FIRE HISTORY OF MONRNE GRASSLANDS AND EEOTONES OF THE
VALLES CALDERA, NEW MEXICO, USA

by

Jacqueline Joy Dewar

A Thesis Submitted to the faculty of the
SCHOOL OF NATURAL RESOURCES AND THE ENVIRONMENT

In Partial Fufillment of the Requirement®f the Degree of

MASTER OF SCIENCE
WITH A MAJOR IN NATURAL RESOURCES

In the Graduate College

THE UNIVERSITY OF ARIZONA

2011



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfilment of requirements for an
advanced degree at The University of Arizona and is deposited in the University Library
to be made available to borrowers under rules of the Library.

Brief quotations from this thesis are allowable without special permission,
provided that accurate acknmsgment of source is made. Requests for permission for
extended quotation from or reproduction of this manuscript in whole or in part may be
granted by the head of the major department or the Dean of the Graduate College when in
his or her judgment the @posed use of material is in the interests of scholarship. In all
other instances, however, permissiorstrhe obtained from the author.

Signed:Jacqueline Joy Dewar

APPROVAL BY THESIS COMMITTEE
This thesis has been approved on the date shown below:
December 6, 2011

Dr. Donald A. Falk Date
Professor ofthe School of Natural Resources

Dr. Thomas W. Swetnam
Prdessor of Dendrochronology and
Director of the Laboratory of TrelRing Research

Dr. Craig D Allen
Research Ecologist with the US Geological Survey and Station LeaderJeintiez
Mountairs Field Station at Bandelier National Monumeéxgw Mexico



ACKNOWLEGMENTS

My utmost gratitude goes to my thesis advisor, Dr. Donald A. Falk for
allowing meto join his team, for his intellectual support, kindness, continual
encouragement and most of all, his patience throughout my studies. | would like
to express appreciation to the rest of my advisory committee: Dr. Craig D. Allen,
Dr. RobertR. Parmenterand Dr. Thomas W. Swetnam. Each member
contributed uniquely to my studies and enriched my educational journey. | am
deeply indebted to Chris Baisan for the hours of assistance and guidance in

analyzing my wood sampl es. Wiwbudstlit Chr i

be in the lab dating wood samples. | also thank all the members of the Laboratory

of TreeRing Research for generously sharing their knowledge and providing me
support and encouragement. | extend thanks to my fellow graduate students Alex
Arizpe, Erica Bigio, Josh Conver, Christopher Guiterman, Laura Marshall, Jesse

Mi nor, Christopher O06Connor, and Tyson

Financial support for this project was provided by grants from the Joint
Fire Science Prograrthe US Forest Servicandthe RockyMountain Research
Station.Central collaboratar on the project werthe Valles Caldera National
Preserve anthe USGS Jeraz Mountains Field StatiofrResearch funding was
also supported by the Natural Sciences and Engineering Research Council of
Canada (ISERC). Field and laboratory work was supported and assisted by A.
Arizpe, C. Baisan, K. Beeley, E. Breshears, A. Durnin, J. Englert, J. Faralla, A.
Goumas, S. Jorgenson, M. Kucera, M. Lee, L. Marshall, J. Minor, R. Minor, R.
Oretel,M. Rodriguez,T. L. Swetnam, and N. Von Hedeman, N. Wilkie, T.
Wilkie. | am also grateful to Rex Adams for his service in preparation of my
samples and the advice, both in research and life.

| would like to thank all my friends who helped get me through three years
of graduateschool. A special thanks to my officemate and friend Erica Bigio, who
brought joy, amusement, and invaluable knowledge to the longs hours spent
together in our office. | thank her
comments, suggestions andiquies during data analysis and the writing of my
thesis. | am highly gratefad my friends Kristin Harstadarah Jorgensamd
my cousin, Dawn Dewdbor supporting me throughout my graduate career and
cheering me on to the finish line. | send speciatklsaomy best friendBrandon
Nadeau for being there every step of
confidence, the courage to face this challenge head on and for raising my spirits
when | got disheartened.

| am internally grateful to the fatty in the Geography Department at the
University of Winnipeg, specifically Danny Blair, Bill Rannie, and Kim Monson
for the lessons and instructions transmitted earlier in my career and to my
development of the research scientist | am today. | haveagteatation and
respect for these educators. | am truly thankful and indebted to them for the
knowledge and wisdom | acquirédm themas a young, aspiring scientist.

or

ob



DEDICATION

This thesis is dedicated to my parents, Les and Janmgistster Jocelynwho made this

all possible. I would like to thank them from the bottom of my heart for their endless love,
encouragement, patience and support. This
memory of my Grandma, G| adys Dletveagth. Gr and

throughout her life inspired me to keep working when | wanted to give up.



TABLE OF CONTENTS

LIST OF FIGURES. ... ..ttt ettt ettt e eeens e a e e e e s nstta e e e e e s smmne s annnees 6
LIST OF TABLES. ... .ot e eer et e et e e et e e et e e enaas 38
N = ST I 2 ¥ O PP 9.
CHAPTER ONE: INTRODUCTION TO THE THESIS.......ccciiiiee e eieeniiiieee e 10
Natural History of Fire in Southwestern FOrests...........ccccovvvvvvvieeeeeeeeeeennnns 10
FIre-Climate HISTOIY......uuueeiiiiie oo eeeeereee e e e eeeaeaeees 14
Ecology of Montane Grasslandad Ecotone.............ccccovvvvvivvieemnnieeeeeeinnnnnns 16
Research Goals and ObJECHIVES...........uveiiiiiiii i eeeer s 20

CHAPTER TWO: FIRE HISTORY OF MONTANE GRASSLANDS AND ECOTONES

OF THE VALLES CALDERA, NEW MEXICO, USA ... 22
0T [ 1o USSP 22
Study Area and Past Land USE..........cccoooeiiiiiiieeeiii e ceeeeeeeeveeee e 25
Y11 T o £ PP PP RUR PP 35
RESUIES. ..t eree e e e e ettt eerrranne 49
3 o U 7] o] o £ 78
Management IMpPlICAtIONS............uuuiiiii e ereer e 88
(@] [0 11 ] o] o - PP 91
APPENDIX A: FIRE HISTORYCHARTS. ... 94
APPENDIXB: FIRE HISTORY STATISTICS....... oo, 104
APPENDIXC: INDIVIDUAL TREE SUMMARIES BY SITE ......cccociiieeeeciiiie 112

REFERENCES.......o et 184



LIST OF FIGURES

Figure 1.1:Montane grasslands of the Valles Caldera National Preserve, northern New

Figure 2.1Modern place names of the mafeatures in the Valles Caldera National
Preseve (VCNP), northern New MeXiCQ.........ccevviiiiieieiiiiieeeieeie e, 26

Figure 2.2:Locations of firescarred trees sampled in the Valles Caldera National
Preserve in th@emez Mountains, New Mexico, USA.........ccccceeeeiiiiivieeeennnns 38

Figure 2.3:Fire occurrence time sesdor the Valles Caldera National Preserve, New
MEXICO LB0LLO02......cccieiiiiiiiiiee e e e eeeeire et e e e e st e e e e e e s rmneesssbeeeeeeesasnneeeeens 50

Figure 2.4 Fire history chart depicting all recdnscted fires for Valle Grande.......... 54

Figure2.5: Fire history chart depicting all reconstructed fires in the period of analysis
160119 for the Vdles Caldera National Preserve.............ccceecvvvvimnnnnnnns 55

Figure 2.6 Examples of widespread fire years in which fire was recorded in all nine
vallesacross the VCNP, in 1748 (89.7% of trees scarred) and 1851 (76.7% of
TrEES SCAMEM).. ..ttt e e e e e e nene s 56

Figure 2.7 Examples of loal fires in which fire was recorded on fisearred trees in
individual vallesin the VCNP, in 1777 (6.7% of trees scarreal 4832 (3.3% of
TrEES SCAMEM).. ..ttt e e e e e e nene s 57

Figure 2.8Fire scar seasonality reconstructed from the {atmaual position of the fire

sca within the treering during theperiod of analysis 1661902 ..................... 61l

Figure 2.9Times series of regional PDSI (grid point 119) daerwith widespread fire
yearsand 10Cal fir€ YEAIS.......cuuiiiii e 63

Figure 2.10Superposed epoch analysis comparing the lagged respaoinge number of
vallesrecording fire events to the Palni@rought Severity Index (PDSI)....... 64

Figure 2.11Widespread consecutive fire years, 14885..........cccccoeveevvviiiiiiecciieenn, 66



Figure 2.12Moderate consecutive fire years, 16B84............cccoevvvvvviiiiiinnnneeennennn] 66
Figure 2.13Widespread consecutivied years, 1718716.............cccceeevvvvvvvieeneeeennn. 67
Figure 2.14Widespread consecutive fire years, 1-AZ25..............cccccecvviiimennnennnns 67
Figure 2.15Moderate consecutive fire years, 17BB37......cccccceeeeevieiiieeiiiinnneeeeeeeeen] 68
Figure 2.16: Moderate consecutive fire years, 17B89............ccccevvvvvviviiiiennneeeeeennn 68
Figure 2.17Moderate consecutive fire years, 97I780............ccccevvvvveeiiiiienneeeennnnnn 69
Figure 2.18Moderate consecutive fire years, 17BB6...........cccccuvvviiiiiiirieeniiinnnnnns] 69
Figure 2.19Moderate consecutive fire years, 1808D1.............cccuvvvvvvveireieemenrennnnee. 70
Figure 2.20Widespread consecutive fire years, 18@06.................cceevvvvvvieeeeeeennne. 70
Figure 2.21Moderate consecutive fire years, 1&1213...............ccooevvvvviivieeeeeeeeeee, 71
Figure 2.22:Moderate consecutive fire years, 18P322..............cccvvvvvvvireieemcennennnnee. 71
Figure 2.23Moderate consecutive fire years, 18P829.............cccuvvvvvviireieenceiinnnnnee. 72
Figure 2.24Widespread consecutive fire years, 188U2...............cccevvvvvvvieeeeeeennn. 72
Figure 2.25Widespread consecutive fire years, 18@BL.................ccoevvvvvvieeeeeeenn.e. 73
Figure 2.26Moderate consecutive fire years, 18T873..........cccccvvvvvvriiereieeniiinennnee. 73
Figure 2.27Widespread consecutive fire years, 18BB0.............ccooeeciivivimnnnnnnnnns 74
Figure 2.28Moderate consecutive fire years, 188B851886..............cccccceeeeeeeeeeennn 74
Figure 2.29Moderate consecutive fire years, 18B890.............cccceevvvvviiivieeneeeeeeeee, 75
Figure 2.30Moderate corecutive fire years, 1895896.............ccccvvvviiiiiiieenciiiiinnnee. 75
Figure 2.31Moderate consecutive fire years, 18B89.............cccuvvvviiiiriieeniiiinnnnee. 76

Figure 2.32Superposed epoch analysis comparing the lagged responsdieof

recording fire events to the climate PDSI for selected consecutive fire.yedrs



LIST OF TABLES
Table 2.1:Sample size, tregng record, and fire history records for each individuzle
and for the entire VCNR..........ooiii e 50
Table 2.2Dated Samples DY SPECIES..........uuuiiiiiiiiiiii e 50
Table 2.3:Site information table listed byalles ............cooovriiriiiiie e, 59

Table 2.4 Summary 6fire history statistics for afire-scarred trees fringing ninalles

The fire recording periods include the period of analysis, 1IG0P................ 60



ABSTRACT

We reconstructed historical fire regimeswdntane foresgrassland ecotosén
the~40,000 la Valles Caldera National Preserve (VONRew Mexico We used
targeted approach sample ancient firgcarred trees alorthe ecotone, ancompared
variations in historial fire occurrence within and amongllesin the grasslandorest
The resultingreering record extends from 124008C.E., with a total of 2443 fire
scars from 330 trees representing 238 fire ydarig the period of analysis, 160902
C.E Our results confirm pr&900 historial occurence of highHrequency, lowseverity
surface fires over multiple centuries in the ecotone. When all fires were consithered,
mean fire intervalsvere 5.522.5 yearg~6 to 123 hagt individual sites2.7-10 years
(~67 to 4955 han individualvalles and1.6 yearg~10386 ha)at the landscapevel.
Synchronous fires burnesktensively andypically occurred at10 year intervalén
years with significantly low PDSResults will beusefulin planning foresgrassland
restoration actions, andimstitutingfire regimeshroughprescribed andatural fire

management.
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CHAPTER ONE

INTRODUCTION TO THE THESIS

AFires are a natur al and fundament al
forests of the Southwest, and have played a central role in

shaping them for thousands of yaa(Byne et al. 1996).

Natural History of Fire in Southwestern Forests

Fire is not a new ecological processtothwestern forests, but is rather a natural
environmental phenomenon that has been an integral phgssecosystems for
millennia (Agee 1993Fawcettet al.2011). Many species, comunities, anacosystems
depend upon periodic fires to maintain theersity ofhabitats community structurand
ecosystenfunctiors. In these fire adapted areas, fire promotes plant and wildlife diversity
as itconsums the accumulation of live and deaaterials (leaves, branches, and trees),
while releasing nutrients that are stored in organic litter back into the environment.
Recurrent fires on these landscapes maintain the health of forests by consuming
vegetation, accumulations of insects and desgashileregulating population dynamics
and multiple speciesSsome plantsncluding species in the gend?aus Cupressus,
Pseudotsuga, Abies, and Sequoiadendi@re evolved thick bar&nd crown structures
that allow thento withstand or resist recurrelow-intensity surface fires. Other plant
species are dependent upon fire to germinate and reproducéir€osnhditions provide

beneficial growing conditions for these seeds by increasing available sunlight, producing
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a seedbed of bare mineral soitlareleasing nutrients into the soil from organic matter
cleared by the fire.

Fire is a ubiquitousdominant disturbance (a discrete event in time which disrupts
the ecosystem, community, and/or population structure) agentinmgmyf r t h 6 s
ecosystemsRegionally, fire acts agn ecosystem process tsagaesthe structure,
pattern, composition, and biodiversityrmanyRocky Mountain forestsvoodlandsand
grasslands (Weaver 1951; Agee 1993; Johesah 1998 Veblen 2000; Bowmaat al.
2009; Keeleyet al.2009. Fire functions to create and maintain a mosaic of diverse
vegetation (species, size, age) across the landscape.

Fires may be ignited by natural causes, including lightning, sparks from falling
rocks, volcanic activity, or the spontaneoumbaistion of plant materials and other
organic matter (Agee 1993). In the United States, an average of 6,000 fires per year are
started by lightning (Smith 2000), thus making lightnamg ofthe most influential
forces controllingsomeecosystems. Howevancreasingly, fires are caused by human
activities which are difficult to control and monitor.

Knowledge of the role of fire in landscape ecology in the past centiagesther
with detailed accounts of significant alterations in the role of fire onez ts essential
for resource management. Fire regithékat is, patterns of fire occurrensgasonality,
size, uniformity, and severidyhave been a major force shaping landscape patterns and
influencing productivity throughout North America for thousaatigears. Fire regimes
in the Southwest can be broadly describgdheir general frequency and severkires

in low seveity, high frequency regimes occur in pine forests, oak woodlands and
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grasslands. Theses regimes are generally dominataartage iresthatburnfine fuels
(herbaceous growth artlde litter layey andsmallerwoody fuels lying on or near the
ground(Keeleyet al. 2009) These fuels are typically notthal to the dominant
vegetatiorand tend to maintain relatively open forest strietivloderateseverity fire
regimesregionallyare found most commonly in higher elevation micedifer forest
types. These regimes are often mixed in frequency, with periods of both short and long
intervals between fires (Keeley al2009). Fire behavicaind effects in these regimes are
variable, resulting in a dynamic mosaic of different and ragéd stands of fir and pine.
In high-severity fire regimes krge proportion of trees aether consumed or killed,
oftenresulting in a stand replacemeneavthat alters the forest structure substantially
and reinitiates early successional developmEmse fire intervals can be relatively long
in high-severity fire regimes the southern Rocky Mountains, often on the order of 100
500 years (Veblen 2000).

Forest fire regimes are dynamstochastiprocesses governed by complex
interaction between climate, vegetation, and topography. For centuries, fire has been a
natural, healthy process occurring in Southwest forests. Tree species vary across the
landsc@e, resulting in each forest type developing a different historical fire regime.
However, these fire cycles have been altered drastically over the last 100 years due to
anthropogenic land uses such as livestock grazing, logging, and fire suppression
(Covington and Moore 1994; Alleat al.2002)

Today, many Southwestern ecosystems are experiencing landscape changes due

to fire exclusion, changing fuel quantities and arrangement and thus increasing the
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likelihood of large or severe fires, or both. Frequees in the Southwest were typically
disrupted between 1870 and 1990, except for some places where livestock was
introduced earlier, in which case the disruption took place edBeage and Swetnam
1990;Swetnam and Baisan 2003 revious research liting the record provided in
treeringsof fire-scarred trees indicatkatfire regimes today exhibit significant
departures from historic dynamiassulting in lower frequency and greater seveRtyor

to the initiation of fire suppression in the 190énean fire return intervals in forests of
the southern Rocky Mountains during the-pe¢tlement era ranged fron20 yeardor

lower montane zones of mature ponderosa pine (Swetham and Baisa@t826d

Joyce 2003 to substantially longr fire intenals of 100 to 500 years in subalpine forests
(Veblen 2000)During this period, stanteplacing fires were rare in ponderosa pine
communities, but they have become increasingly more common as surface ladder fuels
build up on the forest flooxovington andVioore 1994; Alleret al.2002; Omi and

Joyce 200B This change has come abbetause oé fire suppression polidhat was
implemented throughout the 2@entury in the Southwest (Swetnam 1990; Akell.
2002) Where fire exclusion has changed sps@omposition and fuel arrays over large
areas, subsequent fires without prior fuel modification are unlikely to restere pre
settlement vegetation and habitat. This response is likely brought about by the forced
departure (e.qg. fire suppression) from ligtorical range of variatio(Bwetnamet al.

1999)
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Fire-Climate History

Recently, the Southwest have been experiencing an increassy ilargeforest
fires, with extensive higkseverityfires burning over portions of these ardagy., 2000
Cerro Gande Fire, 2002 RodeBhedeski Fire, 2011 Wallow Fire, 2011 Las Conchas
Fire), causing immediate concern foanagersiesidents andtherstakeholders
(Schoennagett al. 2004). A century of fire suppression practices in the Southwest has
dramatically dereased the incidence of lamensity natural surface fires, rendering
large expanses of forests and grasslands highly susceptible to large catastrophic wildfires.
With over a hundred years of a relaiy fire-free period, there haveeen significant
increases in tree densities, fuel load buildups and changing forest struatoicrshave
further contributed to increasingly severe wildfires in forests across the southwestern
United States in recent yedAlen et al.2002) Although fire is a natural etogical
process in the Southwestds forests and gr a
recent years hawasobeen exacerbated by prolonged periods of drougainges in
snowpack, and other influences on flammability and length of thegiagosn (Westerling
et al.2006; Littellet al.2009; Williamset al.2010)

Climatic variability has significant influence on wildfires throughout North
America, which has led to current fire management programs focusing on the reduction
of fuel loading ad on maintaining low stand densities to their historical leWigifire
frequency and severigrestrongly influenced by four major factors: climate/weather,
fuels/stand density, ignition agengsmd human activities (Swetnam 1993; Schoennetgel

al. 2004; Flannigaret al. 2005). Fire dynamics are strongly linked to intannual and
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decadal climatic fluctuations (Swetnam and Betancourt 1998; Grib&yer and
Swetnam 2000), which suggest that current fire regmmeagrespond swiftly and
profoundly to avarming climate.

The alteration of fire regimes in the Southwagtrs landscape patterns,
processes, functional linkages and the trajectory of chamgfee landscap&ince forests
cover more than onrthird (33%) of the U.S. total land arddaSDA Forest Service 2001
concern regarding the impadf climate change on natural and managed forested
ecosystems of the Southwest is definitely warranted. These changes are often directed by
multiple factors, including changes in drought patterns and tempesgitevious
wildfires, invasive species, pests and dise@Besvn et al.2004; Westerlinget al. 2006;
Stevens and Falk 20Q9)

Work in the Southwest, Central Rockies and the Pacific Northwest has
demonstrated that regional patterns of wildfire actiaity driven by climate variability at
interr-annual, decadal and even centennial {so&les (Swetnam 1993; GrissiNayer
and Swetnam 2000; Heyerdadtlal 2002). Past climate records reconstructed from
observed changes in the flow of the Colorado Riveeesrded in tregings indicate that
drought has been a frequent feature in the SoutHaette past 1200 yea(Meko et al
2007). Drought conditions influence the occurrence of forest fire events in the Southwest.
Dendrochronological records also dematrate that the areal extents of lasgale
regional wildfires are strongly correlated with fire occurrence driven by certain synoptic
scale climatic patternyVidespread fire years are often preceded by one or more wet

years that allow grass and forkefsi to accumulate, followed by dry years in which the
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added fuel loads then burned more easily and over greate(@veztsam and Baisan

1996; Westerlinget al. 2002). This pattern of fire occurrence in the Southwest supports
evidence of synoptiscale osillations in the climate system, such as the wet and dry
phases of the El Nin8outhern Oscillation (ENSO) driving fire occurrence in the
Southwestern U. S. (Swetnam and Betancourt 1990; Swetnam and Betancourt 1992;
Swetnam and Betancourt 1998). This Ib#¢tween surface fire regimes and irdenual
climate variability has provided an entry point for predicting years when probabilities are

high for abovenormal fire activity (Westerlingt al 2002).

Ecology of Montane Grasslands and Ecotone

In the Soutwestern Region of the United States of America, Risser (1995)
defined grasslands as fAdAbiological communi't
characterized by mixed herbaceous vegetat.i
Southwestern grasslandtegories are based upon formation, regional biome type, plant
associations, or habitat types. These Southwestern grasslanthtypdsthe Colorado
PlateawgrasslandsDesert grasslasgdGreat Basin grasslagdPlains grasslarsiand
Montane grassland&inch 2004). Montane grasslands range from the high elevations of
the alpine and subalpine regions through to the lower elevations of the ponderosa pine
(Pinus ponderogeecosystenn the approximatd,830 km lengttof the Rocky Mountain
cordillerg whichextends fronthe mountains of northern New MexitmAlberta and
British Columbia Thus, they are often embedded inlth@eader landscape matrix of

mixed conifer and ponderosa pine forests (Figui¢ (Finch 2004). They typically range
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Figurel.1l: Montane grasslands of the Valles Caldera National Preserve, northern New Mexico.
Note the large, extent of treeless grasslands surrounded by-oaiméer and ponderosa pine
forests.

from between 8,508. to 11, 500t. (2600 m to3500 m) and have been determined to

fall into two broad categories by several authors: 1) Montane Valley grasslands
dominated by grasses and forbs; and 2) Montane Wet Meadows and Wetlands of valley
bottoms dominated by sedges and wetland grasses (Alldn Weddavin and Tonne

2003). Montane grasslands generally occur in small (<100 acres) to medroi(100

1000 acres) patches, and rarely exceed 1000 acres through the range afamifexcand
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sprucefir forests (Allen 1984, DickPeddie, W.A. 1993). Mdane grasslands may be
discontinuous and patchy or they may occur over large, contiguous areas known as
valles a Spanish word faypenvalleys.

Soils in highelevation grassland systems are composed ctdixteired alluvials
or colluvial, which contaimelatively high organic matter in the-Worizon (Peet 2000).
Generally, soils are deeper in the grasslands than in the adjacent forest communities.
They exhibit soil moisture regimes classified as ustic to udic and temperature regimes
that include frigidcryic and pergelic (Finch 2004). Located at hejavationsmontane
grasslands are found in climates where mean temperatures rang8 foi#?C and
mean precipitation ranges from 56 cm to 76 Ammual precipitationis divided roughly
evenly between witer andthe summer monsoon, wittmostwinter precipitationfalling
assnow (Smith and Schussman 2007). The precipitation regime for northern montane
grasslands is characterized by summer monsoons and cold snowy winters, whereas in the
southern Rockies is comprised of predominantly dry summers and winter rains
(NatureServe 2005).

Montane grasslands may find their origin and development through glacial,
fluvial, and volcanic geomorphic processes. Thus, relatively recent glacial and alluvial
materials hae been deposited on these hajavation meadows to produce young soils in
this ecosystem. Landforms associated with Montane grassland ecosystems include
mountain slopes, lowlands, upland plains, ridges, and calderas (Finch 2004).

The diagnostic plant spees that are typical of Montane grasslands ecosystems

northern New Mexicanclude Arizona fescud=estuca arizonicga mountain muhly
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(Muhlenbergia montangsKentucky bluegras$Pa pratensis Thurber fescueHestuca
thurberii), timber oatgrasDanthonia intermedig, tufted hairgrass{eschampsia
caespitosg alpine avensGeum ross)i, and Bellardi bog sedg&g@bresoa myosuroidgs
(Finch 2004; Muldavin and Tonne 2003) (Figure 1.2). These treeles®leiggtion
grasslandsn northfacing aspectaresurrounded by subalpine forests characterized by
Subalpine fir Abies lasiocarpp Englemann sprucéicea engelman)j aspeniopulous
tremuloide$, and at slightly lower elevatiorms on southerly aspects Bypnderosa pine
(Pinus ponderoga Southwestermwhite pine Pinus strobiformiy and Douglas fir

(Pseudotsuga menziegiMuldavin and Tonne 2003).

Figure 12: Upper Montane grassland dominant genera inglfeteues Festucd, muhly
(Muhlenbergid, oatgrassedanthonia, tufted hairgrasslieschampsig pine dropseed
(Blepharoneuroly and some bluegrass (Poa) species.
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The origin and maintenance of Montane grasslands have been subjects for debate
because cauktactors vary from place to place. Nonetheless, climate antdire been
major elements in both the creation and maintenance of these grasslands. In addition,
high snow accumulation, ccelair drainage, slow post fire regrowth, fitextured soils
which result in slow water drainage, and avalanches may contribiie dominance of
grasses over trees (Peet 20000p and Givnish 2007a; Coop and Givnish 20880,
higher soil moisture and organic matter may have given grassesamsdikeplants a
competitive advantage, thus maintaining the grasslands basicallyffiees. Fire most
likely created the openings in wet grasslands initially, but other factors such as wind
desiccation, snow, and ice abrasion may have maintained theseldwyglion meadows
(Finch 2004)Most authors studying these Montane grasslaastiealsonoted the
increased presence of scattered coniferous trees encroaching into grassland systems over
time (Allen 1984;Swetnamet al. 1999;Coop and Givnish 2007a, b). The major
determinant®f reductions in Montane grasslaacea arealteredfire regimes by fire
suppression, decreased grassland competition ability due to overgrazing by large
ungulates (i.e. cattle, sheep, elk), forest tree establishment (Allen 1984; Finch 2004) and
several environmental variables due to changing climate thatriaxmre fire tolerant

grasses, forbs and forest tree species (Smith and Schussman 2007).

Research Goals and Objectives
The goal of this study is to reconstruct the historical fire regime of the grassland

forest ecotones of the Valles Caldera National ées(VCNP) in northern New
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Mexico, USA. Dendrochronological methods and analysis ofringesamples are used
to quantify the historial occurrence of fire in forests immediately adjacent to grasslands
to capture patterns of spatial and temporal symghamd climate control in the
grasslaneecotone fire regime. We use these data teya)uatethe firevegetation
climate relationships themontane grassland fire reginad(2) assesshe role that
inter-annualclimatevariationsplay inthe phenomaon offires occurringin consecutive
(back to back) years
Ourresearch aims to answer the following questions by testing the associated
hypotheses (stated as predictions):
1. How does the occurrence and extent of
climate?
Hi: Fire extent is correlated directly with increasing levels of drought (PDSI),
with larger fires occurring when conditions are drier and proceeded by wetter,
cooler years that contribute to fuel accumulation. Conversely, small fire years
occur wha conditions are wetter and cooler, and preceding years are dry, limiting

fuel production.

2. Do consecutivdire years occur frequently, and if so what conditions facilitate this
response?
H,: Fire can occur iconsecutive/ears either as a result of sphsaparation or

unusually dry multiyear climate.

Fi
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CHAPTER TWO
FIRE HISTORY OF MONTANE GRASSLANDS AND ECOTONES OF THE
VALLES CALDERA, NEW MEXICO, USA
Introduction
Fires are a fundamental component in ecosystem processes througheut high
elevation forestsn thesoutherrRocky Mountainand southwestern North America.
Fires are natural and essent@these ecosystems, playing a major mlthe
preservation obpen grasslands, meadows and aspen stands that are charastehistic
ponderosa pine, mixecbnifer, and sprucér landscape. Asthey are such keystone
ecological proces&nowledge of historical fire regimes is necessary for ecological
restoration of natural fire regimé@sthese higkelevation forests and montane grasslands.
The Valles Caldra National Preser(® CNP) in northern New Mexico, USA

harbours an important land cover type that is scattered throughout theldwglion
forest lands of the Rocky Mountains. Montane grasslands aralvigisity ecosystems
in the Southwestern Unite8tates, which provide critical habitat for numerous flora and
fauna, including several endangered spedesording to Southwest Regional Gap
Analysis program (SWReGAP) data, approximately 641, 500 acres, or 1.6% of the total
land mas®f Arizona and NewMexico is montane and subalpine grasslands (Smith and
Schussman 2007Although New Mexico contains some prominent examples of montane
grasslands, they are actually a relatively uncommon ecosystem in the region. Similar

high-elevation grasslands are preisiena few other locations within New Mexico,
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including the highest elevations of the Sangre de Cristo Mountains, along with small
patches scattered throughout the Sacramento Mountains and the Gila wilderness.

Lightning is \ery common in the Southwest anch e r Rigioriaal fird s
regimes donot dependipon human ignitiongSwetnam and Baisan 1998llen 20032.
The use of fire and lightning patterns and rates would have been sisiilghe past
millennia (Smith 200Q)thus lightning remaina primaryfactor responsiblér shaping
the ecology of the Southwigsrior to European settlemeiiRegardless of the cause of
fire, whetherby lightning or by native inhabitantsistoricallywildfires haveoccurred
frequently throughout the forests and grasslaridse Jemez Mountains, including what
is now the VCNP.In presettlement timedrequent lowseverity, lowintensity fires
maintained an open forest structure dominated by grasses, forbs and smalstirubs
with clusters of large ponderosa pine trédss histori@l fire regime was altered
dramaticallyafterthe arrival of EureAmericans settlers in thethez Mountains in the
| at e s. H&dydvestock grazing induced fire suppression of surface fires as grassy
fine fuels declined; roads and railromécks broke up the continuity of forest fuels and
further decreased the incidence of {ovensity natural surface fires well as facilitating
settlement of the regioMhe absence of recurring light surface fires, coupled with heavy
livestock grazingf forest lands and montane grasslands, widespread logging
disturbances and climatic eventsé&d to unforeseen alterati®im forest composition,
structure and ecology.

Todayods fir eelevation Pondesosaipine amdimgritane grasslands

haveshiftedsignificantlyfrom frequent, lowintensity surface fires to higimtensity,
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standreplacing crown fires. Prior to Eusettlement, the pine forests consistédpen

stands of large, old ponderosa pine underlain with native grasses. Light sweface f
maintained this open stand structure, thus preventing tree encroachment into-the high
elevation grasslands and encouraging the growth of grasses. Knowledge of the ecological
role of fire as a natural disturbance in higevation montane grasslandsidarested

landscape is essential to any forest management plan, particularly with the goal of
restoring and maintaining more natural fire regimes in this important ecosystem.

To the best of our knowledgthis study is the firsto undertake comprehensie
landscapescale study of the fire regimesoftheSout hwest 6 s maj er mont
forest ecotone systemnis this paper, weguantify the historial fire regimeof the
montane grasslands of the VCNRBing spatial and temporal analytegassess
landscapescale patterns dhe historicafire regime These records of firaa the
grasslaneforest ecotone will provide powerful evidence for the historical range of fire
occurrence sustained by the adjaggasslands. To determine this, usea multiscale
approach comparing fire occurrence both within and among the wadle ecotones of
the VCNP. Weausestandard dendrochronological techniques to quantify the frequency,
timing and seasonality of histoaldow-severity fires atnultiple scales. In atition, we
analyze the occurrence of consecutive fire year pairs, a phenomenon that has not been
widely documented but which may be ecologically important in this landséépese
superposed epoch analyarsd other techniqués test for climatelriversof thesefire
regimes.The study closes with a set of recommendations for ways in which these

findings may be applied to landscape ecosystem management in the Valles Caldera.
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Study Area and Past Land Use

The Valles Caldera National Preserve (VCNP53636°0 0 6 N2 4106°6
376 W) i s 36,97 8ajr&cDobland in thesheart of the Jemez Mountains of
north-central New Mexico. The VCNP is located approximageiyi (8 km) west of the
town of Los Alamosand the Las Alamo National Lamdis bounded primarily by the
Santa Fe National Forest, with smaller parcels of land in the south arneadedy
Bandelier National Monument and Santa Clara Pueblo respectively. The Jemez Mountain
range is encircled by the continioat of the San JuaRange of the Rocky Mountains
the north the expasive valley of the Rio Grande dhe east ath south, andby the
margin of the Colorado Platean the west

The VallesCaldera is a resurgent caldenat forms the main central featwk
the Jemez Mouanins(Heikenet al 1990) The dramatic landscape of the VCNP
embodies most of the 24 km wide caldera basin derived from the collapse of a pair of
underlying magma chambers following a series of volcanic eruptions that took place 1.6
and 1.2 million yearago (Martin 2003). The VallgSalderaformed duringhe youngest
of these eruptions, having collapsed over and buriedaHer hollow,ToledoCaldera
(Martin 2003;Anschuetz and Merlan 20R7The series of volcanic eruptions left behind a
landscape ofing fractured domes that arc from the east to the west in the northern
portion of the calderaeveral volcanic cones and domes, grasslands, and valleys within
the circular caldera rimHgure 2.). These prominent landforms within the caldera rim
were famed primarily by resurgence of the caldera floor and intrusion of magma along

the fault lines of the Rio Grande rift (Martin 2003). With the most recent Valles eruption
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(2.2 million years ago), the caldera rim collapsed, and subsequently resulted in the
formation of numerous cauldron lakgzardneret al. 1996).A later resurgence of the
caldera formed the highest peak in the Jemez Mountains, Cerro Redondorisdsdh

an elevation of 11 25#. (3431 m) more than 300@. (1000m) above the base elawat

of the Valles Calder@Anschuetz and Merla007). The growing resurgent dome of
Redondo Peak and the collapse of the caldera rim enabled the cauldron lakes to breach
the lowest rim of the caldera at the head of the San Diego Canyon located at the

souhwest portion of the Valles Caldef@mith and Bailey 1963).
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Figure 2.1: Modern place names of the major features in the Valles Caldera National Preserve
(VCNP), northern New Mexico. Solid black line indicates the boundary of the VCNP.
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To some extenthe soils reflect the geology of the VCNFhe mountain slopes
are made up agnimbrite and ryholiteock typeswith primarily mountain soils
(Andisols, Alfisol, and Inceptisol soil orders) as they are derived from the volcanic rock
and grave(Smith and Riley 1963 Nyhanet al. 1978; Muldavin and Tonne 2003)he
caldera floor is underlain with mostly Mollisalgrassland soilswhich are a mixture of
alluvial and lacustrine sediments developed famposition ofvolcanic alluvium
(Muldavin and Tonne 2(®).

There is ndong-term climatological datéor within the boundaries of the VCNP,
so the nearest weather information comes from Los Alamos at 7360 feet (2243 m) and
the climate station at Wolf Cany@85°5 7 6 N4 5 4l &1\8)22 feet (2506 m) (Coop
ard Givnish 2007a, 2007bJhe mean annual precipitation (198@04) at the Wolf
Canyon weather station is 576 mime regional climate in the VCNP is considered
semtarid continentalin whichthe majority of the annual precipitation (60%) occurs
during thesummer monsoon season (July and Augisty.conditions prevail during
May and June (~6% and ~5% of total annual precipitation, respectively), followed by
frequent rains during the monsoon period, which is July (15%), August (15%) and
September (Sheppaed al. 2002; Touchart al.2010).Precipitation during the winter
months is largely from snowfall. Thariedelevation topograply, and soilsn the VCNP
modulate thenfluence ofclimate in this region, resulting in diverse vegetation
(Muldavin and Tona 2003)

The VCNP is comprised of a variety of habitat types and plant commulnities

including upper and lower montane grasslands, wet meadows, riparian areas, ponderosa
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pine woodlads, mixed-conifer forests, andiet and dry mesic spruoejth aspen and fir
stands foundvith increasing elevatio(Figure 2.2) Themost commonandscape

throughout the VCNP islassed akigh montane grasslands with some wetlands
dominating the lower alluvial slopes and valley floor, while various forests types blanket
the surounding volcanic domes and mountains (Muldavin and Tonne 2003).

The various forest types in the Valles Caldera vary with elevation and aspect.
Sprucefir forests are found at the highedevations (9000 to 11 250; 2749 to 3430 m)
and are dominated ngelmann sprucé>(cea engelmannjiand corkbark fir Abies
lasiocarpavar. arizonicg. Mid-elevation forestdelow 10 00Gt. (3050 n) are
comprised of mixegtoniferspeciesand are often cdominated by white firAbies
concolon, Douglasfir (Pseudotsga menziesjj Colorado blue spruc®icea pungens
southwestern white pineRinus strobiformi¥ limber pine Pinus flexilig, and ponderosa
pine Pinus ponderosaThe distribution of mixeaonifer forests are strongly driven by
moisture gradients fallwing the continuum determined by elevation and aspect. Mesic
montane mixed conifer forests are primarily comprised of Dotfglgsonderosa pine,
blue spruce, Engelmann spruce, white fir and aspen. Thaesicforests include¢he
same major tree spesiebut with greater amounts of ponderosa pine and less aspen and
spruce. With northern exposures, fringes of pure blue spruce are restricted to low slopes
and along the edges of grasslandsiflavin and Tonne 2003)

Ponderosa pine becomes dominant belawntixedconifer zone (~900@.), with
stringers of pine extending down washes and drainageEstands oponderosa pine

occurwith small inclusions opifionand juniper woodland&ommon juniperJuniperus
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communiy, Gambel oak, shrubby cinquefoitdtentilla fruticosg, and kinnickinnick
(Arctostaphylos uwvarsi)) dominate theecotonaforest bordering the montane grasslands
on the exposed drier south facing aspeatshe west side dhe ReservePatches of

aspen or Gambel oaRQ(iercus gambeliocair on warmer sites where sectidras/e

been burned or logged within the sprdicer mixed-conifer zonesAspen is a major
successional species in the VCNP and is often present within most forest types in
response to disturbances such as historical lggmiriire.In contrast, the north facing
valle bordersare typically dense mixed conifer forest dominated by Colorag® dpruce
(Muldavin and Tonne 2003).

The Montane Valley @sslands dominate the expansive lower elevation of the
valles coveringapproimately 26 000 acres (10 500 lud)the Reserve At elevations
between 850@nd 8900t. (2575 and 2700 m)hese valley bottoms suppdatgely
treeless meadows fringed with ponderosa pine and mixed conifer f@gksts 1984;
Muldavin and Tonne 2003These grasslands are dominated by native bunchgrasses,
including various species of oatgraBa(thoniaspp.), fescueHestucaspp.), and muhly
(Muhlenbergiaspp.), both native and narative rhizomatous grasses, including
Kentucky bluegrassPpa pratens). The grasslands also sustaitD0 species of forbs
with some of the most common being common yarraah{llea millefoliun), pussytoes
(Antennariaspp.), bluebell bellflowerGampanula rotundifolig beautiful fleabane
(Erigeron formossissimiswoolly cinquefoil Potentilla hippiand, and common
dandelion Taraxacum officinale(Muldavin and Tonne 200&o0op and Givnish 2007a).

Grasslands also occur in minor valleys and drainages on south facing slopes and
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occasionally even on motain tops at elevatiaabove 960 ft. (3000 m) (Coop and

Givnish 2007a, pMuldavin and Tonne 2003In contrast to thealle-bottom grasslands,

these high mountain montane grasslands of
Oatgrass associations. Occasionally, there avectyel o mi nant s, Parryos Oa
Thurber Fescue. Arizona fescue or other grasses may also be present; htwveezee

clearly subordinate at these high elevations (Muldavin and Tonne 2003).

Fire as a HistoricalDisturbanceProcess in the Jemez Moaimts

Fire ha been a vital ecosystem process in the Jemez Mountains of northern New
Mexico for at least the last 8,000 years as indicated by multiple lines of evidence,
including historic records, firgcarred trees, and abundant charcoal deposits frah loc
bogs (Swetnam and Baisan 1996; Toucbiaal. 1996; Swetnanet al. 1999; Allen 2002,
Falk 2004; Alleret al.2008, Andersomrt d. 2008). Charcoal sediments from Alamo Bog
(BrunnerJass 199%t al. 2008, Andersomet d. 2008) and Chihuahiies Bog (Brumer
Jass 199%t al. 2008, Andersomt d. 2008) indicate that substantial fire activity in the
Jemez Mountains was basically continuous for the last 8,000 years. The extensive tree
ring fire-scar record from the Jemez Mountains documents a high freqoklooy-
severity surface fires before ~1900 C.E. in ponderosa pine and-coxéddr forests
(Toucharet al. 1996; Allen 2002; Falk 2004), with mean fire intervals ranging fre2b5
years. These firscar records show that surface fires commonly occuvedextensive
areas in the Jemez Mountains (Alletral. 1998; Allen 2002). Although the Southwest

US and the Jemez Mountains have long records of occupation by substantial human
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populations over the past 1000+ years that have modified local landscapes2(}14),
there is substantial agreemantong fire ecologists that these main patterns of fire
occurrence may be adequately explained by a combination of natural factors including
lots of lightning activity (Barrows 1978) and climate/fuels conducivedioition and fire
spread (Swetnam and Betancourt 1998), regionally across the Southwest as well as
locally in the Jemez Mountains (Swetnam and Baisan 1996, 2003; Allen 2002).

The Jemez Mountains has substantial lightning activity, including in the warm
and typically dry months of April through June before the onset of the summer monsoon
(Allen 2002), fostering a high frequency of lightning ignitions that can spread widely
through dry fuels (Allen 2002). Fire histories reconstructed in the Jemez Moustiains
that frequent, lowntensity surface fires characterized the historical fire regime, resulting
in fire spreading widely through the grassy fuels that characterize®pfeunderstories
in open ponderosa pine and xesite mixed conifer forests (Adh 1989, 2002).

Additionally, the position of the fire scar within the growth ring may be used to infer the
seasonality of fire occurrence. Comparison of historical fire scars and modern fire records
indicates that widespread prehistoric fires primarilgusced during the same seasons of
spring and early summer as modern lightrigrgted fires (GrissindMayer and Swetnam
2000). This striking resemblance between modern patterns of lightning fire ignition and
the seasonality of fire recorded in historiaeg Scars reveals only limited indications of

early human alteration to natural historical fire regimes in the Jemez Mountains (Allen

2002).
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During extensive fire years, conditions were drier and warmer than normal in the
Jemez Mountains and regiande, while wet/cool years recorded little fire activity
(Toucharet al.1996; Swetnam and Baisan 1996; Swetham and Betancourt 1998). Thus,
climate variability and natural factors acted to promote highff@guency and
synchronize prehistoric fire activity this region before 1900 as shown in the regional
network of firescar chronologies, rather than be driven by local and ephemeral cultural
burning practices (All en 2002). An abrupt
occurred throughout the Jemenuntains (Touchaet al. 1996; Allen 2002), as part of
the regiorwide collapse of surfaere regimes that is directly related to the reduction of
fine surface fuels and continuities due to intensive overgrazing and active fire

suppression activitieg\(len 1989; Swetnam and Baisan 1996, 2003).

History of Landuse and Ownership

Knowledge of the past langse historys necessary to understand changes in
forestcompositionand structureTheValles Calderdnas an extensive laagse history,
extending bek thousands of yearBew archaeological artifacts provideaence
indicatingthat the first people to visit ¢hcalderas roughly 11,000 years ago weneters
of nowextinct large game animalscluding mammothMlammuthus jeffersoniand a
specie of son Bison antiquus(Anschuetz and Merlan 2007). Many culturally diverse
peoples used the Valles Caldera over the next eight millennia after the Paleoindian
period including Archaic period hunters and gathers anedmie@mbian Pueblo Indians.

During theArchaic period (5500 B.G500 A.D.), many groups and families would make
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seasonal camps along the edges of the large valleys, near smaller meadows or in dry
uplands between major drainages throughout the Jemez Mountains. From these camps,
the people hadcaess to many ecological habitats to gather a variety of materials and
food, including large game, seeds and nuts, plants and obsidian for making tools (Martin
2003;Anschuetz and Merlan 20P4t was only starting around 500 A.D. that permanent
housing wa established by people of the Ancestral Pueblo culture. They livedorest

near water sources in the foothills and plains, but travelled into the surrounding Jemez
Mountains to grow their crops on fertile fields. Thus, since their arrival, the Arcestra
Pueblos people considered the Jemez Mountains to be their domain as it provided food,
materials for pottery and tools, and water for irrigating their fields (Martin 2003).

Tales of wealth in the unexplored deserts and mountains north of Mexico reached
Spaininthemidl 50006s | ed to the first tentative
the Rio Grande Valley at the turn of theyseteenth century. Theresence of Hispanic
and Navajo groups during the warm seasonnepsrted in Spanish colonial dooents
(15401821). Hispanic settlers moved closer to the Valles Caldera during the Mexican
Period (18211846), while the occasional Anglmerican trapper visited to hunt along
the rivers, streams and ponds in the caldérgas almost a century aftdret Mexican
Period (18211846) during which Hispanic settlement came closer to the Valles Caldera
that yeafround habitation was establish@hschuetz and Merlan 2007).

During the U.S. Territorial Period (1848®12), soldiers and settlers report seeing

sani-nomadic Apaches and Utes in fBaldera. The U.S. army fought with these Native

E

Americans of the Southwestfroitmel1 8 506s t o the 1880606s, resul
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relocation of these tribes to reservatidpartlyin response toeonflictswith Native

Americansmuchof the Jemez Mountains was converted into private land grants. The

Baca location No. 1 (which encompasgbeé Valle Grande, the Valle San Antonio, the

Valle Santa Rosa, and Redondo Creek) was established between the U.S. government and

the Baca family a Spanistheritage family with strong ties to the Spanish crown since the

18" century,as part of a land exchange in 1860 (Anschuetz and Merlan 26t the

turn of the century, thewnershipwas transferretb Frank Bond, a NM merchantdn

sheep rancher, in 1926 (Muldavin and Tonne 2003). @eagniringthe land, Frank

Bond increased the number of sheep and horses grazing in the Valles Galcteras

grasslandsy entering intgartido agreements with Hispanic shepherds. Simultaneously,

the New Mexico Timber Company, whitteld a 99year old leaserothe timber rights

since 1918, commenced major timber harvest
At t he begi nniranigBoralfaddéditatle tb Bigiréndhsng F

operations as therice of wool decreased. By the end of the I®5fanchers ran upwards

of 12, 000 head of cattle on the ranch (Martin 2003). After purchasing the Baca Location

No. 1 from the Bond estate in 1963, James Dunigahirdgeneration Texan oilman

who was drevn to the beauty of the caldera and the prospects for grazing batle)

running his own cattle ranch in 1965 after the existing grazing permits had expired.

James Dunigan attempted to reduce damage from grazing by implementing a rotational

grazing sysm (Anschuetz and Merlan 200Thus it was during the period 18610870

that the Valles Caldera expemced its most intense usage lfeestock grazing.
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Today, the Preserve encompasses major portions of the privately owned Baca
Location No. 1 land granthis area was a privately owned ranch from 1860 to 2000 and
still displays visible reminders of logging operations, intensive livestock grazing of sheep
and cattle, mineral and geothermal exploration, and structural developments from the late
1800 to the early 1976 (Martin 2003). In 2000, théalles Caldera&ame under public
ownership through the passagfdhe Valles Caldera Preservation Actthg U.S.

Congress. Under the terms of the Act, the Preserve is now managed by a private trust to
implement Bort-and longterm plans fothe preservation, protection and maintenance of
ecosystem processes, plant communities and habitats on the P¢{e¢afieseCaldera

Trust2007).

Methods
Sampling Evidence of Past Fires

For this study we usedré scarsas theprimary source of evidend¢e examine
spatial and temporal patterns of histaritres in the VCNPProvided thathe rings are
correctly crosgated, fire scars provide annually accurate point records of fire as a
landscape process (Fadkal.2011).Fire scas thus serve aspaoxy recordor the
landscape process of interest.

Thetype of evidence availabte reconstruct fire regimas dependent upon the
severity of fire in a given landscapkhis is becausevidence of fire recorded on trees is
adirectresponse to the interactions between fire interfeiat output per unit area and

time) and tree morphology (i.e. thickness of bark and crown heiGuiiséll and Johnson
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1996; Smith and Sutherland 2Q0ow-severitysurfacefires generate sufficieriteat
fluxtok i | | cambial tissue along a pwhideti on of
allowing the tree as a whole to survivre scars are the visible growth lesions in the tree
rings which were used for primary evidence of {sgverity firesacross the landscape
(Fritts and Swetnam 1989: Gutsell and Johnson J199& process of energy transfer
resulting in the formation of a firecar indicates localized conditions, thus providing
affirmative evidence of fire occurrence at a certain point ie tamd location. However,

the absence of a fire scar does not necessarily imply that fire was not present at that
location. As a result, only the general size and locatfawildland firemay be inferred
from trees that burned or did not burn during\gegiyear. Abrupt changes in radial
growth, either increasing or decreasin@gyalso occur in the treésesponse to low
severity fireLombardoet al.2009) Unlike fire scars which occur in the year of a fire
event, growth changes observed in the rimgpuoology generally begin years following

the fire event. This is because it can potentially take this long for a tree to recover from
fire damageHowever, since other factonsaycause growth changese chose to use

only fires scars as evidence of a lgeverity fire in data analysis (Heyerdahl 1997).

Sampling @sign

Insights into the statisticaind ecologicaproperties of fire regimes may be gained
through the study of multiple events in the same location over limoeder toobtain a
multi-centuryrecord of surface fires in the montane grassland, we used a targeted

approach to locate and collect fire scarthegrasslaneforest ecotone of the VCNP.
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Specifically, ar sampling strategy was to obtain a representative sample of sections from
georefeenced firescarred treesn the ecotones of the majmllesof the VCNP tcallow
reconstruabn of long-term inventories of fire events at the forest stand level: Fire

scarred specimens were sampled within sites by systematically searching throughout
forest standsit the grasslandcotone. Sité¢forest stands) boundaries were established
based upon multiple clusters of fisearred trees that encompassed areasywfhere

from 200 to 20 00G@cres. These site chronologies generally inclddeerthan 10 fre-

scarred trees. Some of our site collections were from multiple clusters of trees more
widely dispersed across the forgsassland ecotone wélles including 10 to 25 fire

scarred treesgdence we employed @ampling desigthat would allow uso captireand

analyze bottspatial and temporal patterns in the grassfanest fire regime.

Field Procedures
Fire-scarred trees depictingidence of historial low-severity fire regimes across
the VCNP were sampled extensively around the major montaneagr@$sisinsvalles
and smaller linear areas of grassland that might provide pathways for fire spread between
majorvalles(i.e. connectors) during the summers of 2Q008 figure 2.2. Sampled
sites were geographically dispersed primarily along the lgras&rest ecotone to
capture patterns of fire synchrony in VCNP ponderosa pine communitieslidand
connectorexhibitedample evidence of surface fires having swept thrabghduring

the past several centuries.
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Vegetation Type

. Dsted samples

] Aspen Farest and Woodland (Dry Mesic)
S [ ] Aspen Forest and Woodland (Moist Mesic)
1 |:| Blue Spruce Frings Forest
{| I F=s=nmesr Rodk Fisld
[ Forest Meadow
[ Gembel Osk-Mixed Montsne Shrublsnd
| Lower Montane Grasslend
I ixed Conifer Forest and Woodland (Dry Mesic)
Il ix=d Conifer Forest and Woodland (Maist Mesic)
I 1icntane Rigarian Shrubland
| I Ooen Wster
N I:' Fondercss Fine Forest
2 [l FostFie Bare Grouns
[ Roscs-Disturbed Ground
1 [ Soarsely Veegetsted Rodk Outorap
=) [l SeruceFir Forest and Woodland (Dry Mesic)
g I soruc=Fir Forest and Woodland (Moaist Mesic)
I:| Upper Montane Grassland

Figure 2.2: Locations of firgcarred trees sampled in the Valles Caldera National Preserve in the
Jemez Mountains, New Mexico, USA. Note the spatial distribution and extent of this site.

Surveying was conducted by crew memlzbspersed across the ecotone,
inspecting individual treefor evidence of past fire, while covering the potential source
areas irtheninemajorvallesin the VCNP During survey crew membersecorded the
search area using GPS trackinglt@wumenthelocations that were surveyed/ith the

goal of analyzing spel patterns, we required a relatively even distribution of fire
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scarred trees. Waearched for evidence of old wood, including snags, down logs and
stumps, and live trees with morphological signs of age including thick and twisted trunks,
large droopindranches, flatopped canopies, and other signgherever possible, we
sampled firescarred trees in clusters or groups of at least two trees to improve the
captureof fire events from a given site (Dieterich 19&alk 2004, to account for
degradation o$cars on older trees (Arno and Sneck 1977; Kilgore and Taylor 1979) and
to improve the likelihood of dating fires to the exact calendar year (Swetham and Baisan
1996). If there was an abundance of materials available for sampling, we selected trees
with the maximum welpreserved scars in combination with old specimens to ensure the
longest and most complete temporal reciivé. also sampled younger trees or those with
scars closer to the outer growth margin in order to capture any record of more recent
twentieth century fires.

Ponderosa pinis the dominanspeciesn much of our study area, and was
consequently important faur fire history reconstruction and analysis. Most of our fire
scarred samples came from this spe@sstgenerally creates clefire scas andmay
endurefor several centuries with an exposed woopénto the elements. This species is
well adapted to surviving lowntensity, lowseverity fires due to its thick bavikhich
protectsthe cambial tissues from girdling, thus decreasiglikelihood of fatal crown
torching. I nitial scarring is certainly
tree is scarred early in its lif@rown et al.2008) Once scarred, ponderosa pine trees
tend to beomemore susceptible tiurther scarring by subsequent fires as the bark is

thinner were the cambium was wounded from the previous fire (Smith and Sutherland
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2001). However, trees that were severely busegh thatimportant evidence of earlier
fireswould have beedestroyed werexdudedfrom sampling.

While selecting samples, weadea concerte@ffort to locate remnant wood
(logs, snags, or stumps) throughout the fegeassland ecotoria orderto minimizethe
cutting of living trees and to extend fire chronologies as farthrggast as possible.
Once suitable firescarred trees were located, we used a chain saw to remove partial or
full sections from snags, logs, stumps, and living trees. Wherever possible, we cut wedge
sections from the face of fire scamsorderto presere standing trees and snags (Arno
and Sneck 197 Heyerdahl and McKay 2008For each sample and for the surrounding
area, we recorded specimen number, site name, waypoint, UTM coordinates, GIS datum,
tree species, number of visible scars, scar conditienslepe and aspect, stand
conditions, tree diameter and condition class. At least two digital photographs were taken
of each individuatree being samplethcludinga close up of the firscarred sample
(which was often in multiple pieceahdof the suroundinglandscape. The goal of the
landscape photograph was to document the general setting where the sample was
collected, which would aid in relocating the sample if neededell as providing
qualitative stand informatiorA unique identification nuiver was automatically assigned
to each photograph. These numbers were then mttordthe field data sheet so that
each photo could be accurately associated with specific individuals in the fire scar
databaseln the case where trees had fallen over &edetwere ambiguities in its original
location GPS sample points were taken closest teetttienated rooting pointWVhere

there was no evidence of the original location, GPS points were taken either where the
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sample was removed from the specimen or thet past above the root crown. The
number of visible scars was inspected on the scar face in the field. Once general notes
were taken and sample forms completed, we wrapped each sample in cellophane for

transport back to the laboratory.

Laboratory Procedtes

Fire scars located on the stems of ponderosa pine and 1oixefér species were
used to datistorical fires In the laboratory, samples wereagsemble@nd stabilized,
prepared for analysis by trimming excess waotlthensanded with a series o
progressively finer sandirgprasives (from 40 t400 grit) until cell structure was clearly
visible. We used a binocular microscope to examine each cross section and then
employed standard crossdating techniques (Stokes and Smiley 1968; Dieterich and
Swetnam 1984) to determine the calendar year of each fire event recorded on the
landscapeCrosslating sampleare essential to ensure annual accuradyetvents.
Other important characteristics reported on each sample included the clarity of the fire
sar within a dated ring, the presence of resin ducts that could belated, any
noticeable ring growth releases or suppressions, and other injuries that could be fire
related. Alditional scars thatiere not detected in the fieldere frequentlyfound n
laboratory analyses upgmeparation and microscopic examinatidmo
dendrochronologists cradated each sample independgsb as to ensure the quality of

each fire scarodos date and ring chronologi e
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Many trees produce an incomplete fire record bexatisinrecorded fires or
because the preservation of evidence of spast lowintensity fireshas been losTo
offset this asymmetry in the fire recowde corroborated all fire years andmpgled
composite fire record€CFR)from fire-scarred treeswhich is the joining of sets of fire
scarred data recorded by individual trees in a defined area (Dieterich 18801980
Falket al.2011). Thus, the dates of fires and abrupt growth changes related to fire events
from all samples in a site (a swhlle sampling location) were combined into a single
record of fire occurrence for that site. The same procedures were then employed for each
valleto produce fire records for eachlle i Recor di ng t r-sea@redd ref er s
samples that have an open wounaot @overed by bark) and are fully intact (not burned
away, eroded, or missing pieces) during the time period in queAtioee or a portion of
a tree sampled was considered-necording if subsequent fires or decay of the-tregs
made it impossibleotdate the precise fagcar yeaor if the tree had not yet been scarred
(GrissincMayer 2001)

When discernible, we noted the position of the scar withimtimeialtreering.
The position of the scar providpeonological evidence afhe season of fireccurrence,
which permits us to infer the approximate seasonal timing of firesbeinnual scale
(Ahlstrand 1980; Dieterich and Swetnam 1984; Baisan and Swetnam 1990). We assigned
seasonal scar positions following the method of Dieterich and Swetnad):(&88y
earlywood, within the first onthird earlywood band (fires most likely to occur between
early May and miedune); middlesarlywood, within the second third of the earlywood

(fires most likely to occur between early June and late July); latewerbglvood, in the
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last third earlywood (fires most likely to occur between-dutly and late August);
latewood, within the latewood band; dormant, between two rings (fires most likely to
occur in the spring and are dated to the ring following the scaujjkarown position due
to scar damage and/or erosion, narrowness of the ring, or other factors (Baisan and
Swetnam 1990). When we noted evidence of fire on either side of the stem, we
determined a single value of scar position after both scars were exaifrtieed
relationship of seasonal phenology and kning position was based on analyses of tree
growth in nearby Bandelier National Monument (McDovetlal.2010).

We consideredh tree to bén recording status after a tree displaggratial fire
scar as thepresence of previousfire scar indicates the tree is capable of being injured
and therefore able to record fi@nce a tree ha®rmed its initial scar responsthe tree
increases in susceptibility to fire due to damage to the outer cambiuwilbbe more
readily scarred by fire when exposed to fire agsf@an Horne and Fulé 2006; Fadk al.

2011).

Analytical Procedures

General features of fire frequency and spatial extent were assessed using fire
charts from site andalle chronologies anthapped records of individual trees. Fire
charts are timelines that represent the composite of the history of fire occurrence for all
the trees sampled in a plotvalle, with graphical indicators of fire in a particular year
(Dieterich 1980, Grissindayer 1995). At all scales of analysis, we used these fire charts

to display variation in fire regimes within and amadjesby: 1) determining changes
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in fire frequency by examining the record of falengthe timelines in the fire charts, 2)
determining banges in the frequency of fire years across space by examination of the
record of fireamongthe timelines, and 3) determining alterations in fire frequency by

examining the occurrence of fire between sites\atiésduring the same year.

Period of Amlysis

Generally, fire history studies begin analysis with the earliest fire scar because for
a landscape study it requires a broader, larger number of recording trees (Falk 2004,
Farriset al.2010). Similarly studies of the natural fire regimes usualigninates when
the fire regime is disrupted by modern land use. However, in this study we used the
criteria of 20% more sites in recording status (Table B.1) to determine the beginning of
the period of analysis, anlde last year in which at least 2 or masites burned for two

consecutive yeatt® determine the end of the period of analysis.

Within and Among Valle Contrasts

Fire chronologies were composited at different spatial scales to assess changes in
fire regimes at multiplescales (Fallet al.2007, Falket al.2011). All of the fire dates
from successfully crossdated samples vesrtered into a database, then graphed and
analyzedutilizing FHX2 and FHAES
(http://www.frames.gov/portal/server.pt/community/fhaes)3@fhich are software
packages for@rforming statistical analyses and developing graphical presentations

(GrissineMayer 1995, 2001 )-ire years of the site level chronologies were classified as
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such when at least one tree within a given site recorded figse site level chronologies
were compiled into ningalle level chronologies (Figure 2.BjguresA.3-A.10) and then
joined together to create a landscape fire chronology for the study area as a whole. These
multi-scale composites of the fire record enabled us to assess the freqaketie r
extent and the synchrony of fire events betthin and amongallesandacross the
entire VCNP landscap&HX2 and FHAES$rogramswere also used to analyze
seasonalityand fireclimate relationships.
We used the number wéllesrecording fire asin index of widespread fire years.
We chose this criterion rather than the percent of trees recording fire because the number
of vallesindicates spatial extensiveness more directly. We define widespreaddiseas
6-9 vallesrecordng fire, moderateife years a8-5 valles local fire years a$-2 valles

and norfire years as fire not reflected anywhere in the VCNP.

Descriptors of the Fire &gime

To captureand analyze bothpatial and temporal patterns in the grassfanelst
fire regime we usedhe number ofallesas an index fohow widespread was in a given
year. Multiple filtering methods by the percent of trees with fire were employed as a
means to sort and describe fire events and interval data for statistical analysis within
valles Filtering enabled us to help identify fires that were probably more or less
widespread across sitegllesand the landscap€omposite fire chronologiest each
scalewere filtered based on: 1) all fire scars recorded on all potential recorders

(henceforth refered as no filter), 2) all fire scars recorded on at least 10% of potential
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recorders (10%) filter, and 3) all fires scars recorded on at least 25% of potential
recorders (25% filter). Trees were considered available for recording after initial scarring
ard while the scarred area remains exposed to future firéise case of filtered fire
events, wenterpreted that a 10% filtered fire events would have burned relatively
smaller areas than 25% filtered fire events.

For each level of filtering, we detemad the reanfire interval (MFI) and
Weibull mediarprobability interval (WMPI) for each sampled site and ezadle for the
period of recordMFlI is defined as the average interval in years between fire dates in a
composite fire chronology (Arno and Snek&77, Romme 1980b, GrissiMayer 1995,
Brown and Seig 1996). However, statistical
the fire intervals have a normal distribution. Yet, fire interval data is generally positively
skewed as a result of there bemgupper boundary to the maximum interval while
limiting the lowest possible fire interval to one year (Baker 1992, Griddaner 1995,
Falk 2004). Thus, we modeled our data on a Weibull distribution, since positively skewed
data provide poor estimatesagntral tendency. The WMPI provides a more robust fit to
fire interval data as it is associated with the 50% exceedance probability of the Weibull
distribution based on all the fire event intervals from the fire record chronology
(GrissineMayer 1995, Swtnam and Baisan 1996). We reported other statistics in
addition to the MFI and WMPI such as time@de, minimum and maximum fire return
intervals,as well agower and upper exceedance intetvatause fire intervals change
over time from climate and varygrfuels loads, thus oversimplifying historical fire

regimes that are solely based on central tendency statistics (Swetnam 1993, Falk 2004).
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A superposed epoch analy§&EA) (Baisan and Swetnam 1990; Swetnam and
Betancourt 1992; Swetnam 1993) in FHX2 altiNES was used to determine lagged
inter-year relationships between summer PDSI, a measurement of doyvessess of a
regionbased on summédune, July and Augustplues of precipitation, temperature, soil
moisture and historial fire activity as reonstructed from fire scafPalmer 1965)The
PDSI is the most commonly used drought index in the United States (NOAA 2011) as it
is based upon the most influential elements of clirdateng summer (June, July, and
August) includingprecipitation, air teqperature, and soil moisture. By using correlations
of instrumental climate data and treeg data, Coolet al. (2004 wereable to construct
PDSI values that extend back several centuries for across the contiguous United States.
Typically, PDSI values rage from-6.0 and +6.0, where negative values indicate dry
periods and positive values indicate wet peridds.adopted the drought severity
classifications of the US Drought Monitor (Miskus 2008), widefines moderate
drought conditiongsPDSI <-2.0 to-2.9, severe drought conditions as PDS3.9 to-

3.9, andextreme drought conditions exishen the PDSI value falls betweehO to-4.9.

SEA compares the average climate condition during, before and afier(fne
years.Monte Carlo simulation€1000 runswere usedo estimate the bootstrap
confidence intervals around the observed mean values. In SEzslewdated PDSI in all
fire ye arsgperfoiiechs el dasnovjng time window fosix years prior and
four years afterThese everyear and lagged PDSI values weoempared to an average

of climate conditions for the time period in question.
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In this analysis, histora@df i r es wercko Acrupaerrpeocsenstruct e
series. PDSI values were obtained from the Gaial.(2004) éendroclimatic
reconstruction grid point nearest the VCNP (grid pait®, 107.5W, 37.5N) with years
during the period of analysi$601-1902 This dendroclimatic reconstructiebased
upon large networks of droughénsitive ringwidth chronologies thiehave been
calibrated and validated using linear regression techniques (Swetnam and Baisan 2003).
We conducted separate analysis for the different perceatageed classes in order to
assess the differences in climatic conditions during, before amdisdtgears of

differing areal extent.

Spatial Analysis of the VCNFire History Record

In order toreconstruct spatial and temporal patterns of historical fires, we used a
combination of dendroecological and Geographic Information System (GIS) methods
Since ach firescarred tree was georsedaced in the field using a GPS, tiren
compiledthe location datanto a GIS databasghaner and Wrightsell 2000), which was
useddetermining spatial properties tfe fire record, including the extentioflividual
fire years around thealle perimeters.

Vegetatiorand topographic layers weaequired fronthe USGS seamless net
serverand imported into ArcGI$projection of the dataset to NAD 1927, UTM Zone
13N). We converted each geographic coordinate reptiesgtine location of each fire
scarred tree samples into a GIS layer. To highlighpthets on the landscape recording

fire in eachyearof the recordwe addedinary fire (1)/nefire (0) attributeto each point
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for eachyear of recordTrees not in reording status foa givenyearwere codedl and

excluded from the spatial analysis for that particular.year

Results

Sampling and Croskating

The firescarred samplegsom the ecotonesurrounding theallesin the VCNP
containedanabundant and wefpreserved fire scar recorA.fire history reconstruction
was compiled for eachalle, including the connecting ecotone areas between the major
valles A total of 2443 fire scarérom 330 treesepresenting 238 fire years were
crossdated@ndcollected at th ninevallesover the 768year period from 1240 to 2008
C.E (the earliest and latest dated tree rings, respecti(edyle 2.). Most of these trees
(91.5%) were dead when sampled by chainsaw (i.e. they were stumps, logs, or snags). Of
the crossdated sgles, most were ponderosa pine (80.5%), while 7% were southwestern
white pine Table 2.2. The remaining dated samples were either Rockyrithin

Douglasfir or unknown.
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Table 21: Sample size, tregng record, and fire Btory records for each individualle and for
the entire VCNP. Previous studies by Craig Allen (2008) in Alamo Bog and other areas are
included in analysis.

Tree-ring Date Fire scar date
# of # of # of # of Fire
Trees | Samples| Rings | Beginning | Last Scars
Valle name | Dated | Dated | Dated year year Dated | Earliest | Latest
Alamo Bog 46 46 11,495 1412 2005 186 1422 1896
El Cajete 11 15 2,111 1640 1997 97 1650 1904
Grande 119 133 25,600 1418 2005 796 1530 1992
Jaramillo 50 64 11,185 1240 2005 484 1248 1992
San Antonio 45 55 10,653 1526 2008 384 1542 1969
Seco 19 25 3,566 1484 2005 137 1586 1929
San Luis
Drainage 11 13 2,076 1614 1960 95 1684 1908
Santa Rosa 22 28 5,110 1479 2005 218 1501 1971
Toledo 7 9 1,274 1660 1965 46 1729 1901
Total 330 388 7,3070 1412 2008 2443 1501 1992
Table 22: Dated samples by species.
No. of No. of % No. (%) Live
Specie Trees Samples Datable Trees
Pinus ponderosa (PIPO) 256 312 80.4 11 (4.3%)
Pinus strobiformis (PIST) 26 28 7.2 15 (57.7%)
Pseudtsuga menziesii (PSME) 2 2 0.5 2 (100.0%)
Unknown (generally deadwood
that could not be identified to 46 46 11.9 0 (0%)
species reliably)
Total 330 388 100.0 28 (8.5%)

The first fire year recorded in the VCNP was 1218.in valle Jaramillo, while

thelast was in 199Z.E.in vallesGrande and Jaramillo. For the purpose of this study,

theperiod from 1601 through 192 E. met the criteria for the period ahalyss (see

Method$3. Within this period 2,338 fire scars were crossdated to 191 separatgdars

(Figure 2.3.
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Figure 23: Fire occurrence time series for the Valles Caldera National Preserve, New Mexico
1601-1902. Left axis indicates the numbenalleswith recording trees (bars on the primary y
axis); right axis indicates sample deptlurfiber of recording trees the total number of recorder
samples in any particular year). The largest 22 fire years, those that occurred in 6 wllesre
are indicated above the bars.

The forestgrassland ecotone burned in both local and widespreadrfiras
16011902 C.E.Of the 301 years in the period of analysis, there was a fire event,
whether widespread, moderate or localized in 1910f those ye&2.of these 191 fire
years, widespread fires (in which there was evidence of fire in at leasttbexmne
valleg were recorded. Widespread fires (those recorded in 6 orvatkeg burned
across the landscape in 22 yearspgtroximately every 10 yeanwith fire intervals

ranging from 1 to 23 years. There were 49 moderately widespread fireg theiperiod
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of analysis, which burned 3 to 5 of the nualesat fire intervals ranging from 1 to 28,
occurring every 6 years on average. Local fires that burne@ wallesoccurred 120
times, on average every 2.5 years, with fire intervals rarfgomg 1 to 14 years. Fire
burned in at least one of thiallesin the VCNP in 190 of 301 years. No widespread fires
occurred in the earlier portion of the reliable time period from 46883, but on four
occasions there were periods ranging from 19 to 2arsywithout widespread fires
between 1696 and 184Eigure 2.3. In contrast, in the 3gear span from 1841879

there were 8 widespread fire events.

Sample depth and period of analysis

Fire chronologies were developed for esalie (Figure 2.4, Figures.3-A.10),
with fire dates spanning from 124892. From these chronologies, a composite-inter
valle fire chronology was constructed which summarizes all thesdme dates from all
trees sampled in all ninallesfor the period 1601902 Figure 2.5. Prior to 1600,
sample depth declined significantly at most sites, making fire history and frequency
estimates prior to that date less reliable. There is a lack of any major shift in fire regimes
prior to 1880 in either fire frequency or size as shown byrtividual fire chartgFigure
2.4,FiguresA.3-A.10) and the master composite fire chédiig(ire 2.5FiguresA.1-A.2).
The fire regimes in allallesunderwent a major shift pe&880, with only a few small
fires after this time. Consequently, we ud€&@1-1902 as our period of analysis for the

VCNP fire regimes.
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Fire Chronologies andFire Return Intervals
The spatial extent of areas that historically burned in the VCNP ranged from
small fires that burned around the base of a single tree or a duigtess to widespread
fires the burned across the entire area of stbdyure 2.5. Widespread fire events where
6-9 vallesburned in the VCNP were recorded in 1684, 1685, 1696, 1716, 1725, 1729,
1748, 1752, 1779, 1789, 1805, 1806, 1818, 1841, 1842, 1887, 1860, 1868, 1870,
1879, 1896. Firescarred records of two fire years where large fires burned the VCNP
extensively are mapped Figure 2.8 Only one widespread fire yedr§7/6) was recorded
in the 160006s prior to dedivdwidespteadrayearsh t i me
across the |l andscape (Figure 2.1, Figure A
almost fifty years in which only small, local fires burned, with the exceptions of 1779 and
1789 which punctuated this time with widespréeek. Additionally, there were no
moderate fires during this timeframe with the exception of 1767. During many other fire
years, there were also relatively small fires, reflected by local patches-stdined trees

(Figure 2.9.
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Figure 2.4: Fire istory chart depicting all reconstructed fires for Valle Grande. Each horizontal

line represents the maximum life span of each tree. Dashed horizontal lines indicate years that
preceded the formation of the first of the first fire scar on sample fromvadlee Short vertical

lines indicate the aggregate of fire dates from each site. Dates at the bottom of the chart depict all
fire events recorded by at least one fire scar.
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Figure 2.5: Fire history chart depicting all reconstructed firéleperiod of analysisl601-1902 for the Valles Caldera National Preserve.
Each horizontal line represents the length of record for the fire composite from indixatlealDashed horizontal lines indicate years
that preceded the formation of the first fire ssarsamplefrom thosevalles Short vertical lines indicate the aggregate of fire dates from
each site. Dates at the bottom of the chart depict all fire events recorded by at least one fire scar.
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Figure 26: Examples of widespread fire years in whigk fvas recorded in all ninsllesacross the VCNP, in 17489.7% of trees
scarred) and 1857 6.7%6 of trees scarred).
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Figure 27: Examples of local fires in which fire was recorded ondicarred trees in individuahllesin the VCNP, in 1777 (6.7%f
trees scarred) and 1832 (3.3% of trees scarred).
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Fire frequency of the reconstructed fire regime indicates different patterns of
variability among the ninealles(Table 2.3 Table 2.4FiguresA.1-A.10). When all fires
were considered, mean fire intats (MFI) were 5.5 to 22.5 yeafs6 to 123 hagat
individual sites; the MFI for all fire dates at sites combined into their respeectiles
was 2.7 to 10 yeals-67 to 4955 ha)the MFI for all fire dates at the landscape level was
1.6 yearg~10 386 ta) (Table 2.3, Table 2.4 FiguresB.1-B.6). Thus, somewhere within
the 88, 900 acres of the VCNP, at least one tree recorded fire on average every year and a
half. With the use of 10% and 25% filters, the MFI intervals increased as the least
significant fres recorded by a smaller portion of the samples were elimi(fatpdes
B.2-B.6). The Weibull median probability interval (WMPI) responded in a similar
fashion, increasing as the filter becomes more stringent. In most cases, the MFI values
derived from ke arithmetic mean were consistently higher than the WMPI in all
percentage class€Bable 2.3, Table 2.4 FiguresB.1-B.6). For fire dates recorded on all
trees, WMPIs were 4.9 to 23.3 years at individual sites; the WMPI for all fire dates at the
valleslevel was 2.4 to 8.7 years; while the WMPI for all fire dates at the landscape level
was 1.5 years. For fire years when at least 10% of recording trees were scarred, WMPIs
were 6.2 to 19.24 years at individual sites; the WMPI for fire years when at |8asif10
recording trees were scarred at adleslevel was 4.9 to 10.5 years; while the WMPI for
fire years when at least 10% of recording trees were scarred at the landscape level was
1.5 years. For fire years when at least 25% of recording trees werdsd&MPIs were
5.97 to 27.1years at individual sites; the WMPI for fire years when at least 25% of

recording trees were scarred at Wadleslevel was 5.97 t012.89 years; while the WMPI
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for fire years when at least 25% of recording trees were scarnteel landscape level was
3.1lyears. Regardless of either measure of central tendency, Valle Grande had the shortest
fire intervals, while the fire intervals f&falle San Luis Drainage amdlamo Bog were

significantly longer.

Table 2.3: Site information Itde listed byvalles

Valle Mean Mean
Valle name code Area (ha)| Latitude | Longitude | Elevation (m)| Slope
Alamo Bog AB 317 35.91 -106.58 2630 25.12
El Cajete VEC 67 35.84 -106.56 2649 26.81
Grande VG 4955 35.86 -106.49 2670 26.55
Jaramillo VJ 815 35.91 -106.51 2706 21.80
San Antonio VSA 2260 35.97 -106.56 2630 23.87
Seco VSC 195 35.93 -106.57 2718 24.53
San Luis Drainag¢ VSLD 225 35.95 -106.56 2687 24.56
Santa Rosa VSR 468 35.95 -106.52 2628 25.00
Toledo VTW 1085 35.96 -106.47 2727 13.64
All VCNP 10386 2672 24
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Table 24: Summary of fire history statistics for the fisearred trees fringing ninalles The fire recording periods include the period of
analysis, 1601.902. All statistics are for all scarred trees. Minimum fire intervaleWeyrear in allalles

Sample size (n) Return Intervals
Fire_ Total No. TotaI_No. Fire M_ax. Lower Max. Ex.
Valle Recording of of Fire Fire MFI  WMPI  SD Ex.
Period Samples Scars Intervals Interval Interval Interval
Alamo Bog 16011902 46 170 30 28 953 869 5.73 3.39 16.26
El Cajete 16401902 11 96 34 30 724 6.14 5.53 1.90 13.41
Grande 16011902 111 784 112 9 269 243 175 0.90 4.70
Jaramillo 16011902 50 465 74 13 401 345 295 1.10 7.39
San Antonio 16011902 45 373 83 10 352 3.06 249 1.02 6.39
Seco 16011902 19 135 48 37 6.06 488 6.20 1.29 11.88
San Luis Drainage 16141902 11 94 21 41 10.10 7.99 9.78 2.04 19.88
Santa Rosa 16011902 22 211 52 25 5.65 451 497 1.18 11.02
Toledo 166061902 7 46 30 19 5,73 493 4.23 1.58 10.52

VCNP 16011902 322 2374 190 6 158 148 0.91 0.62 2.65
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Seasonality
The intraannual position of the fire scar within the growth ring was determined
for 2,030 (81% of total) of the fire scars dated during the period-1602 (Figure 2.§.
The remaining scars were in poor condition or rings were too narrow or partially burned
to accurately determine the season. Of the fire scar seasons that could be determined, the
most frequenscar positior(47%) was in the dormant (D) season (i.e. located lstwe
ring boundaries)All other scars, but for 0.5% of the remaining scars, were recorded in
the earlywood (E) portion of the growth ring and the majority of those were in the first
third of the earlywood (EE; 30%). The remaining 0.5% fire scars were sztordhe
latewood (A) portion of the ring. Overall, 77% of the fires in the VCNP burned on the

landscape during the growing seasearly May tomid-June D or EE).
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Fire-Climate Interactions/Relationships

Fire occurrence in the VCNP was related significantly to climate variation at both
interrannual and decadal time scalEg(ire 2.9, 2.1 Sixteen of the 22 widespread fires
occurred during moderate to extreme drought conditions (PE$] while only two of
the widespread fire years (1725 and 1841) occurred in close to normal condhigums (
2.9). Of the 22 widespread fires, eight occurredrduyears characterized as extreme
drought conditions (PDSI-4). Superposed epoch analysis suggests that drought
conditions (measured by PDSI) are significantly (p < 0.001) related to the occurrence of
widespread fires in the VCNP (Figure 2.10A). Theral$® strong support for an effect
of antecedent moist years. In the three years prior to the year of a fireteegd?iDSI
values are positive and in the second year prior they show statistically significant (p
<0.001) wet conditions.

Moderate fire yes, which burned 3 to 5 of the nimelles were also significantly
associated with negative (dry) conditions during the year of aveat (Figure 2.18).
However, unlike the widespread fire years that exhibited antecedent moist years,
moderate fire yars display little effect of antecedent moist or dry years. Interestingly,
moderate fire years are followed by generally dry years, but the latter are not statistically
significant.

Localfire yearsthat burned in only-R valleswere not significantly asgiated
with drier or warmer than average conditioRgy(ire 2.10C) in the year of fire, but
conditions in years prior to local fires that were import&BA documents that local fire

years occurred predominantly during dry years and were precedetebgtagix dry
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years, with consistent statistically significant (p <0.001) dry conditions in the fourth year
prior to a fire event. A similar trend of@.dry years prior to a fire event was observed
when comparing ncfire years to the PDSFgure 2.1(D). Years in which no fires

burned on the landscape occurred when conditions were significantly wet (p <0.001),

even though the year prior was significantly drier/warmer (p <0.001) than average.
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Figure 2.9: Times series of regional PDSI (grid point 11@Ylain with widespread fire years
(red stars, evidence of fire in at least six of the madkeg and local fire years (black circles,
evidence of fire in 2 valleg. The mean PDSI for the period of analysis41) is plotted as the
solid line. Dottedines represents the boundary of moderate drought (PDSI v&#lu@® ,<severe
drought (PDSI <3.0)as a small dashed linand extreme drought {40) as dargedashed line.
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Consecutivé-ire Years

Twenty-one of the 191 total fire years were sequential fire year pairs, in which
fire occurred in consecutive years. In seven casesecutivdire events included at
least one widespread fire (fire recorded 48 6f thevalleg and the other fire was eéh
widespread or moderate (occuring in at leaglfes), referred to hereafter as widespread

consecutive fire year$igures 2.11, 2.134, 2.20, 2.245, 2.27. The remaining
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consecutive fire years were comprised of two moderate fire events (occar8ig i
valles) or one widespread fire and one localized fire year, one moderate fire and one
localized fire year, or two localized fire years, referred to hereafter as moderate
consecutive fire year$igures 2.12, 2.122.19, 2.212.23, 2.26, 2.22.31).0nly one tree
out of 229 recording tredmirned in both yearsf any pair of consecutive years, 1779
1780.

Interannual climate variation hadelatively small influence on the full set of
consecutive fire even{&igure 2.32A. The first year of the c@ecutive years appears to
be slightly drier than normal, but statistically insignificant (p <0.001), whées#tond
year there were moderate drought conditions (PB&0Dx However, when the data
from the 7 widespread consecutive fire years is sephfiate that of the 14 moderate
consecutive fire years, a different picture eme(gegures 2.32A and B). The results of
the SEA for the widggead consecutive fire years suggbst the consecutive fire events
occurred after 4 years that were cooled avetter than normal, as the PDSI values are
positive, and in both the first and third years of the 4 prior years, they show statistically
significant (p >1.0) wet conditior{&igure 2.32A). On the other hand, moderate
consecutive fire events they toolape after 3 generally dry years (although not
statistically significant). Surprisingly, the first year of moderate consecutive fire year
pairs occurred even though the conditions tended to be cooler and wetter than normal. In
these pairs, the secondefiyear occurrence appears to be drier thanieng average

conditions, although this result is not statistically significant (p >0Bigufe 2.32C).
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Fire-scamred samples i Fire-scarred samples ‘
State . State
© Burned in 1684 , ' © Burned in 1693

@ Burned in 1685 @ Burned in 1694
@ Neither year bumed @ Neither year buned

O Not recording

O Not recording

Figure 2.11: Widespread consecutive fire years, 116885. Figure 2.12: Moderate consecutivefyears, 1693694,
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Fire-scarred samples i Fire-scarred samples ‘
State . State

© Burned in 1715 ' !
@ Burned in 1716

© Burned in 1724

@ Burned in 1725

@ Neither year bumed
O Not recording

@ Neither year burned
O Not recording

Figure 2.13: Widespread consecutive fire years, 177115 Figure 2.14: Widespread consecutive fire years, 177256.
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Fire-scarred samples i Fire-scamred samples ‘
State s b State

© Burned in 1736 . .
@ Burned in 1737

© Burned in 1738

@ Burned in 1739

@ Neither year bumned
© Not recording

@ Neither year bumed
O Not recording

Figure 2.15: Moderate consecutive fire yed&361737. Figure 2.16: Moderate consecutive fire yedi&381739.
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Fire-scamred samples i Fire-scarred samples ‘
State . State

© Burned in 1779 , '
@ Burned in 1880

© Burned in 1795

@ Burned in 1796

@ Neither year burned
O Not recording

@ Neither year burned
O Not recording

Figure 2.17: Moderate consecutive fire yedrgr91780. Figure 2.18: Moderate consecutive fire years, 17P36.
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Fire-scamred samples i Fire-scarred samples ‘
State . State

© Burned in 1800 , '
@ Burned in 1801

© Burned in 1805

@ Burned in 1806

@ Neither year burned
O Not recording

@ Neither year burned
O Not recording

Figure 2.19: Moderate consecutive fire years, 18801 Figure 2.20: Widespread consecutive fire years, 1585H.
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Fire-scamred samples i Fire-scarred samples ‘
State . State
© Burned in 1812 , ' © Burned in 1821

@ Burned in 1813 @ Burned in 1822
@ Neither year burned @ Neither year burned

© Not recording

O Not recording

Figure 2.21: Moderate consecutive fire years, 183P3. Figure 2.22: Moderate consecutive fire years, 18242.
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Fire-scarred samples i Fire-scarred samples ‘
State . State

© Burned in 1828 , ol ) © Burned in 1841

@ Burned in 1829 @ Burned in 1842

@ Neither year burned @ Neither year burned

© Not recording

O Not recording

Figure 2.23: Moderate consecutive fire years, 18239. Figure 2.24: Widespread consecutive fire years, 1B1P.
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Fire-scarred samples i Fire-scarred samples ‘
State . State
© Burned in 1860 , ' © Burned in 1872

@ Burned in 1861 @ Burned in 1873
@ Neither year burned @ Neither year burned

© Not recording

O Not recording

Figure 2.25Widespread consecutive fire years, 1-8861. Figure 2.26: Moderate consecutive fire years, 18323.



Fire-scamred samples
State

© Burned in 1879

@ Burned in 1880

@ Burned in both years

@ Neither year burned
O Not recording

Figure 2.27: Widespread consecutive fire years, 11588D.

Fire-scarred samples
State

© Burned in 1884

@ Burned in 1885

@ Burned in 1886

@ Neither year bumed

© Not recording

74

Figure 2.28: Moderate consecutive fire years, 188351886.
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Fire-scamred samples i Fire-scarred samples ‘
State . State
© Burned in 1889 : . © Burned in 1895

@ Burned in 1890 @ Burned in 1896
@ Neither year bumed @ Neither year buned

O Not recording

O Not recording

Figure 2.29: Modeate consecutive fire years, 188990 Figure 2.30: Moderate consecutive fire years, 18396.
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Fire-scarred samples
State

© Burned in 1898

@ Burned in 1899

@ Neither year bumed

O Not recording

Figure 2.31: Moderate consecutive fire years, 18389.



77

PDSI

0.5 4

MR

Fire-year lag

Figure 2.32: Superposed epoch analysis comparing the lagged resparalesadcording fire

events to the climate variable Palmer Drought Severity Index (PDSI) for selected consecutive fire
years as shown in Figures 2.2B1; A) All selected consecutive fire years; B) Widespread
consecultive fire years only; and C) Moderate consecutive fire yelgrs on
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Discussion
Fire Regime Characterization

Fire scar chronologies developed from extensively sampleddaged trees
show that fire was a frequent and widespreealogicalprocesghat played an important
role in ecosystem connectivilythe VCNP pro r t o t (Rigure 2.9, R.SFigwses
A.1-A10).The general picture that emerges is of
of relatively frequent fires spreading across the VCNiBwever, beginning in the late
1 6 0,wdyswidespread firespont uat e periods of | ower fire
to the 18600s. This period of widespread f
|l ate 180006s. The cessation of surface fire
changes in land use hosy, primarily as a result of intensive landscayde grazing,
followed by active fire suppression (Allen 1989; Touckaal. 1996). The lack of fire
activity subsequent to the | ate 180006s i s
historicalfire suppression in the Southwest (Swetnam and Baisan 1996; Allen 2002).

Historically, wildfires in ponderosa pine forests prior to 1900 were characterized
by high frequency, low intensity surface fires and are recorded as fire scars on trees
throughout tle Southwest. The VCNP fire regime reveals 22 widespread fires during the
period of analysis. For some of these years, other studies confirm that these fire years
were not unique to the VCNP, as fires burned throughout the Jemez Mountainse{Allen
al. 1998 and even across the Southwest (Swetatal. 1999). Several of these fire
years were documented in the Jemez Mountains by other studies (1684, 1716, 1725,

1729, 1748, 1752, 1779, 1806, 1818, 1842, 1847, 1851, 1861, 1870, and 1879) (Allen
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1989; Toucharmt al. 1996; Falk 2004; Allert al.2008). Some of these notable large fire
years in the VCNP and Jemez Mountains coincide with some of the most extensive fire
years throughout the Southwest, including 1716, 1725, 1729, 1748, 1752, 1806, 1842,
1847, 18511870, 1879 (Swetnam and Baisan 1996, Allen 2002; Swetham and Baisan
2003). These widespread fire years are recorded on a large number of trees across the
study area. However, even during the most extensive fire years, there were some portions
of the studyarea that did not burn, especially in the northwest portion of the VCNP,
Alamo Bog, parts of Valle San Luis Drainage, Valle El Cajete and the-famiting slopes
of Valle GrandgFigure 2.4, 2.5FiguresA.1-A.10). Two years in particular which trees
recoded fire spreading extensively across all of the sampled areas of VCNP were 1748
and 1851. That fires occurred in our study area during these years is not surprising, as
1748 in particular is documented to be the largest single regional fire year reacorded
fire-scarred samples in the Southwest over the past 3 centuries (Swetnam and Betancourt
1998).

Fire-scarred records show other years during which there are relatively small fires
reflected by local patches of trees, which happened especially durivigad 71832
(Figure 2.7) These years may reflect single ignitions from lightning storms or areas in
which vegetation/fuels are not conducive for fire to spread to other stands and adjacent
valles During other fire years, there are clusters otdicarredrees that are separated by
intervening trees that show no record of fire (for example 1709, 1724, 1760, 1765, 1773,

1784, 1796, 1801, 1829, and 1886). This spatial pattern is likely a result of multiple
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ignitions that oft entormaipthecAmericawbouthwesidr y 6 | i
(Allen 2002).

At both the site and landscape scales, the length of time between fires varied in
the VCNP. I n particular, the MFI O0s for Al a
about 10 year s, wh isdvavaltedaecragd& 3 ygass. Goosideringh e o't
all fires recorded, the range of mean fire intervals in the VCNP was lower than those
reported by other studies in ponderosa ypmeed conifer forests in the Jemez
Mountains, which ranged from 5 to 18.9 yearsy@haret al. 1996; Allen 1989). The
average MFI between VNQRillesis 6.1 years; whereas the average MFI of seven sites
(MCN, BAN-GRP3, CPE, CCC, GAM, CAS, and CME) reported by Tou@taal.
(1996) is 9.1 years (these sites range from ponderosa piet toixed conifer forests).

The montane grasslands of the VCNP consist of large areas of continuous fine
fuels, which have high potential for frequent and extensive fire ac{®@apver 2011)
High frequencies of surface fires have been documented ingititBes of fire regimes at
the ponderosa pine foregtassland ecoton@rown and Sieg 1996; Kaigt al. 1996).
However, caution must be exercised in making such comparisons, as variations in fire
intervals maybe at least partially explained by diffeesnio sizes of the sampled areas,
which may also include varying numbers of sampled trees (Falk 2004etli2007).
When there is greater sampling depth, there will likely be a higher mean fire interval as
between sites of similar size, as greateranrg depth will likely detect smaller fires
(Swetnam and Baisan 1996; Falk 2004; Van Horne andZ0@§. Other factors that

may be a probable cause of some variations in the fire interval statistics are differences in
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elevation, topography and vegetatiwels. In order to make a more rigorous comparison
of fire interval distributions, the development of statistical standardization of study area
and sample size could be an ongoing subject of future research.

The position of a fire scar within an anngabwth ring may be used to infer when
during the season fires burnegeh(strand 1980; Dieterich and Swetnam 19Bdisanand
Swetnam 1990). Data from the Jemez Mountains regarding the timing of ponderosa pine
radial growth indicates that the onset of ehdirowth occurs in early May to mitline
depending on elevation (McDowedt al.2010. Applying this information, the presence
of dormant and earlgarlywood scars for most fire years at Valles Caldera National Park
indicates that the vast majority oktlfires took place in early May to mitline Figure
2.8). The scar positions coincide with substantial lightning activity through the months of
April, May and June. During this time 06dry
Jemez Mountains prior to tktemmencement of the summer monsoons; Allen (2002)
found (75%) of lightning caused 5200 historic fires in the Jemez Mountains for the period
19091996 occurred in the dry months of May and June. The peak in lightning ignitions
occurs during the period adW fuel moisture levels, minimal precipitation, and
decreasing fuel moisture content. It is these high ignition levels, climatic and fuel
conditions that are the main drivers of fire regime dynamics in the Jemez Mountains
(Swetnam and Betancourt 1990; 1998etnam and Baisan 1996). This seasonal pattern
of fire occurring predominately in the spring and early summer is seen in fire records
throughout the Jemez Mountains (Allen 1984; Allen 1989; Touehah 1996), as well

as throughout the American Soust (Barrows 1978; Foxx and Potter 1978).
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Another factor promoting fire activity in the Southwest is the condition of fuels. It
is the fine fuels (grasses, herbaceous plants and needle litter) that facilitates and
accelerates the spreading of surfacesf(teesopold 1924; Savage and Swetnam 1990;
Pyneet al.1996; Baisan and Swetnam 1997). These perennial herbs and grasses recover
quickly after fire, to the point that there is sufficient fuel to permit fire reoccurrence in
just a few years. Before the inthaction of sheep and cattle, which brought about heavy
grazing of the expansive grasslands in the region, surface fires probably spread from the
grasslands up through the ponderosa pine forests (or vice versa) and sometimes into the
more mesic mixe@onifer forests as these fine fuels extended into the forest understories
(Allen 2002).

As early as the first years of the seventeenth century, the Jemez Mountains were
crossed by Spanish settlers (Anschuetz and Merlan 2007). The broad grasslands of the
Valles Galdera were used for grazing sheep, cattle and horses during the spring and fall
by the Spanish and Pueblo people of the Jemez MounBairisZ 79, the Valles Caldera
wasdocumented on maps ¥alle de los Bacgsneaning Valley of the Cows (Martin
2003).Upunt il the 186060s, Navaj o and Apache pe
grounds and raids on Spanish sheep and cattle herds. Probably as a result of the removal
of Navajo and Apache threats, the numbers of sheep and cattle in the Jemez Mountains
andthe Valles Caldera, increased dramatically (Allen 1989). This intensive livestock
grazing significantly reduced the grasses and herbaceous fine fuels necessary for fire
spread from the grasslands up into the forests in the high frequency fire regimes.

Livestock trails were developed through the herding of animals, which disrupted the
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continuity of the grasses and thus the fire spread patterns (Toetchalah996).

Reduction in fine fuels from livestock overgrazing and the drought of thexl 886
probablylargely responsible for the cessation of fire events within the Valles Caldera
(Figure 2.4, 2.5FiguresA.1-A.10). A similar buildup of livestock numbers took place in
other regions throughout the Southwest in the late &8GWrescar studies in thesgeas
show concurrent and similarly sharp declines in fire frequency, primarily as result of

overgrazing (Dieterich 1980; Allen 1989; Swetnam and Baisan 1996).

Fire-Climate Relationships

To detect past associations between climate and fory pecordf climate for
theregion of study were utilized. The relationship between climate and fire events was
evaluated by Superposed Epoch Analysis (SEA). Our analysis of this association revealed
an important relationship between int@rual climate variabtly and the occurrence of
fire across the VCNP landscape. Although the climate conditions during the year of a fire
event are a strong determinant of fire occurrence, it is also important to consider the
antecedent conditions prior to the fire year. Ouulteshow that variation in climate
affected the extent of fire in the VCNP in two significant ways. First, the-ameual
variability in moisture during the year of a fire event influenced fire extent; second,
wetter and cooler conditions in years piing fire events may have increased the
production of fine fuels that was conducive to fire spread. Wet/cool conditions may have
preconditioned the VCNP to burn by increasing the production of grass and herbaceous

fine fuels. Cable (1975) and Bond & vanlgéin (1996) found that fuel accumulation in
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grassc omi nated systems i s a consegqieence of
changes in climate since grass responds quickly to variations in climate at seasonal and
annual scales.

Large, widespread firaa the VCNP showed a strong and significant relationship
(p <0.01) to dry conditions preceded by three years of wet conditfégsre 2.10A).
Simply put, major fire years tended to occur during years where conditions were
extremely dry, while wet periagdrecorded little fire activityRigure 2.10. Widespread
fires typically occurred with a-2ear lag after significantly greater wet/cool conditions
than average during the spring and early summer months. The fire years 1684, 1693,
1748, 1757, 1789, 1795818, 1841, 1851, and 1870 typify this pattdfiy@re 2.9. This
evidence suggests that the interaction of climate and the production of fine fuels in the
ecotone are important in the occurrence of fires in the VCNP. Moist/cool conditions for
several yea, which hinder fire activity, may promote production of fine fuels, thus
preconditioning the landscape for the subsequent fire seasons (Swetnam and Baisan 1996,
Swetnam and Betancourt 1998; Broetral.2001). These results are consistent with-fire
climate relationships inferred in other ponderossmites in the Southwest (Baisand
Swetnam 1990; Swetnam and Baisan 1996; Swetnam and Betancourt 1998; -Grissino
Mayer and Swetnam 2000), including the Jemez Mountains (Toetlzdr1996; Falk
2004; Allenet al. 2008).

The pattern of wet/cool conditions in years prior to widespread fires in the VCNP
suggests that the accumulation of fine fuels in the faypessland ecotone is necessary

for fires to become widespread. This skerim variation in fuel dymaics may explain

t



85

why there are relatively few years separating many of the widespread fires (Allen 2002).
For example, there are only three years separating two of the most widespread fires in the
VCNP; 1748 and 1752. Interestingly, years of widespreaaihgiin the VCNP (i.e.

1716, 1725, 1729, 1748, 1752, 1806, 1842, 1847, 1851, 1870, and 1879) are identical to
widespread burning in other ponderosa pine/misauifer forests in the northern Jemez
Mountains (Touchaet al. 1996), the southern Jemez Mounta{Foxx and Potter 1978;

Allen et al.2008), the Sangre de Cristo Mountains (Margolis and Balmat 2009) and
southeast Arizona (Baisan and Swetnam 1990, Griddangeret al. 1995). This

indicates that climate variations, and drought in particular, wenrglaential regional

driver in the Southern Rocky Mountains and most of the Southwest.

In the VCNP, most years of widespread burning were associated with low
moisture availability and droughtlose examination of our results indicate that PDSI is a
constaint on fire in the VCNP, but not an absolute driflggure 2.7. Our results
illustrate that in a high PDSI yeavidespread fire were raréecause conditions
inhibited fire spreadin contrastin a low PDSI year, firean be local to widespread
Widespread fires occurred in some but notvallesduring years with low PDSI (drought
conditions). In fact, noffire years (Ovallesrecording fire) occurred across the full range
of PDSI ¢4.2to +4.5) as did years when fire occurred in a singlde. PDS graphed as
a function of the number ofllesrecording fire shows that fire is generally contingent
upon drought conditions, but these conditions alone are not sufficient for widespread fire

to occur(Figure 2.7)
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Non-fire years were often associatediwivet conditions (Figure 2.10 D), and
were often both preceded and followed by unusually dry conditions. Thus, fires were
inhibited by cool and wet conditions in the potential fire year and by an insufficient fuel
base for an extensive fire in the precegyears. By contrast, fires that were widespread
may have reduced accumulated fuels throughout that widespread area, thereby
commencing uniform fuel accumulation, which could increase the possibility that the
next fire would again spread across the saraa @@aisan and Swetnam 1990). For
example, this appeared to have happened in 1752 when widespread fire occurred after the
extensive fire of 1748.
An almost entirely fire«e r ee peri od occurr edvallesin t he 18
the VCNP Figure 2.5. Reduced fire frequency at approximately the same time period
has been documented in other fire history studies in the Jemez Mountains (Tewuahan
1996) and even in the Southwest (Swetnam and Baisan 1990; GN&syeo 1995).
Work by Swetnam and iBterich (1985) suggeghat this decrease in fires is possibly a
response to regional climate shifts as documented by Fritts (1991) through the
reconstruction of regional precipitation w
unusually large amounts of predgtion. The reconstruction of PDSI for the Jemez
Mountains shows significantly drier conditions than normal from 183%b, followed by
t he wet per i odFigdre2.9 Thgse tohddiond, 8oBpled with ihoderate
consecutive fires in the VNCP {928 and 1928 may provide a plausible explanation for

this fire-free period.
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Consecutive Fire Years

The collection of samples for this study focused on the grastiaest ecotone.
Generally, it might be expected that the mean fire intervals woullddyees for
grasslands than for forest, as the perennial grasses and herbaceous plants recover much
more quickly after a fire than do woody plants and trees. According to Allen (2002),
ponderosa pines may rebuild a surface litter cover of pine needles @itihi7 years,
providing fuel for frequent surface fires. However, Baisan and Swetnam (1990) indicate
that along the edges of open areas or meadows where conditions encourage herbaceous
growth, samples have revealed even shorter fire intervals of §earg. In addition,
other studies have shown that while fire intervals this short have been found in the
ponderosa pine stands of northern Arizona, they are uncommonsetgsment fire
regimes of coniferous forests of the Southwest (Swetnam, 1990).

Samples collected in the VNCP confirmed numerous consecutive fire years
during the period of record. In this study, we exami2gdf the most significant
consecutive fire years in which at least one year of the two years recordedtneeor
more of tke ninevalles When SEA results for the consecutive fire years were examined,
we had expected that wet conditions would have prevailed for several years prior to the
consecutivdire years. Instead, we found that the conditions preceding fire occurrence
were neither drier nor wetter than normiidgure 2.32 A. However, when consecutive
fire years in which there was at least one widespread fire year were analyzed as a group,
the SEA results did in fact show several antecedent, thoughtatistically sigrficant,

wet yearsifigure 2.32 B. Examination of the consecutive years in which there was at
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least one moderate fire year revealed several antecedent yearsstditigiitally
significant years of droughE{gure 2.32 . This appears to indicate that vehthe
climatic conditions would favor fires in these yedhere were insufficient fine fuels to
feed widespread fires. What is notable is that the VCNP almost inevitably experienced
significantly lower PDSI values in the second year of the consedirBwaear. Thus,
even though the conditions were significantly more favorable for burning in the second
year, the spread of fires appear to be limited by the fuel quantities available.

In five of the 21 consecutive fire year pairs, almost altdcarredrees sampled
recorded a fire in one of the two years (16854 171516, 180506, 184142, and 1869
61). In these particular consecutive fire years, not only did significant portions of the
VCNP burn, but there was some general overlap of the areas bpanec)larly in the
centrally located Valle Jaramillo. However, only one of the 239 trees sampled exhibited
consecutive fire scars (188®). This was to be expected, as even the grasses and
herbaceous plants would have had little time to recover betivespand would not
have provided the fuels necessary for the same to burn in two consecutive years at the

tree scale (Allen 2002).

Management Implications

Healthy, thriving ecosystems are less vulnerable to catastrophic fires that can do
irreversible @mage to watersheds and wildlife habitats. Unfortunately, the removal of
wildland fire from many ecosystems, particularly in the Southwest, has left forests and

grasslands overly dense with flammable vegetation. Ecologists and managers are
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increasingly reagnizing the loss of the variability in natural processes, such as fire, from
our landscapes with unexpected and equally undesirable consequences to biodiversity and
sustainable ecosystems. For example the high montane grasslands that occur on upper
mountan southfacing slopes of the caldera rim and resurgent domes in the VCNP are
estimated to have decreased by 55% between 1935 and 1981 as a result of intensive
grazing and active fire suppressiema effort
1999).

In the forestgrassland ecotones of the VCNP, surface fires burned frequently
prior to EureAmerican establishment of permanent settlements in and around the Jemez
Mountains. These frequent, low intensity fires promoted the growth of grasses and
herbaceouplants in the understory and enabled large, open ponderosa pine stands to
exist by effectively preventing the development of higher densities of ponderosa pine
seedlings and other species of the migedifer communities. These recurrent fires thus
helpedto maintain the ecotonal boundary between forests and grasslands through the
prevention of the spread of woody species into the adjacent grassland ecosystems (Coop
and Givnish 2007Conver 2011

Our reconstruction of histotfire regimes along the gsslaneforest ecotone
provides a useful ecological benchmark for land managers in planning restorative actions
plans for forest and grasslands, by usingfpeasuppression fire regimes as a benchmark
for prescribed and natural fire management. A certgiifye suppression and grazing in
the VCNP has significantly decreased the incidence ofimb@nsity surface fires. The

high frequency of fires documented in this research could be reinstituted in the forest
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grassland ecotone through prescribed burmrgch is the intentional burning of fuels

under conditions specified and approved through a management plan. Prescribed burning
alone could reduce surface fuel loads, stimulate nitrogen availability, increase herbaceous
productivity and cause the mortglioef ponderosa pine and mixednifer seedlings

(Harrington and Sackett 1990). However, it is likely that some combination of thinning,
manual fuel removal and prescribed burning will be necessary to restore the grasslands
and ponderosa pine/mix@dniferforests in the ecotone to the histaticonditions of

open stands of large, old ponderosa pines and expansive montane grasslands.

Our research shows that fires occurred witrahesat intervals on the order of
5.5 t0 22.5 years, and that widespreadsfartending through ecotones throughout the
VCNP occurred every 2.7 to 10 years; and fire occurred somewhere in the VCNP
ecotonal zone everya years (Table 2.FiguresB.1-B.6). While these intervals are not
necessarily a prescription for ecologicatigsed fire management, they do provide a
guide for fire frequency that would approximate the natural background process (Falk
2006).

Unfortunately, any management plan will be constrained by the size of the budget
allocated to forest and grassland restoraprojects. But time is of the essence, as the
young saplings, many of which historically would have been killed by the frequent low
intensity surface fires, are growing larger and moretélerant as time goes on. The use
of prescribed burns will thefore become less and less effective for the thinning of the
undersory and the removal of ladd@rels. Before long, this management tool will

become less controllable and more dangerous to use as it may lead to crown fires. If the
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process of prescribedilming can no longer be utilized, land managers will be faced with
the use of more expensive restoration methods such as mechanical thinning (Harrington
and Sackett 1990). Restoring fire as an ecosystem process will bring many benefits to

management of théCNP.

Conclusion

Our work in this area highlights the importance of fire as a landscape process in
ponderosa pine forests and grasslands at high elevdliendrahronological dating
techniques permitted the use of remnant wood to document the presérnee order
to derive a fire history of the foregtasslad ecotone extending back1d18C.E We
evaluated temporal and spatial fire patterns for the best replicated period of analysis,
1601-1902. Our research demonstrates that in the VCNP |goelssaa whole prior to
1900, fire occurred approximately two in every three years (MFyda§. Widespread
fires occurred at decadal intervals, and fires occurred witllasevery5.5 to 22.5
years Past fire occurrence took place predominately duhegarly season (May to
early July) when lightning strikes peak before the onset of the summer monsoon.
Mapping the extent of fire in the VCNP enabled us to quantify a general pattern of fire
that may be utilized in developing lotgrm management strgies for the restoration of
the historical extent of the montane grasslands in our study area.

Fire frequency in the VCNP grasslafadest ecotones probably reflects fires in
the adjacent grassland ecosystems to some extent. Our research indicates tHdtRh 0 s

for the ecotone are one and half times shorter than intervals in nearby interior ponderosa



92

pinemixed conifer forests of the Jemez Mountains. This finding has important
implications for management in the VCNP and with respect to the reintrod otfioa

to restore this keystone process in the montane grasslands of the VCNP and the Jemez
Mountains. In the future, more precise comparisons of fire intervals for the grassland
forest ecotone with those of the interior ponderosa-pined conifer forets, including
standardization of the size of the study areas, sample sizes, and other variables would
help to clarify the spatial and temporal properties of the VCNP fire regimes.

Climate variability played an important role in the fire regimes of pasdepine
and mixedconifer forests along the boundary of the expansive montane grasslands in the
VCNP. Our research emphasizes the importance of the relationship between fire and the
onset of drought conditions during large fire years, as well as itisagrge in
consecutive fire years. Antecedent conditions in the previous four years played a large
role in the occurrence of widespread fires in the ecotone. Significantly wetter than
average conditions two years prior to fire occurrence appear to pregligmolandscape
to widespread fire events during subsequent years of drought. This climatic linkage
suggests that even when significdmught conditions are preseittis the quantity of
available fine fuels that is the limiting factor in the exterfirefspread in this ecotone.

Back to back fire years were a regular and relatively frequent occurrence in the
historic fire regime of the VCNP. Almost invariably the PDSI for the second year in a
consecutiveyear pair was considerably lower than thathef first year, whether the fires
were widespread or localized. In some consecutive fire year pairs, the two years burned

over different areas of the VCNP landscape, whereas in otheopére years, fire
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spread across the VCNP landscape in a patcimpenaln both cases, fires appeared to

leave fuels available to burn in the subsequent year, particularly when it was drier and
warmer. The factor determining these patterns appears to be the climactic variation in the
antecedent conditions, which probahinctions by modifying the quantity of available

fuels. As these fine fuels may be replenished relatively quickly under the right climatic
conditions, this may account in part for

repetition ofconsecutivdire years within the montane grasslands.
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APPENDIX A: FIRE HISTORYCHARTS

Figure A.1:Fire history chart depicting fire dates recorded by 10% or more of the trees withivadlacturing the period of

analysis16041902 for the Valles Caldera National Beeve. Each horizontal line represents the length of record for the fire composite

from individualvalles Dashed horizontal lines indicate years that preceded the formation of the first fire scar on sample Yaila that

Short vertical lines indicate ¢haggregate of fire dates from each site. Dates at the bottom of the chart depicts all fire events recorded by at

least one fire scar.



