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Until Euro-American colonization, Indigenous people usede to modify eco-cultural
systems, developing robust Traditional Ecological Knowtige (TEK). Since 1980, wild re
activity has increased due to re suppression and climate chnge. In 2017, in Waterton
Lakes National Park, AB, the Kenow wild re burned 19,303 hagxhibiting extreme re
behavior. It affected forests and the Eskerine Complex, a tize-grass prairie treated
with prescribed burns since 2006 to reduce aspenPopulus tremuloideg encroachment
linked to re suppression and bison Bison bison bison) extirpation. One year post- re,
the Kenow wild re caused vigorous aspen sprouting, alteredstand structure to an
early-seral state and changed dominant land cover from grasto mineral soil. It did
not change aspen-cover extent or cause non-native grass erfotion, but it reduced
native-grass diversity and produced more pronounced shiét in ecosystem structure
and biodiversity than the prescribed burn. The 2017 Kenow Wd re and prescribed
burns differed in phenological timing, scale, and severityPrescribed burns occurred in
late spring, with little fuel available, while the Kenow wlire occurred in late summer,
with abundant fuel—amplifying the difference in severity. SAin other climate-limited
re regimes, prescribed burns treatments did not mitigate he severity of the Kenow
wild re. To more effectively reduce the extent of aspen cove future prescribed burns
in this system could be applied in the late season. Incorpoting TEK in adaptive co-
management can help create ecosystems more resilient to reand pervasive stressors
such as invasive plants, provided one contextualizes currd conditions and how they
differ from historical conditions.

Keywords: re, traditional ecological knowledge, prairie , bison, colonization, resiliency, adaptive management

Frontiers in Ecology and Evolution | www.frontiersin.org 1

November 2019 | Volume 7 | Article 436


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2019.00436
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2019.00436&domain=pdf&date_stamp=2019-11-26
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:cristina.eisenberg@oregonstate.edu
https://doi.org/10.3389/fevo.2019.00436
https://www.frontiersin.org/articles/10.3389/fevo.2019.00436/full
http://loop.frontiersin.org/people/650936/overview
http://loop.frontiersin.org/people/765370/overview
http://loop.frontiersin.org/people/781935/overview
http://loop.frontiersin.org/people/763139/overview
http://loop.frontiersin.org/people/683741/overview

Eisenberg et al. Fire Effects on Ecosystem Resiliency

INTRODUCTION intervals may be indistinguishabl&grrett, 199} the historical

e ects of wildre and anthropogenic re dier, with severe
Environmental ~ sciences  increasingly  recognize  th@ild re creating greater changes in plant communities (e.g.,
interconnectedness among humans and ecosystems g&ucing woody cover in grasslands) than res set by Indigen
fundamental to understanding the development andpeoples Pyne, 2017 p. 39-40). While all res are complex,
sustainability of terrestrial and aquatic systeras{fom, 200%.  the complex e ects of Indigenous-set res on landscapes are
Humans have interacted with North American ecosystems fopoorly understood Keeley, 2002; Liebmann et al., 2)16
24,000 year BPBpurgeon et al., 20),7with human presence For example, indigenous and non-indigenous managers and
in Western North America for at least 14,000 year BRIffert  scjentists lack full insight into how or why Indigenous peaple
et al., 2008 Indigenous peoples relied upon ecosystems fopmployed re management throughout North America, such as
survival and increased ecosystem productivity by modifyingn California coastal forests and the Southwestern US, tscau
environmental conditions. Because oral and faunal adaptiv some Traditional Ecological Knowledge (TEK), which is based
capacity maintains resilience to change until a thresholgyral histories, has been lost due to colonialism, forceoaation,
is reached HKolling, 1973; Millar and Stephenson, 2015 and death of knowledge keepers. In this paper we examine
species assemblages and food webs shifted in response to thesg reinstating historical, traditional land-use processés
anthropogenic modi cations, yet maintained relative siatity  ecological restoration can create ecosystems more rdsitien
and persistence over tlmEaik, 2017 pervasi\/e stressors.

Fire, a primary means by which Indigenous peoples modied TEK provides a bridge to historical land management and
eco-cultural systemsBpyd, 199) frequently occurred in jts objectives and inherent values. TEK is knowledge and
North America prior to Euro-American colonization, promotin  practices passed orally across generations informed by aliltur
ecosystem structure and composition reliant on re to mainta memories, sensitivity to change, and reciprocitginimerer,
those conditions \(Vhite et al., 2011; Pyne, 2Q1p. 40-46). 200Q. TEK land-care processes include modifying vegetation
Indigenous re management had measureable e ects (e.gwith re to improve ecosystem productivity and manipulate
keeping prairies open by burning woody vegetatiétgllard, |arge-herbivore herdsZgdefio et al., 2014; Roos et al., 2018
1910; Roos et al., 2018As Indigenous peoples’ populations TEK practices increase biodiversity and ecological resijie
declined due to disease and colonization, their re-mamagat py creating patchy landscape mosaidairfer et al., 2000
impacts on plant communities changed¢bmann etal., 20)6  and oer a web of knowledge that includes values that can

Since 1980, North American wild re activity has increasedhelp restore ecosystemsightfoot et al., 2013 Reinstatement
linked to re suppression, climatic variations, and persidten of anthropogenic prescribed burning in habitat types, such as
drought (Stephens et al., 2009; Parisien et al., YORecent grasslands, where pre-Euro-American colonization Indimen
wild res have exhibited record size, more extreme re bebav peoples applied prescribed burning to improve wildlife habitat
and higher severity [fennison et al., 20)4 Today, large and food resources for humans, is a form of using TEK as an
wild res threaten ecosystem function and conservation&a&e  adaptive management tool to restore ecosystemsrer et al.,
of interaction among pervasive stressors such as climategeha 2000; Keeley, 2002
invasive species, and land-use, as well as management shange Since 2008, we have been studying re and multi-trophic
resulting in no-analog ecosystems and the erosion of eatdbg relationships in Waterton Lakes National Park (“Waterton”)
memory (Williams and Jackson, 2007; Stephens et al., 2008|berta (AB), within the Crown of the Continent Ecosystem,
Johnstone et al., 20).6This has generated keen interest inwhich contains all large mammal species present in 1880 except
restoring natural processes to unravel the negative coms®®s for wild, free-ranging plains bison. Speci cally, we have been
of contemporary changes on underlying historical eco-aaltu examining the e ects of prescribed burns on grassland and
relationships and in addressing long-term anthropogenitde  aspen community structure, elliCervus elaphiibrowsing, and
(e.g., climate change and agriculture) across the North#eae  trophic interactions involving wolvesdanis lupu} the primary
prairies (/an Auken, 2000 elk predator Eisenberg et al., 20).4A signi cant amount of

Historically frequent in North American prairies, re creafl  intact fescue prairie persists in Waterton, albeit reducedfits
a Spatiai mosaic. Native graSSiandS have been deCiiningm’hNO historical extent (evesque’ 20®5Marnrnai dynarnics here may
America since the 1880s, attributable in part to agriculturahave changed with time, including their densities and migrat
expansion, re suppression, bisoBigon bison bisgmxtirpation,  patterns. However, plant communities have remained similar pe
and aspenRopulus tremuloid¢encroachmentCampbell et al., palynological data, albeit with encroachment of woody spesies
1994; Samson and Knopf, 1994; Simonson and JohnsograsslandHills et al., 1985; Flores, 1991; Campbell et al., 1994
2005 Less than 5% of pre-Euro—American colonization prairie From 1633 to 1900 in the Waterton fescue prairie’ time
remains Knapp et al., 1999Key uncertainties persist regarding petween res (Mean Fire Interval—MFI) averaged 7 years
the consequences of large contemporary res, particularly ifBarrett, 199% This short MFI was historically related to a
graSSiandS where re and bison herbiVOfy have been elinsithat Strong climate/ re iinkage augmented by res set by |nd|gxu$
for decades to centuries. peoples Krawchuk and Moritz, 2011; Roos et al., 2]p18

Physical evidence of re is important to quantify interaat® \waterton sought to re-establish this re regime with easlgason
among re frequency and plant communities. However, whileprescribed burns, to reduce aspen land cover and restoreenativ
the contribution of natural and human ignition to re-retur prairie (\/\/hite et ai', 201)]_ In Waterton, eariy_season burning
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was implemented to mitigate and reduce the risk created bwere not present in the ecosystem in any of the published studies
prescribed burning, which could more easily escape prescribexh this topic (Turner et al., 1994; Romme et al., 1995; Hobbs,
areas during the late season, when there is more fuel alailab1996; Baker et al., 1997t is well-documented in ecosystems
In the Eskerine Complex, a 1,377-ha prairie, Waterton has sét Wyoming, Utah, and Colorado that in the absence of a wolf
periodic prescribed burns since 20@8dure 1). population, elk browse aspen sprouts to death regardless of snow,
Reinstating a short MFI has worked to reduce the extent ofesulting in little to no recruitment of aspen into the forest
aspen cover in other systems that are elk winter range, becausanopy {Turner et al., 1994; Romme et al., 1995; Hobbs, 1996;
elk typically browse aspen that sprout after a re, to the pointBaker et al., 1997Moreover, prior studies of aspen treatments
of killing them. However, wolves (the dominant elk predator i do not account for the potential historical impacts of bison in
western North America, where preseisenberg et al., 204 these systems, in which plant communities co-evolved wisbibi

FIGURE 1 | Prescribed res 2006-2017, Waterton Lakes National Park. Sbws the extents of three prescribed burns (PBs) on the Eskeré Complex grassland area
of Waterton Lakes National Park, map by Adam Collingwood. Des not include the Kenow wild re, which covered 100% of the ara and is presented inFigure 2.
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grazing and horning-up of shrubs, or for domesticated herse North America have been larger in size (eTgirner et al., 199%
which arrived during Euro-American colonizatiorir(ores, 1991; the Kenow wild re exhibited large, uniform patches of very hig
Campbell et al., 1994; Romme et al., 1995; Baker et al.).1993everity Figure 2). What is most astonishing and extreme about
They further do not account for changes in elk landscape usthis re is the fact that almost the entire boundary burnedthwvi
since 1890, which are not well documented in most places, ygery high severity. That is not common, as wild res are usually
contemporary elk herds use agricultural lands that in sonsesa mixed severity {urner et al., 1994
such as Waterton, occur immediately outside of national park  The 2017 Kenow wild re altered our Waterton research
Additionally, land-use policies in the early 1900s oftenalved landscape Kigure 3A), inviting questions about disturbance
grazing livestock within national parks such as Watertorthwi processes, plant-community resilience to re, and integnati
likely impacts on aspen. of TEK into research to better understand re impacts and
Wild re size and behavior has become a research focal aredaptively manage ecosystems for resiliency. We wantedto kn
given the propensity of climate change to increase wild re #tse whether re is restoring aspen to its historical extent in a&t®m
to human eco-cultural systems. In September 2017, the thirdvhere free-ranging, wild bison are absent, elk are the dontina
driest summer on record in southwest AB, the lightning-iggdi  herbivore, and Indigenous peoples have been removed from
Kenow wild re burned approximately 35,000 ha, including some of their traditional lands. We further wanted to know
19,303 ha within Waterton. Historically, lightning igrotisinthe  how re a ects fescue prairie graminoids at patch and landscape
Crown of the Continent Ecosystem created large, stand-oémia  scales. A key objective of this research was to examine how
res. These res naturally have large patches of high-séyeri adaptive management that incorporates TEK can better miigat
re with 75-100% overstory mortalityJohnson and Wowchuk, stressors such as climate change and invasive species.
1993. A moist 2017 spring created abundant fuel, and unusually For reference conditions we used historical photographs of
hot, dry, summer conditions and high winds caused a lighghin our study area (ca 1890-1910), geospatial data, and TEKdshare
re to spread rapidly and exhibit extreme re behavior. On through oral traditions by the Kainai First Nation, a Blaokt
a landscape-scale, North American wild res, generally patchZonfederacy tribe with pre-Euro-American colonization toiy
and of mixed severity, create heterogeneous plant comnamiti here (evesque, 2005; Gann et al., 201&e did not do a
(Amoroso et al., 2001 Regionally, while other res in Western geospatial analysis of historical photographs because thatdtas

FIGURE 2 | Kenow wild re re severity. (A) Fire severity of Waterton Lakes National Park derived fromahdsat 8 dNBR values. Threshold dNBR values for Low,
Medium, High, and Extreme are 99-270, 271-440, 441-660, anc 660, respectively. Inset map shows the Eskerine Complex areavith CBI plot locations; and(B)
Fire severity detail for the Eskerine Complex, maps by Adamdllingwood.
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how adaptive management can mitigate stressors such asviavas
species and climate change.

STUDY AREA

Our study site, the Eskerine Complex, lies in the Waterton
foothills-parkland ecoregion (fescue prairie that providek el
winter range). This low-elevation (1,200-1,500 m) fescu@ipra
in good-to-excellent range health contains aspen and shrubs
(e.g., Symphoricarposspp.; Achu et al., 2009. Pervasive
stressors include climate change, drought, elk herbivand
invasive plant species. In 2017, prior to the Kenow wild re,
dominant native grasses were ldaho fesdees{uca idahoenyis
Parry's oatgrasfanthonia parry), rough fescueK. campestr)s
and Columbia needlegrasA¢hnatherum nelsoniiNon-native,
invasive grasses were Kentucky bluegraBsa( pratens)s
Timothy grass Phleum pratenge smooth brome Bromus
inermi9, and sheep fescu&.(oving.

Elk have a density of up to 24 per krh in Waterton,
numbering 1,000 individuals in 2017. Elk primarily eat grass
although they can shift their winter diet to woody speci€s(k,
2002. They can have destructive browse impacts on aspen, but
this has not occurred in Waterton. Bison, a migratory, pritihar
grass-eating species, historically used the foothills-padkla
ecoregion, altering the biophysical environment by damggin
woody species with their horns, keeping the prairie open. Their
nitrogen-rich urine and feces increased grass resilieReyapp
et al., 1999; Gates et al., 2D1Waterton maintained a captive
bison herd from 1952 to 2017: 7-30 animals in the 124-ha
Summer Bison Paddock (SBP) and the 56-ha Winter Bison
Paddock (WBP) {ohnston, 2008 Captive bison densities were
very di erent from historic bison densities. While no reliabl
report of historic bison densities exists, oral histories aadye
explorer accounts state bison migrated through this aredgit h
densities for short periods. For example, on July 27, 1806, Lewis
and Clark reported when they encountered the Blackfoot on
Two Medicine Creek near Waterton that they “continued to pass
immence herds of bu a loegig from the late afternoon through
all of the following night” Moulton, 1987 p. 136). Between
2008 and 2018, the single wolf pack here ranged from 2 to 12
individuals and was the primary elk predatdeitenberg et al.,
2014 Johnston, personal communication).

FIGURE 3 | (A-C) Aftermath of the Kenow wild re, Eskerine Complex In a microhistological study we conducted in 2017, pre-Kenow
Waterton Lakes National Park, Fall 2017/Summer 2018 photogiphs. (A) . . . L .

Eskerine Complex aspen stand, post Kenow wild re, fall 2017Ryan Peruniak); wild re, we found elk and bison diet similarities. Elk diet dog

(B) Eskerine Complex prairie vegetation response, July 2018 (yela Cook); January 2017-April 2017 consisted of 3.9-9.3% woody material.
(C) Calamagrostisresponse, Eskerine Complex (Cristina Eisenberg). Elk only ate aspen in February 2017 (1.4%) and April 2017
(0.5%). Bison ate 0% aspen, and 0% woody species. Elk mainly ate
grass (81.8-87.7%), as did bison (85.3-93.5%). Rough fessue wa
been the focus of our aspen and grassland community ecologlye top grass eaten by elk (21.8-28.6%) and bison (21.5-34.2%)
research. Geospatial analyses of Waterton historical phaptg, (Eisenberg et al., unpublished data).

including those taken of our study site, are currently unday by Archeological data provide evidence of Indigenous presence
the Mountain Legacy Project. in southwest AB for more than 10,000 years BP. These

Tribal land abuts Waterton, encouraging collaboration andindigenous peoples were ancestors of today's Blackfoot, Cree,
adaptive co-management. Our objectives in this article are tand Kootenai peoples. Per archeological evidence, the Indigeno
present patterns of plant responses to re, using insights fronpeoples who inhabited this region prior to Euro-American
12 years of cumulative research in Waterton, and to examineolonization subsisted on bison as one of their primary food
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sources and traveled from the prairies to the foothills tOTABLE 1| Eskerine Complex sampling strategy and sample size.
hunt bison and forage for foodMalainey and Sherri, 1996; Study site and olot v o P or
Langemann and Perry, 2007; Reeves, 2007; Roos et a)., 2018 udy site and piot ype ears re rowing ©
i . surveyed type seasons plots

Tree-ring studies, pollen-core data, and charcoal layers post- re
furnish evidence of re in the Crown of the Continent Ecosyst
across millennia Hills et al., 1985; Reeves, 2)0revealing Prairie plots

successional shifts in plant communities caused by climatéskerine complex prairie 2016 Prescribed 3 71
change, re, and human activity. Pollen cores (ca 18,400 BP) 2017 Prescribed 1
extracted from a corridor ice-free during the Wisconsinan 2018 wild re 1
glaciation near Calgary, AB, show a grassland similar totwhaummer bison paddock praitie 2016 Prescribed 3 50
covers Waterton todayMott and Jackson, 1932 containing 2018 wild re 1
Graminea, herbs, includingChenopodiumspp., and shrubs. winter bison paddock prairie 2016 Prescribed 3 50
In the Eskerine Complex, the previous wild re occurred in 2018 wild re 1
1910 Barrett, 199h A culture of re exclusion followed until  Total prairie plots sampled 171

Waterton set prescribed burns in spring 2006, 2014, and 2017,
informed by historical re regimes, to restore the EskerineAspen plots

Complex Figure 1). Crooked creek (control) aspen 2017 None 104 100
2018 wild re 1
Eskerine aspen 2008 None 104
MATERIALS AND METHODS 2016 Prescribed 3 405
2018 wild re 1
In 2008, we began sampling Eskerine Complex aspen stands Total aspen plots sampled 505
D 30). Through each stand we randomly positioned 4-m-wide,
variable-length transects (marked with 1-m rebar staketh wj Total aspen C Grass plots 676

0.20 m exposed above the soil surface) that ran from the edge Soaf“p'ed
the aspen stand (indicated by the rst aspen sprout) to the last
aspen sprout along the transect line. In each transect we placefithe patchiness and low severity overall of the 2006 presdrib
2-m-radius aspen plots every 20m running from the transecburn, we used 2006 data from unburned aspen stands only,
start, with a plot forced to the end of each transect¥ 405). focusing most of our analysis on 2014 and 2017 prescribed burns
In some of our analyses (e.g., aspen sprout density), we usBd2017 we added the Kenow wild re to our study, to examine
as a baseline the 2008 aspen transect and plot data for asgesw wild re e ects compare to prescribed burns. We did not
stands that were not burned in the 2006 prescribed burn, givedo a comparison of wild re vs. prescribed re because aspen
that these data re ect lack of prescribed burning and a 98-yeaescological response to re (e.g., sprout basal area, stenmatitg)t
interval since the previous wild re. Because the 2006 prbedri is best measured 2 years post- fremme et al., 1995and this
burn occurred 3 growing seasons before our study began, wmper presents our ndings from 1-year post-Kenow wild re.
lacked relevant detail of this prescribed burn post-re. Ther  Fire severity is the degree to which a site has been altered
were few aspen stands within the bison paddocks. We chose ¢o disrupted by re. It is a product of re intensity (energy
not sample them due to the small sample size they presented andtput from re) and residence time, combined with site-speci
the confounding treatment factor of bison trampling, inhiloiy ~ biotic and abiotic conditionsl(entile et al., 2006; Keeley, 2009
a robust comparison to aspen stands outside the bison paddoclire severity includes aboveground and belowground om@ani
In the prairie, we randomly sampled 171 2-m-radius prairiematter consumption by re, although in temperate ecosystems,
plots dominated by grass cove20 m from aspen. We stratied re sometimes does not lead to signi cant e ects on soil organ
the Eskerine Complex into three zoneRble 1), the unfenced matter (Twidwell et al., 2012; Jian et al., 2D1%e assessed
Eskerine Complex (Eskerine prairie) and two fenced areas: théenow wild re severity with satellite-based and eld-based
Summer Bison Paddock (SBP prairie) and Winter Bison Paddoaketrics. For the satellite-based metric, we used the Di erdnce
(WBP prairie). We refer to grass-dominated plots in the threeNormalized Burn Ratio (ANBR), which detects change between
zones collectively as “Eskerine prairie grass plots.” Inehegre-and post- re remotely sensed data (shortwave-infrared an
plots, we measured proportion of cover by grass (basal), shrulbgear-infrared portions of the spectrum). Initial INBR threst
(basal), and bare mineral soil. We also identi ed grass gsecivalues of 99-270, 271-440, 441-660, ad0 were used to
and categorized them as native and non-native species. Wikelineate low, moderate, high, and extreme severity, reispdct
measured post- re ecological response in prairie plots in the la based on the Composite Burn Index (CBHdy and Benson,
growing season. 2006; Morgan et al., 20).4The CBI is a eld-based visual
The eld data we collected in both aspen stand plots andassessment of fuel consumed, soil charring, and vegetation
prairie grass plots were used to assess re impacts 1-year pos¢juvenation, applied in 30 30m plots, working with ve
Kenow wild re on Eskerine Complex composition and aspenstrata (soil, understory vegetation, mid-canopy, ovenrst@nd
stand extent and structure in late spring 2018, before plandominant overstory vegetation), evaluated individualigahen
phenology could create detection bias of mineral soil. Beeaucombined for an overall plot-level severity value.
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TABLE 2 | Fire Severity Index (FSI) metrics, based on the Composite Butndex moderate, and 5.6% low re severitieBigures 2A,B. Within
(CBI), with an added category of “extreme” to enable us to captre nuances at the the Eskerine Complex only, we observed an average eld-based

high end of the severity spectrum that could have signi cant eological effects. FSI (on a scale of 0-4) of 3.91 0.03, which falls into our
Biophysical measure Units Measure  Index Category extreme category. 97% of Eskerine aspen plots burned with
extreme severity. The extreme FSI Eskerine plot burns mdtche
Crown mortality Proportion 0-25% 1 Low the severity of re in 75% of the Kenow re. The proportion
Crown torch 26-50% 2 medium  of di erent severity classes ( eld-data based and satetli¢a
Crown scorch 51-75% 3 High based) matched. Our rebar transect markers indicate that th
Girdling >75% 4 extreme  Kenow wild re and post- re wind removed up to 0.70m of
Pre- re trees >2.5m ht topsoil from some rebar stakes through combustion or wind
re-killed dispersal, although these visual observations indicatet gbil
Pre-re trees  2.5m ht removal patterns were very patchy. Post-Kenow wild re soil
re-killed removal revealed many bison bones and some artifacts such
Pre-re shrubs re-killed as arrowheads.
Pre-re grass re-killed In Eskerine Complex prairie grass plots, proportion of grass
Pre-re litter consumed cover dropped signi cantly from 2016 O 35.42, 338 dfp
Exposed mineral soil 0.00001)—a shift in dominant cover typEigure 4). Post-2014
Bole char Meter height  0-0.25m X Low and 2017 prescribed burns, we detectgd no mipgral so.illin jerair
026050m 2 Vedium grass plots. In 2018, proportion of mineral 30|I_ in prairie grass
05110m 5 High plc_>ts was 50.84 1.42%, and became the dqmmant cover type
i (Figure 4). Between 2016 and 2018, proportion of shrub cover
>1.0m 4 Extreme

was unchanged, due to re-sprouting.

Dominant native and non-native grasses in 2016 and 2018

For our eld-based metric, we derived a re severity indexwere the same (see Study Area section), except for sheep fescu
(FSI) from the CBI, eliminating ecological response covasa Frequency of native-species detection (presence in plot) by
(Table 2 to avoid con ating re e ects and ecological responsesyear was similar, except for Columbia needlegrass (inctease
(Lentile et al., 2006; Keeley, 2009; Morgan et al., ROMe  from 30 to 149 detections) and Parry's oatgrass (decrease
used a 4-category system because the 3-category systerotdid flom 164 to 111 detections). Three of four non-native species
capture nuances at the high end of the severity spectrum thafecreased: Timothy grass from 25 to 18 detections; smooth
could have signi cant ecological e ects later, and appliedoit t brome from 15 to 4 detections; and sheep fescue from 9 to 0
aspen stands only. We de rextremere severity as a condition  detections. Reedgras€dlamagrostispp.) and lamb's quarters
resulting in>75% of all of the following indicators: tree crown (Chenopodium albulnpreviously seldom detected here, became
scorch, crown torch, mortality, non-tree vegetation mditta  common in aspen stands, seed-sprouting from mineral soil
litter consumption, exposed mineral soifdble 2. The initial  (Figure 30).

dNBR severity thresholds (de ned above) correctly classiall Proportion of native grass cover in our plots was equivalent
Eskerine Complex plots into their respective FSI categoasns between 2016 and 2018. In 2016, Eskerine prairie plots had a
further changes were made to the dNBR classes. higher proportion of native grass cover, 95.561.12%, than

We mapped Eskerine Complex aspen stands with mappingsBP prairie plots, 83.76 3.59% { D 3.63, 118 dfp D 0.0004),
grade Trimble GPS receivers. We collected strati ed végeia and WBP prairie plots, 85.92 3.70% { D 2.87, 119 dfp D
boundaries in 2016 and 2018 and calculated the area in ArcMap005), attributable to 19604970s inadvertent introduction of
(10.5). Data included cover in ha of total aspen (mature aspefon-native agronomic species. In 2018, Eskerine prairie piads
stems 2.5 m-htC all aspen sprout stems2.5 m-ht); canopy a higher proportion of native grass, 90.082.58%, than SBP
(mature aspen stems 2.5 m-ht); regeneration (aspen sprout prairie plots, 79.44 4.51%1(D 2.19, 119 dfp D 0.03).
stems<2.5 m-ht); and shrub avulsion (shrubs that extend Between 2016 and 2018, mean number of native-grass species
continuously outward from an aspen stand), to detect areadecreasedAppendix Table 1) signi cantly as follows: Eskerine
over-time vegetation changes in response to prescribed burngrairiet D 3.77, 140 dfp D 0.002; SBP prairie D  2.38,

This enabled high-resolution examination of aspen-comntyini 98 df,p D 0.02; WBP prairie¢ D 4.92, 98 dfp  0.00001. In
composition @Anderson, 201 Analyses focused on assessin@016, the mean number of native grass species was lower in the
aspen and prairie-plot changes 1-year post- re, because aspgRkerine prairie than the SBP prairie[) 2.64, 119 dfp D
ecological response to re takes years to developnime et al., 0.009) and WBP prairig© 3.57, 119 dfp D 0.0005). In 2018,
201). We tested for deviation from assumptions of normality bythe Eskerine prairie had fewer native-grass species tharBRe S

observing residual plots. prairie ¢ D 2.71, 119 dfp D 0.01), but no di erence existed
between Eskerine and WBP prairie plots.
RESULTS When we evaluated the inuence of the number of

prescribed burns (0-3 prescribed bursgure 1) on grass-plot
In all of Waterton, per our dNBR analysis, in forested arels, t ecological response to the Kenow wild r&gpendix Table 2,
Kenow wild re burned with 75.4% extreme, 12.6% high, 6.4%he proportion of native grass was higher in plots that had 2
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FIGURE 4 | Change in cover proportion by type and site on the Eskerine Gaplex prairie in Waterton Lakes National Park. E, Eskeringirie plots; SBP, Summer
Bison Paddock prairie plots; WBP, Winter Bison Paddock praie plots; 18, the year 2018; 16, the year 2016. These sites arall located within the Eskerine Complex
prairie.

prescribed burns, vs. 0 prescribed burh®( 2.19, 70 dfpD  mostly extirpated from North AmericaHlores, 1991 Today
0.03;Appendix Table 2. the Bu alo Treaty,linni (means “bison” in Blackfoot) Initiative,

In mapped aspen stands, the only signi cant change betweesnd reintroduction e orts (Ban National Park, 2017, pending
2016 and 2018 was the canopy area per stand, which decrea8stiger-Two Medicine, Montana, and Band Ranch, Kainai
from1.92 0.88hato0.03 0.02ha{D 2.13,58dfpD 0.037), Reserve, AB) are advancing bison recoverifl¢ Bear, 201}
bringing these stands to an early-seral st&ig(re 5). However, Aldo Leopolds statement did not acknowledge

Within Eskerine Complex aspen stands, sprout density waelationships inherent in eco-cultural systems such as the
621.26 586.94 hal in 2008; 16,120.07 1057.55 hal in  Eskerine Complex. Waterton contains many archeological
2016, and 32,324.482755.87 hal in 2018. The highest density sites, including bu alo-drivelines and pounds—featurestipky
measured in 2018 was 481,443.88 sproutsthBi erence in  related to prairie re, used for communal hunting, includiray
density was signi cant between 2008 and 201b (.08, 735 df, bu alo jump on the SW Eskerine Complex eddesfigemann and
p 0.00001); 2015 and 2018 3.92, 783 dfp  0.00001); Perry, 2007; Reeves, 2D0As part of adaptive co-management,
and 2008 and 2018 D 6.26, 734 dfp  0.00001). For all years, managers strive to incorporate ecological and eco-culfacbrs
aspen sprout density was patchy, with no evidence of sproutinig physically restoring landscapes and increasing landscape

from seed. resilience to pervasive stressors. Ecological prescriptioats
focus on Western Science paradigms are well-established in
DISCUSSION North America. Re-establishing historical eco-culturahégnics

here by relying on TEK primarily transferred via oral histesj

Aldo Leopold famously wrote, “The last word in ignorance isis less common in adaptive management plafsi(atas et al.,
the man who says of an animal or plant, "What good is it?2016. Restoring TEK may be more challenging than restoring
If the land mechanism as a whole is good, then every pathis system's physical components. Yet, relationships among
is good, whether we understand it or not. If the biota, inthe Kainai, the Eskerine Complex, and the broader Crown of
the course of eons, has built something we like but do nothe Continent Ecosystem arguably retain more accessible TE
understand, then who but a fool would discard seeminglyesel than other systems with similar post-colonization eco-cratu
parts? To keep every cog and wheel is the rst precaution afhange, from which TEK has been lost due to colonial removal
intelligent tinkering” (Leopold, 1986p. 190). This statement is of Indigenous people.
critical to conserve ecosystems and manage them for regiora Our data suggest that while TEK land-use patterns, such as
and resilience. anthropogenic burning, can be replicated by managers with the

Bison were long part of Waterton, and humans hunted themobjective of diminishing woody encroachment on grasslands
An entry from Peter Fiddlers journal (December 28, 1792)he results may not be e ective without incorporating some
describes a huntin Shepard Creek (near what is today Watgrtorof the other ecological factors present historically, sush a
while agrass re burned nearbyi@ig, 1990. By 1880, bison were bison in Waterton. While plains bison primarily eat grass,jthe
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FIGURE 5 | Change in Aspen Stand Structure, map by Christopher L. Andeon and Curtis B. Edson.

suppress aspen and other woody species with their horns. Thmpacts on human wellbeing and survival then, as now. The
bones and artifacts the Kenow wild re revealed indicatetthaimportant role of people tending ecosystems with frequent re
bison and human hunters were once part of this systéiill{  has been recognize&¢yes-Garcia et al., 2Q1But Indigenous-

et al., 1985; Roos et al., 2).18hese relationships had trophic set re was also used in a system that had free-ranging bison.
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This seems especially important in the Eskerine, where withot?003. With the exception of proportion of bare mineral soil,
anthropogenic burningnd bison grazing, aspen might continue this landscape's fundamental vegetation cover charatitsris
to expand in the short term (e.gs 100 year), although this remained unchanged, indicating ecological stabilityuding
expansion may have edaphic limitatiorisgmpbell et al., 1994  etal., 2001 This suggests that because patches of higher-severity
On a longer temporal scale, the climate in AB is projectedre were part of the foothills-parkland historical re regime
to continue to become hotter and drier, which could causgRoos et al., 20)8prescribed burns can help maintain native
aspen to decline (e.g., 100 yearGray et al., 2001 Regardless plant communities adapted to the full range of re e ects. It
of which temporal lens one uses to look at natural resourcefurther indicates that prescribed burns combined with witd
and ecological restoration, the same stewardship principlesd  can help maintain native grasses, particularly in landscapes
contextual limitations of TEK—might apply to other frequent- prone to extreme re, and that high-severity burns are necsssa
re ecosystems globally. In ecological restoration pradjcTEK for e ective grassland restoration.
applications may need to be adapted to account for current
conditions (e.g., lack of free-ranging bis@ggnn et al., 20109
The long-term perspectives a orded by this research projectCONCLUS|ON
in addition to the unexpected impacts of the Kenow wild re (e.g.
stability of proportion of native grasses in our plots, decesas
of detection frequency of non-native grasses, proliferatdn

Calamgrostispp.), illustrate an important concept in disturbance ¢ !
prescribed burns removed little aspen canopy and exposed no

ecology. Specically, res in the Eskerine Complex are not” . ) X ’ 5
individual events easily bounded in space and time. Rathe??'”eral soil. Prescribed burns occurred in late spring, with
ittle fuel available, while the Kenow wild re occurred iate

multiple res overlap, and their e ects represent the synergyJ ; S et
among re frequency and magnitude, ecological productiyity SUMMer, with abundant fuel—amplifying this di erenceiapp

and adaptive traits that confer resilience to disturbandeese  ©t @l 200 As in other climate-limited re regimes, prescribed
multiple res can lead to achieving Waterton's goal of regtgr bL_Jrns treatments did not mitigate the sevc_arlt)_/ of the Kenow
grassland community composition. Conceptualizing disturte  Wild ré (Stephens et al., 20pEIsewhere, thinning treatments
as a synergistic process builds on the classic de nition of°MPined with prescribed burn treatments have been more
disturbance as a relatively discrete eveRtckett and White, € €ctive than prescribed burning alone at mitigating subsexju

1989. Because re promotes persistence of re-adapted speciddld ré severity Stephens etal., 2009

at the expense of others, recurring re derived from human Several themes emerged from the ndings we have presented
ignitions aims to push the system toward a desired conditio?20Ve- First, ecosystems are resilient, and it is unwisedorae
that bene ts both sociaand ecological components. Temporally that seemingly extreme disturbance is an ecological cafatst.
dispersed events, such as 1910 and 2017 wildres, are tecond. as large disturbances become more common, regtorin

infrequent to induce a process-based response fully indieativ historical ecological processes including both gradual and
historical dynamics, highlighting the importance of conting punctuated changes will help stakeholders plan for future gean

prescribed burns, and perhaps applying them during thel hird, ecological plant legacies can help restore systeras th

late season. appear to be degraded. Fourth, collaboration across cultures
Prescribed burn objectives (diminishing area of aspen covétd disciplines, which includes TEK, can help create more

on the prairie) were not fully realized after 3 prescribed tirn "esilient ecosystems. And nally, the full historical cemt of

over 11 years, likely because low-severity early-seasarripezs TEK and trad_ltlor_lal practices must be considered, realizing

burns were applied, rather than late-season higher-seveity that TEK app]lcatlons may need to be adapted to account for

Understanding re as a “process” in which historical redueio  CUrrent conditions.

in woody plant cover resulted from extreme late-season weéd r

set by Indigenous peoples per TEK practices (to hunt bisorIbATA AVAILABILITY STATEMENT

in the fall, so that the meat wouldn't spoil, and they would

have food for winter), rather than low-severity, early-8#8S Thg gatasets generated for this study are available on sétuie

huma_n-set res, requires managing near-term expectatioss gpe corresponding author.

we bring ecosystems slowly back into alignment with higtalri

relationships that persisted longer than the @§ears of re

exclusion Falk et al., 2001 A tangible benet of prescribed AUTHOR CONTRIBUTIONS

burns here was that they did not increase the proportion of non-

native grass on the prairie, which decreased post-Kenow véld r CEi conceived of the idea for the paper, wrote the manuscript,
Given its extreme behavior, can the Kenow wildre and did the statistical analysis. CA wrote the manuscript, did

be described as “catastrophic?” Not from a plant-mapping, and statistical analysis. AC did geospatial analysis

community perspective Halk, 201). Our data illustrate mapping, and writing. CD, GM, DH, RS, and SM contributed

this plant community's strong resiliency to extreme wild re to the framing of the concepts presented and to the writing. SK,

(Figures 3A—Q. We do not consider these responsegtate shift JS-M, and LL contributed to the TEK concepts and the writing.

(transition from one ecological state to anoth&tringham et al., BJand CEd contributed to the writing.

The 2017 Kenow wildre and prescribed burns diered in
severity, scale, and phenological timing. The Kenow wild re
signi cantly shifted ecosystem structure and grass ditgnahile
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