Test results and infiltration tests performed immediately
following burns. Water drop penetration time is the average amount of time (s) needed for the
oven dried sample from 0-2 cm depth to absorb 10 μl drops of water. Infiltration rate is the
amount of water drained from the soil Mini-Disk Infiltrometer, in contact with exposed mineral
soil, in one minute after a steady state was reached.
Burned Units

Unburned Units

Water Drop Penetration Time

0 Seconds

0 Seconds

Infiltration Rate

1.1 mL

1.3 mL
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Appendix 7. The change in bulk density from 2013 to 2015 (g cm-3) as a function of the number
of woody stems in 2015 using polynomial regression. Woody stems were more numerous in
plots that saw larger decreases in bulk density (R2=0.5851).
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Appendix 8. Table of mean heat per unit area (HUA) (kW m-2) values for each unit burned.
Unit
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Treatment
RRB
TS2
TS1
TS4
TS4
CONT
TS1
TS3
TS2
CONT
RRB
TS3
TS4
RRB
TNB
TF2
CONT
TS1
TF2
TNB
TF2
TS3
TS2
TNB

HUA
1439.4
1025.7
1617.2
1447.1
1329.2
0.0
2738.0
3758.5
958.8
0.0
681.2
1180.0
2109.2
1432.6
0.0
4782.1
0.0
1200.0
3287.3
0.0
4997.5
3791.8
4039.7
0.0
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