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Abstract
Californian mixed-conifer ecosystems are overstocked and at risk of burning at high stand-
replacing severity due to the confluence of a century of aggressive fire suppression and
anthropogenic climate warming. Fire needs to be returned to the landscape, and naturally ignited
wildfire managed for hazard reduction and ecological benefit is one important tool in
accomplishing this. An understudied consequence of allowing naturally ignited fires to burn
unabated in the Sierra Nevada is the possible post-fire proliferation of meadow ecosystems, with
the managed wildfire program in Yosemite leading to a 160% increase in dense meadow area
from 1972-2012. These SN meadows are capable of sequestering more carbon per acre than
forests and are host to more biodiversity than any other ecosystem type in the state, making any
change that they undergo deserving of close study. Another national park whose natural
ecosystems have been the recipient of managed wildfire for over 60 years is Kings Canyon
National Park. This thesis project uses remote sensing and object-based image analysis to
differentiate between outcomes for frequently-burned versus fire-suppressed meadow
ecosystems in a smally study area in Kings Canyon National Park. Meadow area in the study
region from 1976-2020 has decreased by 36.56% in areas that have received no fire while
decreasing by only 4.18% in areas that have burned at least once, lending credence to the
hypothesis that managed wildfire is improving the health of Sierra Nevada subalpine and

montane meadows.
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1. Introduction / Literature Review

California lawmakers and land managers face an uphill battle when it comes to
maintaining the state’s natural resources in the decades to come. Wildfire in the state has been an
increasingly destructive force in recent years, with unprecedented losses to ecological resources
and human infrastructure seen in consecutive fire seasons (Buechi et al. 2021), due to a
confluence of anthropogenic climate warming and a century of aggressive fire suppression
leaving ample fuels on the landscape for megafires to burn (Miller et al. 2012, Abatzoglou et al.
2016, Westerling 2016, Williams 2019). High-severity wildfire increased eightfold from 1985-
2017 in the forests of the Western U.S, and this increase has been most notable in forests that
have been subject to the greatest departure from historic fire return intervals (Smith et al. 2015).
The scientific consensus is that aggressive reductions in wildfire fuels are needed. Recent studies
have suggested that under likely future climate warming scenarios, as little as one fourth of the
current aboveground live tree biomass in the state can persist in a stable state with the projected
severity and extent of fires in the coming decades. (Bernal et al. 2022). Allowing naturally
ignited fires to burn at mixed-severity in California’s forests can contribute to a necessary
reduction of tree basal area by limiting post-fire seedling establishment and contributing to
successional pathways towards low-density forest and non-forest cover (Coop et al. 2020).
Accepting a certain level of type conversion due to the presence of fire may be a difficult
proposition for the state’s decisionmakers to accept, due (among other concerns) to the high level
of importance that mixed-conifer forests play in the state’s carbon sequestration goals. Recent
research suggests, however, that current forest carbon offset programs in the state may not only

be unreliable as a tactic to reach net zero emission but may also be having adverse effects on



forest ecosystem health and resiliency (Herbert et al. 2022, Williams et al. 2022). There is,
additionally, potential for unexpected benefits from forest conversion in the form of post-fire
increases in ecologically valuable non-forest vegetation. In the Sierra Nevada, one type of
ecosystem that often arises after major fire disturbance is the wet meadow (White and Long
2018, Coop et al. 2020). Healthy wet meadows sequester carbon efficiently, filter water,
attenuate flooding, support plant and animal biodiversity, and can beneficially control the timing
of snowmelt water release (Ratliff et al. 1985, Purdy and Moyle 2006, Pope et al. 2015). The link
between meadow establishment and the presence of wildfire has been studied relatively sparsely,
and the argument has not yet widely been made that meadow restoration efforts could be
effectively integrated into managed wildfire for fuels reduction. The literature review component
of this thesis research is designed to posit and explore this argument, giving background on the
ecological functions of Sierra Nevada meadows, the effect of shifting postcolonial fire regimes
on these meadows, and how land managers can approach managed wildfire in a way that helps

proliferate the extent of healthy meadows in the state.

1.1 Changing Fire Regimes and California Forest Carbon

In the pre-colonial era, California indigenous communities burned approximately 1.8
million hectares in the state per year, creating resilient and heterogeneous forests that had
relatively low forest density, low aboveground live biomass, and high average pine dominance
(Stephens et al. 2007, Bernal et al. 2022). In the wake of The Great Fires of 1910 that burned
more than 3 million acres across North Idaho and Western Montana and killed 85 people,

California fire officials began to take a more adversarial stance towards fire. 97% of all fires in



the state were put out before they reached 120 hectares from 1920 to 2005 (Steel et al. 2015,
Forest History Society). This departure from historic fire regimes has had several consequences
for the composition of California’s forests. One of these consequences is that the state’s forests
currently support 2.75 times more trees per acre than historic averages, a change that has led in
many mixed-conifer stands to trees becoming drought-stressed and more likely to burn at high
stand-replacing severity levels (Steel et al. 2015, Herbert et al. 2022). This increased density
exists primarily in the form of small-diameter trees, and large trees in California forests have
actually declined by over 50% from the 1930s to the 2000s (Bernal et al. 2022). Ponderosas and
other California pines need frequent fire to keep shade-tolerant species such as incense cedar and
white fir from crowding forest understories. This crowding creates vertical continuity of fuels,
allowing fire to climb to the canopy and top-kill otherwise fire-resistant pine species that can
struggle to outcompete other tree species during post-fire regeneration (Minnich et al. 1995,

Steel and Ruth 2005, Mclntire et al. 2015, Bernal et al. 2022).

A study of tree mortality in the southern Sierra Nevada found that from the years of 2011
to 2020, over 30% of the region’s conifer forests transitioned to non-forest shrub-dominated
ecosystems, with forest cover losses of 85% in high-density mature conifer stands due to
drought, pests, and high-severity wildfire (Steel et al. 2022). Future projections of forest biomass
suggest that a confluence of climate change and worsening fire seasons will lead to increasingly
extreme reductions, even without intentional fuel removal. Under RCP8.5 warming, known as
the “business as usual” climate warming scenario and characterized by continued high
anthropogenic emissions, Bernal et al. predict that by the year 2069 California’s forests will be

capable of hosting in a stable configuration only 25% of the aboveground live biomass they
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current hold (Bernal et al. 2022). These extrapolations suggest that the state’s forests could emit

860 million metric tons of CO2 equivalent (total emissions from all gasses represented as their
equivalent in CO2 in terms of warming potential) over the next 50 years (Bernal et al. 2022).
Coffield et al. (2021) in their review of 32 coupled climate models predicted a 28% loss of forest
area in the state by the end of the century. Dass et al. (2018) use a process-based dynamic
vegetation-terrestrial ecosystem model to show that wildfires may potentially contribute CO2

equivalent emissions equal to 11-50% of 2030 CA carbon targets.

Fire scientists and managers have argued in recent years that the impacts of wildfire and
climate warming on California forests have led to aspects of the Integrated Forest Management
(IFM) component of the state’s Cap-and-trade program becoming maladapted and out of sync
with ecological realities. In their 2022 study, Herbert et al. describe how IFM projects encourage
forestry practices that artificially inflate aboveground carbon estimates by planting trees in areas
that may already be experiencing overstock. The authors explain that while many IFM projects
are in fire-prone areas, these projects are not subject to standard fire mitigation practices. In their
remote sensing comparison of IFM forest land and CAL FIRE-managed forest land they find that
forests managed under carbon offset programs consistently exhibit less beneficial outcomes in
terms of fire hazard and vegetation health when compared to forests managed by fire authorities.
Herbert’s concerns with carbon baselines that are often artificially established for the sake of

carbon offset programs are represented elsewhere in the literature (Gifford 2020).

Furthermore, there is reason to believe that the insurance component of IFM carbon-

offset problems is undercapitalized and represents an underestimation of the effects of wildfire
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on stable forest carbon. In an actuarial analysis of the various components of the “buffer” pool of

carbon credits that exist in California’s cap-and-trade program to account for forests that are
unexpectedly affected by disruptions like fire, pests, and drought, Badgley et al. (2022) found
that 95% of the buffer pool that was designed to cover pyrogenic emissions through the end of
the 21st century had already been depleted as of 2022. The state will very likely need to look to
forms of carbon storage other than aboveground live tree carbon, and additionally will need to
greatly increase the amount of treated acreage of forest land per year in order to allow for the
extant tree carbon to persist in a stable state (Hurteau et al. 2019, Gifford 2020, Stephens et al.
2020, Bernal et al. 2022, Herbert et al. 2022). One alternative avenue of carbon storage exists in
the state’s subalpine and montane meadows. The carbon sequestration potential of these meadow
complexes has been historically ill-studied but is the recipient of increased research interest in

recent years (Reed et al. 2021, Tangen and Bansal 2021).

1.2 Sierra Nevada Subalpine and Montane Meadows

Subalpine and montane meadows are wetland and semi-wetland areas that occur between
approximately 2000-8000 m in elevation in the Sierra Nevada range (Ratliff 1985, Purdy and
Moyle 2012, Gross and Coppoletta 2013). These meadow areas can return to a high level of
ecological functioning after disturbance due to a confluence of water availability, low gradient,
and abundant seedbanks, with water being the primary driver that separates classes of meadows
from one another (Ratliff 1985, Norton et al. 2006). Depth to water table in a meadow system
controls the extent to which soil redox reactions can occur and therefore is the most important

predictor of meadow floristic properties (Purdy and Moyle 2006). Generally, hydric vegetation in
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Sierra Nevada meadows occurs where the water Table is 0—40 cm below the surface and mesic

vegetation predominates when the water Table is 20—80 cm below the surface. Carex species
frequently dominate moist meadows while meadows with declining water tables may begin to be
covered by junipers, annual grasses, and sagebrush (Purdy and Moyle 2006).
Geomorphologically, subalpine and montane meadows frequently form where impermeable
bedrock limits root zone water loss to percolation, in recessed areas of valleys allowing for

ponding, or bordering streams (Ratliff 1985, Weixelman et al. 2011).

Less than 2% of the total land area of the Sierra Nevada and Lower Cascade Range is
covered by meadows, but these meadow areas have an outsized impact (Norton et al. 2013).
Freshwater wetlands (which wet meadows are classified as), due in large part to high soil
moisture limiting microbial decay, can have carbon sequestration rates 30 to 50 times higher than
forests, and wet subalpine and montane meadows are estimated to comprise anywhere from 12—
31% of the Sierra Nevada soil organic carbon stocks (Norton et al. 2013, Reed et al. 2021,
Tangen and Bansal 2021). Sierra Nevada meadow areas support more species of wildlife than
any other land cover type, with particular importance for migratory bird species and amphibians
(Purdy and Moyle 2006). Hydrologically intact (not incised or otherwise degraded, connected to
surrounding floodplains) meadows can additionally contribute meaningfully to managing
freshwater resources. The presence of meadows has been known to reduce spring streamflow in
Sierra Nevada watersheds and increase summer streamflow, a shift that aligns well with when
demand is highest for water downstream, as well as reduce water-borne sediment and

contaminants (Hunt et al. 2018). The fact that Californian meadows have this kind of impact in



7
the modern era is made all the more impressive by the fact that in the postcolonial area the state

is estimated to have lost over 90% percent of the freshwater wetlands it once had (Garone 2011).
1.3 Degradation of Sierra Nevada Meadows

The meadow areas that still exist in California have nearly all been affected to some
degree by human activity. Grazing, logging, recreation, and changes in disturbance regimes have
led to as much as 70% of Sierra Nevada meadows being in a degraded state (Pope et al. 2015).
Degraded meadows are characterized by shifts in vegetation away from hydric and towards
mesic/xeric vegetation, incision of stream banks and reduction of hydrological connectivity to
surrounding floodplains, increases in bank erosion, and reductions in net primary productivity
(Viers et al. 2013, Vernon et al. 2019). There are significant consequences of meadow
degradation when it comes to the ecosystem services a given meadow can provide. Carbon
sequestration potential has been found to be lowered significantly in degraded meadows.
Research done on carbon fluxes in 13 Sierra Nevada montane meadows found a wide range of
carbon activity in these meadows, ranging from storing 577.6 = 250.5 g C m™ y! to releasing
391.6 £ 154.2 g C m? y! (Reed et al. 2021). One of the primary differences between meadows
that were carbon sinks and those that were carbon sources was the presence of obligate wetland
vegetation, supporting the notion that alterations to the water table of Sierra Nevada wet

meadows can have significant impacts on carbon budgets (Reed et al. 2021).

One important mechanism of meadow degradation is meadow conifer encroachment.
This process occurs when coniferous plant cover begins to grow in meadow peripheries, leading

to a variety of alterations to meadow ecosystems including increases in vegetation water use,



disruption of biogeochemical cycling, increases in bank instability, and promotion of xeric
conditions (Lubetkin et al. 2017, Surfleet et al. 2019). A remote sensing analysis of 101
meadows in the Sierra Nevada found that over 70% of these meadows had some form of conifer
recruitment while 40% were covered in conifers in 10% or more of their total area (Gross and
Coppoletta 2013). The most common cause of conifer intrusion in the region’s meadows is Pinus
contorta, commonly known as the lodgepole pine. One study of the central Sierra Nevada found
that 94% of conifers encroaching on meadows were lodgepoles, and that they dominated even
when they were not the primary species in the surrounding forests (Lubetkin et al. 2017).
Evergreens like the lodgepole pine transpire nearly year-long, as long as the soil they are rooting
in is not frozen. When in meadow peripheries there is evidence that these evergreens can
significantly lower the water table and reduce water access to meadow vegetation (Wagtendonk
et al. 2018). Over time, the changes to meadow hydrogeomorphology encouraged by conifer
encroachment can lead to complete vegetative succession. Modeling efforts using General
Circulation Models have predicted that nearly all meadows that are currently experiencing some
degree of conifer encroachment will have converted entirely to mixed-conifer ecosystems by the

end of the century without intervention (Lubetkin et al. 2017).

Many researchers have asserted that the prevalence of conifer encroachment in Sierra
Nevada meadows can be attributed in part to the last century of highly aggressive fire
suppression in California, though this is difficult to prove due to the lack of research on historic
extents of meadow systems (Vankat 1977, Purdy and Moyle 2006, Gross and Coppoletta 2013).
One of the most direct links between fire suppression and conifer encroachment was made by

Norman and Taylor in their 2005 research “Pine forest expansion along a forest-meadow ecotone
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in northeastern California, USA”. In studying the changes in fire regime and conifer recruitment

in areas surrounding 11 Sierra Nevada meadows, the researchers found that mean fire frequency
in these areas decreased from 7.7 fires in the period of 1750-1849 to 0.3 in 1906-1996, with their
general takeaway on conifer recruitment being that the extent of tree establishment was varied
between meadows, but in every case followed the removal of fire. Conifer encroachment does
seem to be reversible, as attempts at manually removing lodgepole pines from California

meadows have yielded decreases in water table depth of 15cm (Viers et al. 2013).

1.4 Wildfire as Vehicle for Vegetative Succession/Meadow Restoration

While it is not particularly well-represented in the literature, there is evidence that,
through removal of woody vegetation cover, wildfire can increase the extent of meadow systems
and reverse conifer encroachment. As early as the 1980’s fire managers recognized that fire
could potentially be used as a tool to control vegetative succession in meadow perimeters,
including reducing the presence of woody plant cover, but asserted that too little was known
about how fire functions in meadows to have it function as a reliable management technique.
(Ratliff 1985). This latter sentiment is still partially true, although there are studies that can help
us estimate the effectiveness of fire as meadow management technique. One of these studies
involves the use of Google Earth Engine cloud computing, deriving mean Normalize Difference
Vegetation Index (NDVI) values in the years following 1996°s Ackerson Fire in 26 montane
meadows in the Upper Middle Tuolumne River sub-watershed (Soulard et al. 2016). Of these 26
meadows, 14 burned during the fire and 12 did not. Burned meadows exhibited a statistically

lower mean NDVI from 1996-2012 when compared with unburned meadows, and this NDVI
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difference occurred primarily during the dormant season and nearly not at all during the growing

season. The researchers argue that this suggests that the primary effect of mixed-severity fire in
these meadows was to reduce the extent of evergreen vegetation in meadow boundaries. Fire in
these 14 burned meadows appears to have created favorable conditions for herbaceous vegetation

while reducing the extent of woody vegetation in meadow peripheries (Soulard et al. 2016).

A standout example of wildfire leading to expansion of meadow complexes is in the case
of the Illilouette Creek Basin, a 150 km? area in the south of Yosemite State Park with a
Mediterranean climate at 1800-3000 m elevation (Stephens 2021). Fire has been allowed to burn
naturally when ignited in this region since 1972 with the implementation of its “Natural Fire
Management Program”. This return to a historically analogous fire regime has led to a number of
changes in the region’s ecological makeup. One such change is the increase of streamflow from
the area, which can likely be attributed to a reduction in transpiration that results from thinning
of forest cover (Rakhmatulina et al. 2019). Other changes include an increase of summer soil
moisture by 30%, increase in plant and animal biodiversity, and (crucially for the purposes of
this study) and increase of meadow area (Boisrame 2017). Specifically, sparse meadows
increased by 200% from 1972 to 2012 and dense meadows (which includes wetlands/wet
meadows) increased by 160% over the same period. A 2015 post-fire vegetation change study
found that low and moderate-severity fire had little impact on the vegetative composition of the
basin, with high-severity fire being primarily responsible for shifts away from conifer cover and
towards shrub and meadow cover (Naranjo 2015). This is congruent with best available science
on vegetative succession post-fire, which suggests that high-severity fire is often required to

create fire-driven forest conversion in California ecosystems (Coop et al. 2020, Nemens et al.
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2022). Attempts to use prescribed fire, which burns at low-to-moderate-severity, to combat

conifer encroachment in meadows have found that this kind of fire removes lodgepole pines that

are smaller in diameter than 20 cm but that there is little effect on larger trees (Frenzel 2012).

1.5 Integrated Considerations of Meadows into Wildfire Management

In recent years it has become increasingly clear that the post-1900 strategy of outright fire
suppression in California has led to increases in fuels, unsustainable forest densification, loss of
fire-adapted species, and increases in large and damaging fires (Scholl and Taylor 2010,
Westerling 2016, Steel et al. 2018, Williams 2019). Loss of forest cover due to high-severity
wildfire has been a source of consternation for forestry officials, as trees are of course critically
important for ecology and carbon budgets, and for this reason reforestation has been a focal point
post-fire (Nave et al. 2018). Recent modeling studies have concluded that under likely climate
futures, California cannot sustain anywhere near the stocks of trees it currently holds in a stable
state, and that increasing the presence of fire in the state’s forests will be necessary to encourage
fire-resilient heterogeneous forest ecosystems (Liang et al. 2016, Bernal 2022). Land managers
will likely need to eventually accept fire-driven forest conversion on a large scale, and
concentrating on the hydroecological benefits of increased meadow area post-fire is one way to

ease this transition.

Forest Service ecologists have presented useful management recommendations for where
to focus on reforestation after fire and where to accept and even encourage vegetative transitions.
White and Long (2018) in particular provide a useful set of guidelines where reforestation is

prioritized in areas that have long been covered by mixed-conifer vegetation and de-emphasized
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in areas that represent converted meadows. They mention the Illilouette Creek Basin by name

and suggest that the increased prevalence of meadows in the basin should not be viewed as a
large-scale type conversion but rather as a return to more resilient historic conditions. In
bottomland riparian areas with relatively high water availability, high-severity fire (when it does
occur) is likely to lead to transitions towards non-forest vegetation, and these forms of transition
can potentially be viewed as restoration rather than as losses. The National Parks Service has
developed a framework for adaptive natural resource management called Resist-Accept-Direct or
RAD, an iterative loop-learning process that helps managers to recognize when and where
ecosystem transformation may be ecologically acceptable or even necessary (Lynch et al. 2022).
Increasing the operationalization of adaptive management tactics in state decision-making could
add meaningfully to wildfire management strategies in ways that are ecologically beneficial for

meadow ecosystems.

1.6 Potential Synergies for Managed Wildfire, Carbon, Water, and Meadow Health

Naturally ignited fires managed for ecological and hazard reduction benefit, frequently
known in fire management circles as “managed wildfire” or “wildland fire use” (significant
disagreements persist in the discipline on the correct term), offer important opportunities to
supplement California’s fire and fuels plans (Wagtendonk 2007, Beasley and Ingalsbee 2021).
Mechanical thinning of fuels from the state’s fire-starved ecosystems will play a continual role in
necessary fuels reduction, but just under a quarter of the 10.7 billion acres in the Sierra Nevada
Bioregion are accessible and available for this kind of thinning, as many of the overstocked

forests in the region are in remote areas with steep or otherwise treacherous terrain (North et al.
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2015). Prescribed burning is an excellent option for clearing crowded understories and has been

found to be effective at reducing hazardous fuel layers in SN forests. Much like mechanical
thinning, however, it is often infeasible in remote areas and can be costly and time consuming, as
all prescribed burns must comply with National Environmental Policy Act (NEPA) or California
Environmental Quality Act (CEQA) processes (Stephens et al. 2020, Beasley and Ingalsbee
2021). Managed wildfire is often the least resource-intensive and most efficient option available
for returning fire to the landscape, as it does not involve the upfront costs and physical
constraints associated with getting boots on the ground for lighting prescribed fire, and, due to
the Federal Wildland Fire Management Policy, naturally ignited fires managed for resource
benefit are not subject to lengthy NEPA or CEQA review (Beasley and Ingalsbee 2021). If
managed wildfire is already being used in the coming decades in California to mitigate fire
hazard and protect ecological resources, it is the argument of this thesis that increased research
attention should be paid to how historically analogous fire regimes can and will affect the extent

and ecological functioning of subalpine and montane meadows.

In the Illilouette Creek Basin, where fire has led to major increases in meadow area,
effects on streamflow and soil moisture have been studied but soil carbon has yet to be
thoroughly investigated. One of the few carbon studies that has been done in the ICB found that
50 years of managed wildfire reduced carbon stocks in the basin by approximately 25%, but this
study gave no consideration to below-ground carbon, which we know can be a highly productive
force for sequestration (Quintana 2018). There are approximately 10,000 km? of wilderness area
in the Sierra Nevada that are climatically comparable to the ICB (Boisrame et al. 2018). Future

studies that elucidate the potential water and carbon benefit in meadows that would result from
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returning fire to some or all of those comparable acres could help to “sell” the process of

managed wildfire to skeptics. In their carbon analysis of 13 montane meadows, Reed et al.
(2021) estimated that if all meadows in the Sierra Nevada sequestered carbon at the rates that
hydrologically intact meadows do, they would store as much carbon annually as 6000 km? of
forest. Connecting this kind of projection to managed wildfire, especially considering it has the
potential to not only restore but increase the overall presence of meadow area, would be

invaluable.

2. Study Area

Yosemite’s Illilouette Creek Basin, mentioned extensively in the review portion of this
research, is not the only region in the Sierra Nevada home to over half a century of managed
wildfire. The oldest natural fire management program in the state is found in Sequoia and Kings
Canyon National Park (Kilgore 1972, Bancroft et al. 1983, Keeley et al. 2021). With the creation
of the park in 1890, any and all fires that might have once been intentionally lit in the area by
local indigenous land managers were made illegal, however concerns were quickly raised around
the artificially inflated fuel levels that were created by fire suppression (Bancroft et al. 1983).
These concerns and others are reflected in the landmark Leopold Report of 1963, spearheaded by
A. Starker Leopold. This report advocated for management in the National Parks System that
resembled as closely as possible the “natural” state of the ecosystems within them. This proposed
management regime included encouraging wildfire to burn in the parks at levels congruent with
historic fire regimes (Leopold et al. 1963, Kilgore 2007). Influenced by the Leopold Report and
by contributions from other notable ecologists of the time like Harold Biswell, the sub-alpine and

alpine areas (covering nearly 75% of the park’s extent) of SEKI were designated as a “let-burn
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zone” in 1968 (Kilgore and Briggs 1972, Keeley 2021). Over time a recognition of the passive

tone implied by “let-burn” led to the terminology surrounding the program being changed to
“prescribed natural fire” and subsequently to “wildland fire use” and finally “wildfires managed
for resource benefit” (Kilgore 2007, Keeley 2021). From 1960-2017, an average of 4673 ha per
million ha per year burned in SEKI through either prescribed burning or natural fire managed for
resource benefit, the highest total in any park or national forest in the state (Keeley 2021). It is
worth noting that the follow-through on managed wildfire for ecological benefit in SEKI has not
been consistent. Political and regulatory pressure due to megafires has led to suppression efforts
becoming recentered in the park’s management for periods of the managed wildfire program’s
history (Botti and Nichols 1983, Botti and Nichols 2021). The legacy effects of managed wildfire
in SEKI appear to vary greatly across the landscape and across vegetation types. A 2017 study
found that frequently burned red fir forests in the park exhibited 29% lower tree carbon,
frequently burned ponderosa and white fir-sugar pine forests exhibited 15% lower tree carbon
density, while frequently burned jeffrey pine forests actually exhibited 40% higher tree carbon

density (Lutz et al. 2017).

For this thesis research, the goal is to identify meadow complexes on either side of the
“let-burn zone” in Kings Canyon National Park (the less well-studied of the two SEKI parks
when it comes to post-fire vegetation dynamics, judging by the literature) and see how the extent
and vegetation greenness of these complexes with disparate fire histories have changed since
1968. Kings Canyon National Park is a park covering 1,870 km? in the Southern Sierra Nevada,
characterized by a Mediterranean climate with warm summers and cold winters, with the

dominant soil type in the park being decomposed granite loam (Huntington and Akeson 1987,
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Stephenson 1988, Nesmith et al. 2010). Over 1200 individual plant species can be found within

the park, with its vegetation zones broadly classified as (from lowest to highest elevation)
foothills, montane forests, subalpine, and alpine (NPS 2023). Pre-colonial average fire return
interval in the park varies by elevation and by dominant vegetation type, with a historic fire
return interval of 4 years in ponderosa mixed conifer forests, 10 years in white fir mixed conifer
forests, 30 years in red fire mixed conifer forests, 7 years in mid-elevation hardwood forests, 10
years in giant sequoia forests, and 187 years in subalpine conifer forests (Caprio and Lineback
2003). Overlaying a dataset containing shapefiles for all meadows in the Sierra Nevada provided
by University of California, Davis, with an extent shapefile of Kings Canyon National Park
provided by the Parks Service reveals that there are approximately 2,262 discrete meadow areas
in the park (not a true count of meadow complexes in the park, since some complexes are made
of multiple shapefiles). Dominant vegetation types in the park’s meadows include conifer,

riparian, hardwood, shrubland, grassland, and sparse.

Figure 1 depicts the 16.63 km? area chosen as the study area for this research, featuring a
mix of meadows that have burned frequently since 1950 and meadows that have not burned at all
over the same time period (see methods for more detail). Given these meadows’ proximity to one
another they were deemed useful comparisons for the purpose of this study, and the area was
chosen as a possible study area. A freely available dataset combining the Sierra Nevada Multi-
Source Meadow Polygons Compilation created by UC Davis with climatic variables collected by
Albano et al. (2019) allows for comparison of important hydrogeomorpholical variables in the
study meadows. The dominant rock type for each of the 8 chosen meadow areas is granodiorite,

with all meadows additionally sharing the soil series Bucking Humixerept as well as estimated k
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factor 0.15. Seven out of the eight meadows are designated as Riparian in vegetation type with

one meadow designated as Conifer. Mean elevation of the meadows ranges from 2,223 m at the
lowest to 3,008 m at the highest, putting them in the middle of the elevation range for subalpine

Sierra Nevada meadows.

35525397

Figure 1. Study area, Kings Canyon National Park

30-year precipitation experienced by the meadows is relatively consistent across the
study area, ranging from 893 mm 955 mm, however there are significant differences in the sizes

of upstream catchment in the meadows as well as 30-year snow water equivalent, seen in figure
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2 and table 1. Information on groundwater availability for these meadows is not available, a

variable that directly determines the amount of meadow vegetation in a given ecosystem. With
the understanding that some degree of change over time in meadow extent and functioning may
be due to differences in the hydrogeomorphological and climatic variables discussed above, the 8
study meadows were accepted as useful for comparison due to their proximity, similarity in
many important variables, and difference in fire history. Figure 3 shows historic extent of SEKI’s
“let-burn zone” as seen in Kilgore and Briggs (1972) and demonstrates that the study area for
this research is directly proximal to this fire managemenet boundary. Altogether there were 7
fires larger than 15 acres that burned in the study area and whose perimeters overlapped with
meadows in the last 60 years. These fires include the South Sentinel Fire of 1973, the Comanche
fire of 1974, the Sugarloaf fire of 1977, the Sugarloaf fire of 1997, the Williams fire of 1999, the

Williams fire of 2003, and the Sentinel fire of 2016 (See figure 4).



Figure 2. The 8 major meadow complexes in the study area, shapefiles courtesy of UC

Davis’s Sierra Nevada Multi-Source Meadow Polygons Compilation

Mean Elevation (m) |Area of Upstream Catchment (sgkm) Area of Meadow (Acres) Dom. Soil Component Dom. Rock Type Mean 30-yr Precip (mm) Mean 30-yr SWE (mm)
1 291419 5737 2.78 Bucking Granodiorite 955.12 633.89
2 2825.86 1785.37| 5.91 Bucking Granodiorite 953.71 629.46
3 2946.55 710.76 5.26|Bucking Granodiorite 953.72 64336
4 3008.13 233.87 6.85|Bucking Granodiorite 959.90 652.25
5 2768.76 891.43 9.87|Bucking Granodiorite 946.81 634.70
6 2446.84 3451.59 31.77|Bucking Granodiorite 918.45 540.97
7 2239.44 2839.63 4.32|Bucking Granodiorite 898.24 383.51
8 2222.55| 3739.90] 14.83|Bucking Granodiorite 893.17 374.56

Table 1. Hydrogeomorphological qualities of major meadows in study area, data from Albano et

al. 2019 (outliers, as defined by author, highlighted in red).
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Figure 3. Georeferenced depiction of the SEKI “let-burn zone™ as seen in Kilgore and Briggs

1972, demonstrating proximity of study area to border of fire use boundary
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Figure 4. Fire history of study area 1950-2023, with meadows in study area in yellow as

defined by the National Parks Service SEKI Vegetation Inventory
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3. Methods
3.1 Object-Based Image Analysis Meadow Classification

For exploration of the study area of Kings Canyon National Park in the interest of finding
adjoining meadow systems with differing fire histories over the past 60 years, a number of
shapefiles were needed. These include a shapefile of the perimeter of Kings Canyon National
Park retrieved from the NPS, a shapefile of all fire perimeters in California in recorded history
retrieved from CAL FIRE, and a shapefile of all meadows in the Sierra Nevada retrieved from
UC Davis. These shapefiles were imported into QGIS, and their areas of overlap led to the
identification of the area shown in figure 1, totaling approximately 16.63 km? in extent and
featuring 4 large meadow systems that have not burned since 1950 and 4 large meadow systems
that have burned at least once since 1950.

The detailed vegetation classification in this study necessitated the use of high resolution
imagery. This meant that satellite data like that provided by Landsat, which offers a 30 m spatial
resolution, was not an option. Imagery with fine spatial resolution covering nearly the entire time
period of the managed wildfire program in Kings Canyon National Park is freely available
through the USGS in the form of National Agriculture Imagery Program (NAIP) images,
National High Altitude Photography (NHAP) images, and Aerial Photo Single Frames from
other programs. Aerial photos from 1976, 1987, 1998, 2005, 2010, and 2020 were retrieved. All
images were taken around the same time of year, June to early August, to coincide with the
growing season. The 2020, 2010, and 2005 images were accessed from NAIP and therefore came

pre-orthorectified at Im spatial resolution with green, blue, and infrared bands. The other three
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images came from NHAP or other older programs, all at 1 m spatial resolution, one in color-

infrared (1987) and the other two in black and white panchromatic (1976, 1998). These three
images needed to be georeferenced and orthorectified before being useful for vegetation
classification purposes. Orthorectification of these images was achieved through ERDAS
Imagine’s georeferencing capabilities. Control points were identified using the pre-processed
2020 NAIP as a reference, and the georeferencing algorithm was completed with the help of
camera calibration information from each image as well as a 10 m DEM file of the study area,
both accessed through the USGS.

For the meadow classification portion of this study, an object-based image analysis
(OBIA) approach was selected. In this kind of analysis an image is initially broken up into
objects consisting of homogenous adjoining pixels, and classes can subsequently be applied to
each object. The advantages of an OBIA approach include that textural and contextual variables
can be used in the classification process, whereas pixel-based techniques rely predominantly on
spectral information. Because the images to be processed in this study provided varying degrees
of spectral information (both multi-band and single-band), OBIA classification was deemed
appropriate and effective. Each orthorectified image was imported into Trimble eCognition and
segments were created using the software’s “multiresolution segmentation” algorithm that relies
on a pairwise region merging technique. The best results for this algorithm were found, through a
process of trial and error, to be scale parameter 45, shape parameter 0.15, and compactness
parameter 0.5.

eCognition allows for the creation of multiple-threshold image classification where each

image object is assigned a classification based on a unique set of spectral, textural, and
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contextual conditions. Conditions were added for each individual image iteratively until meadow

area was as cleanly delineated from non-meadow area as possible. This delineation was verified
by a combination of cross-referencing the thresholded classification results with the meadow
extents indicated by a 2018 vegetation inventory of the park and close visual examination of
each high-resolution image / comparison to the other images. Different sets of conditions were
used for each image, which was necessary due to the differences in quality and availability of
spectral information for each image. Examples of spectral variables of image objects that were
used for threshold classification include the mean, median, min, max, and standard deviation of
total brightness, red, green, and NIR band values, as well as calculated NDVI and Normalized
Difference Water Index (NDWTI) values. Examples of textural variables include mean and
contrast of the gray-level co-occurrence matrix (GLCM) and Grey Level Difference Vector
(GLDV) image object values. A tendency towards over-estimation of meadow extent across the
study area was identified in the threshold classification outputs, so a contextual limit of 125
meters from the vector file indicating the 2018 meadow vegetation extent was added to each
image’s classification algorithm.
3.2 OBIA Accuracy Assessment and TWI Validation

Once the threshold classification algorithms were finalized, an accuracy assessment was
produced. Using QGIS, 200 random sample points were generated within the boundaries of each
of the 6 aerial images, and each point was determined to represent either meadow or non-
meadow area through careful visual inspection and cross-reference to official NPS vegetation
inventories as well as the other aerial images. These sample shapefiles were then imported into

eCognition using the “convert thematic layer to samples” function, and the samples were
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compared against the results of each image’s unique classification algorithm through the creation

of confusion matrices. Each segmented image was then improved through limited manual
reclassification aided by close visual inspection and photo interpretation, and another accuracy
assessment was completed for the manually improved classification using the same accuracy
assessment methods as for the initial classification, with new sample points (See table 1).

To further validate the results of the final meadow classification, a topographic wetness
index (TWI) raster was calculated based on slope values derived from a USGS 10-meter DEM of
the study area and using QGIS’s Flow Accumulation and Raster Calculator functions. The
equation used to derive the TWI raster was In ( ( Contributing Area Raster * DEM pixel size)
/ tan ( Slope Raster in Radians ) ). TWI calculations were invented as a way to use topography
to approximate moisture availability and can be used to predict areas where wetlands are likely
to occur. This makes TWI rasters useful as a way to visualize if classified meadows appear in
areas where they would likely have enough water to support meadow vegetation (Grabs et al.
2009, Dosskey and Qiu 2011). Figure 5 shows an example of a classified meadow shapefile
overlaid on the TWI raster. Close visual inspection of the meadow outputs for each image
showed that all meadow areas that were found in eCognition were in direct proximity to high
TWI areas. Using QGIS’s Zonal Statistics function, average TWI for the 8 major meadows in the
study area as defined by the Sierra Nevada Multi-Source Meadow Polygons Compilation was
calculated. The average TWI in the 8 distinct meadow shapefiles ranged from 12.5 to 15, with no
significant difference between TWI in the frequently burned meadows and the fire suppressed

meadows.
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4. Results

4.1 Change in Meadow Area, Fire vs. No Fire

Accuracy for meadow classification, as determined by the accuracy assessment methods
described in the previous section, was relatively consistent across aerial images, with an overall
accuracy range of 0.98-0.99 and a Kappa range of 0.86-0.96 (see table 2). According to the
classification results, total meadow extent in the study area decreased from 520,221 m? in 1976
to 433,729 m? in in 2020, an overall 16.63% decrease. Controlling for meadow area that burned
at least once since 1950 by clipping each aerial image’s classified meadow shapefiles to a
shapefile of all historic fire perimeters reveals that meadow area within the perimeter of at least
one fire decreased from 320,288 m?in 1976 to 306,885 m?in 2020, a 4.18% decrease, while
meadow area that did not overlap with any fire perimeters decreased from 199,934 m?in 1976 to

126,843 m? in 2020, a 36.56% decrease (See figure 6).

Conditional Classification Conditional Classification + Manual
Classification
Overall Accuracy Kappa Overall Accuracy Kappa
1976 0.98 0.86 0.99 091
1987 0.95 0.56 0.99 0.96
1998 0.98 0.86 0.99 0.93
2005 0.98 0.79 0.99 09
2010 0.99 0.87 0.98 0.94
2020 0.98 0.83 0.98 0.86

Table 2. Accuracy assessment results for eCognition meadow classification algorithm pre and

post manual classification
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Meadow area by year, study area, Kings Canyon National Park
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Figure 6. Change in meadow area over time, burnt versus unburnt meadows

4.2 Fire Perimeter Analysis

To more directly connect instances of fire in study area meadows to change in meadow
extent, the perimeters of each of the 7 major fires that occurred in the region were clipped to the
classified meadow results of each of the 6 aerial images. Trends in meadow area within these fire
perimeters can be seen in figure 7. In the perimeter of the 1973 South Sentinel Fire that burned
3,746,762 m? of the study area, meadow area increased in the years post-fire from 28,406 m?in
1976 to 34,279 m? in 1987 to 49,558 m?in 1998, decreasing steadily in subsequent years. Similar

2 and

trends can be seen in the perimeters of the Comanche Fire of 1974 covering 2,371,877 m
the Sugarloaf Fire of 1977 covering 2,598,312 m?, with meadow area in their perimeters growing

steadily from 1976 to 1998 and decreasing until 2020, although in the perimeters of all three fires

the amount of meadow area in 2020 exceeds the amount of meadow area in 1976. Meadow area
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increased substantially from 16,728 m? in 1987 to 33,060 m? in 1998 in the perimeter of the

Sugarloaf Fire of 1997, with considerable decreases in the subsequent years. In the cases of both
the Williams Fires of 1999 and 2003, meadow area in the fire perimeters had decreased from
1976 to 1998, with post-fire meadow area increasing to around 1976 levels by 2005 and
remaining stable in the decade and a half to come. Meadow presence in the perimeter of the 2016
Sentinel Fire disappeared completely in the years of 1998 and 2010, with a 2,322 m? recovery in
2020 the wake of the 2016 fire event. Only one fire perimeter exhibited lower meadow area at
any point post-fire than pre-fire, the 1997 Sugarloaf Fire perimeter, while meadows in unburnt
areas decreased by 36.56% from 1976-2020, as mentioned previously. Worth noting is that some
of these perimeter areas represent surface that burned more than once over the study period.
Figure 8 shows the change in meadow area over time in areas of overlap between fire perimeters,
controlling for areas with two or more overlapping fire perimeters and areas with three or more

overlapping fire perimeters.
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Figure 7. Change in meadow area over time, separated by perimeters of major fires in the

study area. Years of each fire indicated to allow for analysis of potential change in meadow

extent post-fire due to wildfire-initiated vegetation transition.
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Meadow area by year in reburn areas, study area, Kings Canyon National Park
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Figure 8. Change in meadow area over time, areas with multiple overlapping fire events
during the study period. In the 3+ burn areas, fires occurred in 1973 (South Sentinel Fire), 1974

(Comanche Fire), 1977 (Sugarloaf Fire), and 1997 (Sugarloaf Fire)

4.3 Fire Return Interval Departure Analysis

One final way to interpret the results of the meadow classification is to stratify change in
meadow area not simply by whether or not a fire occurred in that meadow or how many fires
occurred, but by how frequently a meadow burned in the study period relative to how frequently
it was estimated to have burned under precolonial fire regimes. This information exists in the
form of the 2020 Fire Return Interval Departure (FRID) database for Sequoia and Kings Canyon
National Parks hosted by the Department of the Interior. FRID was developed as a method of
quantifying change in fire frequency in a given region over time to provide managers with
information when prioritizing treatments. In the case of the dataset used for this research FRID

was determined based on dendrochronological samples from fire-scarred trees and from relevant
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literature, which includes testimony from indigenous cultural leaders on the historic burning

practices of the region’s native tribes (Stephens et al. 2007, Safford and Water 2014). In the
SEKI dataset areas were categorized as FRD class 1-4 representing extremity of departure from
precolonial fire frequency, with 1 being the most fire deprived and 4 being most similar in fire
regime to precolonial conditions. Overlapping the FRID shapefile with the classified meadows
areas reveals that since 1972, meadow extent in FRID 1 areas has historically been scant in the
study area, peaking at 309 m?in 1987, but does appear to have decreased with only 69 m? of
meadow coverage in 2020. Meadow extent in FRID 3 areas (there were no FRID 2 areas in the
study area) decreased from 154,066 m?in 1976 to 118,334 m? in 2020, with extent in FRID 4
areas remaining more stable, increasing from 348,102 m? in 1976 to 360,481 m?by 2005 before

reducing in extent to 304,375 m? by 2020.

Total Meadow Area by Fire Return Interval Departure Class, Kings Canyon National Park
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Figure 9. Change in meadow area over time, stratified by FRID class.
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5. Discussion

5.1 Evidence for Managed Wildfire Increasing Meadow Area

In the approximately 16 km? area chosen as the study area for this research, there is
evidence that fire regimes resembling pre-settlement levels contributed to higher meadow extent
in burned areas when compared to fire-suppressed areas. Meadows that did not overlap with any
fire perimeters since 1950 exhibited consistent reduction in extent over the study period, while
meadows that overlapped with at least one fire perimeter shrunk at a slower rate and even
increased in extent at certain temporal scales. This result is somewhat consistent with the
findings of research in the Illilouette Creek Basin, which revealed increases of meadows area of
200% from 1972-2012 due to the presence of wildfire-initiated vegetation conversion (Boisrame
et al. 2017, Saska et al. 2020). In the ICB, the proposed explanation for how wildfire led to
increased meadow area over time was the reduction in evapotranspiration (ET) initiated by the
removal of woody forest vegetation leading to higher water availability for meadow vegetation.
If the meadow extent trends in Kings Canyon seen in this research can indeed be attributed to the
presence of wildfire, it is likely in large part due to this same process. In a 2020 study
investigating the hydrological impacts of 625 large fires in the SN from 1985 to 2018, ET
reductions were found to be 265 mm yr~! in the first year after a fire and 169 mm yr~! in the next
15 years, with most significant reductions seen in dense mid-elevation forests (Ma et a. 2020). In
the ICB specifically, frequent fire reducing forest cover by 20% is hypothesized to have

contributed directly to higher streamflow and summer soil moisture in the basin when compared
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to surrounding areas (Boisrame et al. 2018, Saska et al. 2020, Rakhmatulina et al. 2021, Stephens

et al. 2021). A study in the 125 km? Sugarloaf Creek Basin in Kings Canyon National Park
expected to find similar vegetation change and increased soil moisture to that seen in the ICB.
Instead, researchers found that lower productivity and relatively low fire frequency in the basin
led to “greater stability in vegetation over time and a more muted hydrologic response to
managed wildfire” when compared to the ICB (Stevens et al. 2020).

While no region of the study area for this research experienced anything like the 200%
proliferation of meadow area seen in the ICB, the 31.58% increase in meadow area from 1976-
2020 in meadows that burned three or more times stands in stark contrast to the 36.56%
reduction in area in unburned meadows. This difference alligns with the theory that the meadow
trends seen in this study area can be attributed at least in part to reduction in woody vegetation.
Many studies have found that multiple consecutive fires are necessary to achieve conversion
from forest to non-forest vegetation in the SN (White and Long 2019, Nemens et al. 2022,
Paudel et al. 2022). The fires in question in the 3+ burn areas all occurred between 1973-1997,
and from 1976-1998 meadow extent in those areas actually increased by 130.88%, the most
marked increase seen in any of the meadow change analyses (See figure 8). This research
suggests that if these reburn areas continued to burn / otherwise be treated in the years following
1998 that meadow extent would have stabilized at levels to closer to its maximum in the study
period, or perhaps would have even continued to increase due to more persistent reduction of
woody plant cover in meadow peripheries.

A more qualitative approach to analyzing the imagery used for the meadow classification

in this study is useful for concretely visualizing the vegetation transition result suggested by
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trends in meadow area. One particular areas stood out as imagery was being visually inspected

for manual reclassification, shown in figure 10. This figure represents the Northeastern boundary
of a meadow close to the center of the study area that burned in 1999 and 2003. Comparing the
1998 image to the 2020 image shows an apparent reduction in tree cover and increase in bare soil
and downed trees over time. While the classification component of this research does not
account for change in forest cover due to the infeasabilty in rectifying the quality differences
between images, this qualitative comparison shows an example of how fire has led to a decrease
in woody vegetation cover in the peripheries of meadows that would likely increase water
availability and suitable conditions for meadow vegetation. According to a National Parks
Service SEKI Vegetation Inventory shapefile, the trees adjacent to this meadow are largely
lodgepole pine. This species contributes to meadow conifer encroachment more than any other
tree variety in the SN. Removal of lodgepole pines from meadow peripheries has been found to
locally decrease depth to water table, an important predictor of the presence of meadow
vegetation (Viers et al. 2013, Lubetkin et al. 2017). A 1984 study of Ellis Meadow, a meadow at
2,790 m elevation a mere 2,100 m from the study area in Kings Canyon, found that a 1977
lightning-ignited fire killed many lodgepole pine saplings in the forest / meadow boundary and
contributed to increased presence of hydric vegetation in the meadow in the 5 years following
the fire (DeBennedeti and Parsons 1984). These findings give credence to the hypothesis that the
increase in meadow extent found in burned regions of this thesis research’s study area is due in

large part to the reversal of conifer encroachment.
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Figure 10. Aerial images in 1998 (left) and 2020 (right) of study meadow that burned in

1999 and 2003, showing apparent long-term reduction in lodgepole pine cover

5.2 Limitations and Sources of Error

The biggest source of uncertainty in the classification of meadow areas for this research
is the difference in quality between NAIP, NHAP, and assorted aerial photo single frame images
retrieved from the USGS. While hypothetically a 1 m resolution was achieved for each of the 6
images through the orthorectification process in ERDAS Imagine, there are visual aberrations

and imperfections in the older images. In particular, the NHAP image from 1998 had several
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areas that were partially obscured by what appeared to be lens distortion. Another issue with the

images collected for this study is that while they are all from the same time of year, there is no
way to be certain that they were taken at the same time of day, making shadows a potential
source of error in meadow classification. Figure 11 shows a swipe created on ArcGIS Pro that
exhibits the difference in the appearance of shadow coverage between the 1976 image and the
2020 image. The features seen in this swipe may also be a function of the difference in image
quality between the two aerial images.

While the meadows on either side of Kings Canyon’s “let-burn zone” were chosen due to
their proximity making them useful to compare, these meadows do not share all
hydrogeomorphological attributes, as seen in figure 2 and table 1. Differences in baseline
groundwater availability and aquifer geometry, important components of Sierra Nevada meadow
vegetation health, were not available for the study meadows (Ciruzzi and Lowry 2017, Hunt et
al. 2018). In the classification process there may also be user error. Given that no true ground
truthing was possible and comparison between meadow images was used in part for validation,
there may have been a classification bias towards classifying areas as meadow that appeared as

meadow in images from previous years.
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Figure 11. Differences in presence of shadow in study meadow, 1976 (bottom) and 2020

(top)

6. Conclusion

The results of the classification done for this study suggest that, over the last 60+ years,
meadows in the study area that burned due to managed wildfire in King’s Canyon National
Park’s “let-burn zone” experienced greater stability in their extent over time than nearby fire-
suppressed meadows. This effect was likely achieved through fire limiting woody vegetation
presence in meadow peripheries, reducing transpiration and providing higher water access to
meadow vegetation. These results are consistent with what limited previous research exists on
the role that fire plays in forming the forest-meadow boundary in the Sierra Nevada. As managed

wildfire continues to be used as a tool for fuels reduction and ecosystem restoration in California
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in the decades to come, land managers and government agencies should be open to the

possibility of new meadows being created through fire-driven vegetation type conversion and
extant meadows increasing in size. New metrics should be designed to determine which fire-
suppressed forest areas in the SN may have once represented meadow areas, based on historic
fire regime reconstructions as well as topographic and climatic variables (White and Long 2019).
Fire may not always be a positive presence in SN meadow ecosystems, and fire alone
may not always be enough to provide conditions for meadows to thrive. Tree and shrub cover
being lost all at once due to high-severity fire has been found to cause large volumes of early
snowmelt contributing to extreme erosion in downstream meadows. (Kattleman 1996). Meadow
vegetation burning at high severity under uncharacteristically dry conditions can lead to higher
likelihood of incision and channel degradation, lowering the water table and reducing the stable
presence of meadow vegetation, a possibility that will become more likely due to continued
climate warming (Ratliff 1985, Westerling 2016, Vernon et al. 2019). The Sugarloaf Creek Basin
experienced managed wildfire over approximately the same period as the Illilouette Creek Basin,
yet saw very little increase in meadow area, emphasizing the fact that basin characteristics can
influence the extent to which fire can encourage meadow restoration/succession. Increased
research attention should be paid to what forms of post-fire activities in burnt areas can
contribute to the long-term presence of ecologically valuable non-forest vegetation. Mixed-
severity fire may at times do very little on its own to combat conifer encroachment and
encourage stable meadow presence, and treatments other than fire such as mechanical tree
removal may be necessary to see the desired results (Frenzel 2012, White and Long 2019).

Wildfire will likely restore some meadows unassisted by human activity, and other areas may
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need additional attention in the form of restoration techniques such as building beaver dam

analogues, planting willows on streambanks (which both stabilizes banks and promotes beaver
occupancy), and pond-and-plug (Pope et al. 2015, Vernon et al. 2019, Yarnell et al. 2019). With
more research, the capabilities of managed wildfire as a catalyst for subalpine and montane
meadow proliferation and stabilization can be realized. These fire-indebted meadows will
provide habitat for wildlife, beneficially control streamflow, improve water quality, and store

carbon efficiently for years to come.
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