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ABSTRACT

The histaric effects of fire andclimate on stand dynamics in the ponderosa pine
dominated forests of the American Southwest are of increasing concern to land
management agenciesUsing present forest stand structure,ite mixed-conifer forests

of the volcanic features in El Malpais Natical Monument were analyzed at three

OADPAOAOA OEOAOGYd A AET AAO ATTAh AT AT AEAT O AA

completely surrounded by basalt flows. Increment cores were collected from 63Pees
in 19 plots within the monument to obtain datesof establishment These dates were
compared with historic fire histories and precipitation records to analyze the effects of
both fire and climate-forcing mechanisms orestablishmentof several tree species
within each forest.Results show an increase itree establishment that coincides with
increased precipitationin the 1800s. Fire regimes were also altered, shifting from a
predominance of small, patchy fires to that of larger, more widespread fire@ver the
past 350 years rates d tree establishmenthaverespondedpositively to increased
precipitation and longer fire intervals, and negatively to periods of anthropogenic
disturbance (i.e. intense livestock grazing and logging). The fire suppreesiera
(beginning ca. 1940)caused large shifts in specgcomposition, with influxes of fire

ET OT1 AOAT O OPAAEAOh OOAE AO DPET Waliabileye T Ah
was seen inspeciesestablishmentat spatial, temporal, and interhabitat levels in
responseto these external forcing mechanismsas the cinder cone site appeared to be
more reactive to shifting fire regimes and the basalt flow site appeared to be more
reactive to precipitation levels over time This study supports a shift inforest

managementto promote ecosystem resilience within pesent stands, rather than
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attempting to mirror the conditions of previous analogousperiods, as current forest

structure is now non-analogous and will require unique management practices
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CHAPTER ONE

1. INTRODUCTION

The complex dynamics of stand structure, composition, and succession have
become an increasingly imperative topic of study. With evelarger human presence
and disturbance to our ecosystems, a agprehensive understandirg of the processes
by which forests regenerate and of the anthropogenic forces that have altered natural
processes must be attained to protect these ecosystems. Initial studies on the
dynamics of plant communities were concerned wh the methods by which species
came to invade an area and outcompete those species that were already in place.
Early interpretation of this process was that plant species came to invade a region in a
OOAI BBAG 1 ATTAOh xEEAE AAIOKOOEADA E#I AT AAO OO
Cline and Spurr 1942; Daubenmire 1952; Oosting 1956; MacArthur and Connell
1966). Later research suggested that rather than species invading one after the other
ET A -IOORAAU AT T AOh Al1l ODPAAEAOlypo&E A Al 11 O1 EOU
disturbance. Many species either remain small in number and size or dormant until
conditions in the stand/region becomefavorable, allowing their populations to grow.
AEEO 1T Ax OEAIT OU EAO AT T A O61 AA AAiId AA OEA 0O)Ii
(Egler 1954).

After eachmajor disturbance to a stand, a new group of trees establishes. This
new group is called ange clas§or @ohort.6If the disturbance was severe enough to
causefull regeneration of a stand, then the stand represents a singt®hort (an even
aged stand). If the disturbance was less severe in its effects, and only a small number

of trees wererecruited post-disturbance,the stand would remain variably aged &n
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uneven-aged stand). These may also be defined as singlehort standsand multiple-
cohort stands to reflect the presence of multiple agelasses within a single stand
(Oliver and Larson 1976).

This initial research has since been broadened into full studies of the
intricacies of mixed-species and regionspecific stands. Foests of the American
Southwest primarily consistof stands dominated byponderosa pine(Pinus ponderosa
Douglas ex. P. Lawson & C. Lawsownjth fire being a major disturbancein the region.
By studying the dates of establishment of trees within these stands, it becomes
possible toelucidate the role of historicfactors in forest developmentMost research
determining the date of establishment within a stand involve use of increment cores
taken at 30 cm above grond level (Savageet al. 1996). The pith dates observed can
be interpreted as the date of establishment for each tree cored.

Potential problems exist with this method, because a large number of local
ecological factors can negatively affect regenerationysh as drought, seed predation,
browsing by rodents and ungulates, sunscald, frost heaving, trampling, dampHodf
disease, competition, and fire (Pearson 1923; Larson and Schubert 1969; Harrington
and Kelsey 1979). Multiple studies have focused on the loénce of climate on
regeneration, including studies that compared agstructure to precipitation and
temperature trends (Shubert 1974; White 1985). Dendrochronological evidence has
shown regeneration in the Southwest to be historically episodic and infragent
(Biondi et al. 1994).

Regeneration andits influencesmust be understood to adequately manage our

forests in the future for healthy stands. However, we must also take into account the



impact of human influence @ these forests, without whichlittle pr oactive

management can be accomplished. Biogeographers have been studying human
modification of disturbance patterns on vegetation communities (Veblen and Lorenz
1988) and, in particular, western forests (Veblen and Lorenz 1986) for generations.
These wesern forests have experienced significant changes in composition and
structure during the 20t century caused by human influence in the form of domestic
livestock grazing, logging, and fire suppression (Weaver 1951; Cooper 1960; Madany
and West 1983).

Clements (1910) first documented the capaciy of fire regimes to shift forest
composition when describing the nature of the lodgepole forests in Garado, where
high-intensity/ high-severity fires are most common. In southwesteri®. ponderosa
forests, however, ight frequent fire had been the primary presettiement disturbance
patterning the forest, maintaining an open, parlike structure (Cooper 1960;
Schubert 1974). The introduction of grazing and fire suppression and the associated
decline in fire frequency has been cited asnajor causes of the significant shift in
extent and density of the regionaP. ponderosdorests (Biswell et al 1973; Wright
1978; Dieterich 1980; Allen 1989). Therefore, an understanding of howhese
disturbances haveaffected the age stucture of these stands must be attained to
better comprehend the dynamics of these stands (Savage 1991).

A full study of vegetation dynamics is not complete without an understanding
of how disturbances affect forest structure and composition over both spatial and
temporal scales (Veblen and Lorenz 1986; Swetnam and Baisan 1996). The lack of

availability of direct observation offire severity has creaed controversy over the



effects of historic fire regimes on stand dynamics, especially in studies where fire
played a large role at low or high severities (Hessburet al.2007; Sherriff and Veblen
2007).

Problems arise when attempting to tease apart the effects of past fires on
current forest structure (Gonzalez 2010). These effects are spatially heterogeneous
(Fulé et al.2003) and the spatial patterns of a forest may reflect even more variability
in both fire severity and in the underlying abiotic environment (Hessburget al.2007).
The effects of fire on stand structure and dynamics are also inherently linked with
extraneous factors, such as drought and other climatic variables (Swetnam and
Betancourt 1998).

The severity of fire includes a continuum from almost no net effect on
structure to nearly complete mortality of a stand (Kaufmanret al.2006). This
continuum leads to either establishment of an entirely new cohort (or agelass) of
trees from high-severity fires (Hessburget al.2007) or sustainability and
continuation of recruitment of a stand or single species within an area. Fire regimes
may also be variable within a single stand, representing a mixeskverity regime
(Schoennagekt al.2011), which presents unique issues and problems in its
interpretation (Schoennagelet al.2004).

Recent research shows thaP. ponderosdorests have experienced dramatic
alterations in both structure and composition through fire suppression, logging, and
grazing (Bartonet al.2001; Huckabyet al.2001; Taylor 2010; Schoennagegt al.
2011). These alterations make it difficult to differertiate the specific influences of fire

and have also dramatically increased the susceptibility of these forests to high



severity, standreplacing fire (Schmidtet al.2008). However, using the age structure
of present forests can be a highly useful method elucidating the effects offires

within a stand. This method can allow for a researcher to gaiime proper knowledge
of land use changesthe effects thereofand the hidoric fire regimes of a region(Arno

et al.1995).

1.1 Research Problem
The AmericanSouthwest has observed substantial changes in stand structure,
composition, and dynamics over the last three and a half centuries, most markedly
within the eraof fire suppressionduring the 20t century. While a large amount of
researchhas been conductd on the fire and climate histories of the region, the local
effectsof thesefactors on decadal tree establishment have not been fully understood.
Without knowledge of these effects, forest managers are lacking thesttools and
methods by which to implement appropriate fire management strategies in our
present day forests
This project seeks to obtairanswers to the following specific research questions:
1. How have historic fire regimes altered the dynamics of ponderosa pine forests
in El Malpais National Monumenbver time?
2. How has climate influenced historic fire regimes and &e establishment pulses
over time?
3. How much variability in treeestablishment is observed betweerthree habitat
typesin El Malpais National Monumen®?
4. What are the confounding issues of attempting to separate the effects of changes

in fire and changes in climate on tree establishment?
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5. What implications dohistoric climate forcing mechanisms pose for futuredrest

management in the region?



CHAPTER TWO

2. LITERATURE REVIEW

2.1 Fire History Research in the American Southwest

Human intervention has long been cited as a leading cause of changes in the
natural fire regimes of the U.S. Leopold (1924) observed a juniper stump Tonto
National Forest that showed roughly decadal fire scars. He also noted that for 40
years prior to his visit, the tree had experienced no fire injuries, attributing this to
intense livestock grazing that had removed the surrouding grass since roughly1880.
Changes inife regimes were noted and attributed to anthropogenic disturbance in
the Southwest in a small number of studies (Weaver 1951; Cooper 1960) over the
next 50 years, but littleresearch overallwas conducted on this topic.

The early 1980s lvought a revolution in fire history studies: the use of
crossdating to precisely date fire scarsvithin a sample (Dieterich 1980, 1983;
Madanyet al. 1982; Swetnam 1983; Dieterich and Swetnam 1984). This approach
allowed for extensive analysis of the tempi@l changes in fire occurrence. Using this
technique, many studies were completed in the following decade, enabling the
creation of a network of over 60 sites for regionakcale spatial analyses of past fire
regimes (Swetnam 1990; Baisan and Swetnam 199Grissino-Mayer et al. 1994,
Touchan and Swetnam 1995; Swetnam and Baisan 1996).

Swetnam (1990) began using this technique to inform fire managers of the
natural fire regimes of the forests of the American Southwest. He combined 15 fire

scar chronologies with Forest Service documents to construct a 38@ar record of
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fire disturbance in the region. He documented differences in climate that have shifted
the size, frequency, and synchrony of fire regimes in the areauBmost importantly
Swetnam observed the effect that human interference has played in altering the
regular patterns of this natural system.

Touchanet al.(1995) studied historic patterns of livestock grazing in New
Mexican forests and compared these with fire histories of the region. They compared
their results with previous studies conducted in the Southwest and found vamg
responses to grazing by site location. Most of the earlier studies had found a large
decrease in fire frequency around 1880, when intense livestock grazing was
introduced into the region. Theyfound that changes in fire activity at thér site within
the Monument National Canyon Areavere similar to results from previous studies, in
that sheepherding drastically reduced fine fuels around 1899. Thesite near the
Continental Divide showed a sharp decline in fire frequency, but this decline was
actually dated in the 1750s and attributed to livestock grazing by the Navajo and
Hispanic populations who had previously occupied the region. Interestingly, they
found little variation in fire frequency in recent centuries at theirsite in El Malpais
National Monument. They attributed this lack of declining fire frequency to the umjue
geology of the monument, wherancient basalt flows protect certain areagrom
human and natural disturbances.

Research conducted in the late 1990s arttie first decade of the 23t century
has focused on expanding and broadening our understanding of the breadth and
variety of fire regimes in conifer forestsof the area. A large emphasis has been placed

on the interaction between historic fire regimes and climatic influence. Studies kha



evaluated the relationship between dendroclimaticallyreconstructed rainfall and fire
histories, and have shown trends in fire occurrence and drought conditions as well as
a later fire season observed during wet periods (GrissinMayer 1996; Grissine

Mayer et al.1997).

Grissino-Mayer and Swetnam (2000) studied nine sites in northwestern New
Mexico to analyze the climate forcing of fire regimes in the area. They included many
representative habitat types of the American Southwest, such as cinder cones,
ponderosa parklands, and older eroded basalt flows. They found four distinct periods
characterized by different fire frequencies and synchrony, separated by three periods
of fire absence in the region. These periods were AD 1790782, 179571880, 1893
1939, and 195Qzpresent. The second and third firefree intervals (188171892 and
1939z71949) were attributed to human disturbance through livestock grazing and
implementation of fire suppression, but this did not explain the variability of the fire
regimes beforeand after these intervals or the cause of the firfree period of 1783
1794. GrissineMayer and Swetnam suggested that a shift in the seasonality of rain
and aresulting shift in fire regimes could be attributed to thebeginning of thedecline
of the Little Ice Age (LIA) around the same time. Their climate scenario argued for a
cool and dry LIA with higher frequency of wildfire, followed by warmer and wetter
conditions, accanpanied by lower fire frequency,since AD1800.

Fire history research through thisperiod (late 1990s and early 2000s) sought
to link fire behavior to multiple other long-term climate oscillations, such as the
Pacific Decadal OscillatioiPDO), El Nilo-Southern Oscillation(ENSQ, and Atlantic

Multidecadal Oscillation(AMO). Researchers$egan linking these oscillations with



drought frequenciesacrossthe U.S. (Gragt al.2003; Grayet al. 2004; McCabet al.
2004). Later work then applied this relationship to fire histories, which showed
strong correlations with the interplay of the multiple oscillations. Brown (2006)
found that fires occurred most frequently during cool phases of ENSO and tHae
frequency increased even furthemwhen a cool ENSO phase aligned with a cool PDO
phase and a warm AMO phase. Schoennagehl.(2007) investigated the
relationships between broadscale climate variability (changes in Palmer Drought
Severity Index, ENSO, PDO, and AMO) and fire occurrence. Thigkviarther indicated
that a cool ENSQ;00l PDQ andwarm AMO synchronyis associated withhigh fire
frequency.

Westerling et al. (2006) also found strong climateforcing mechanisms of fire
activity in our present forests. They found that fire regimes changeabruptly in the
mid-1980s. Previouslyregimes had consisted of predominantlyarge, infrequent
wildfires of short duration. Post 1980, fire occurrence increased to almost foumties
the frequency that hadearlier beenobserved They went further to suggest that
ecological restoration and fuemanagement practices may not be sufficient to
moderate theincreased wildfire activity, which theyprimarily attribute to climate
change. Studies havemade predictions for the future of these relationships, as they
will be altered by our everevolving climate (Heyerdahlet al.2008). This work has
suggested that with current models of increasing greenhouse gases and aerosols, both
fire frequency and severity may increase. This change in firegimes could lead to
further shifts in habitat, stand structure, andnatural cycles ofwater, carbon, and

nutrients in forests.
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2.2 Stand History Research in the American Southwest

Savage (1991) studied the effects of chronic human disturbance on structural
dynamics of a Southwestern pine forest in the Chuska Mountain$ New Mexico This
region has been occupied by humans since before 1500, when the Navajo migrated
into the area. Savage used 1935 as a marker year &aluating age structure and
found three trends in theforest studied. Twelve stands were found to have beeof
unevenragein 1935 and also in 1986. For these stands, a continuous mode of
regeneration was characteristic, reflecting relatively stable, sefberpetuating stands.
Seventeen plots were found to be of uneveage in 1935, with significant mortality
before and after this period, leading to a younger, eveaged stand by 1955. Density of
trees in these stands increased markedly in this century, represented by the high
numbers of seedlings and saplings found at these sites. Titemaining sevenplots
were virtually free of pine beforea regeneration pulse created a new stand of trees in
a former meadow area. When climatological factors were taken into account, Savage
determined that anthropogenic disturbance was not the sole cause of the shift in
composition found in this forest. The synchrony found in recent forest shiftacross
the Southwestimplies that climate was an important catalyst in the large
regeneration pulses of the 2@ century, despite acontrast in the timing of human
interaction by the Navajo versus other soutwestern pine forests

Fulé et al.(1997) set out to provide reference conditions for practical
management of Southwestern ponderosa pine forests, using Camp Navajo outside of
Flagstaff, Arizona as a reference forest. They found a unique cause for the

intr oduction of fire exclusion in the area: the construction of the transcontinental
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railroad across northern Arizona from 1882 and 1884, followed by heavy commercial
logging. The subsequent, large regeneration pulse of ponderosa pines into the forest
follows previous research, as does a very large increase in the number of oak species
in the region. They suggested using presettlemen{defined as preEuro-American
settlement around 1870 to 1890) conditions as a benchmark and goal for ecological
restoration of these forests.

Mastet al.(1999) sought to provide baseline information for restoring the
presettlement age structure of a ponderosa forest in northern Arizona. Using living
and dead trees at the site, they determined the age distribution of the forest dato
the mid-1500s. They had moderate success comparinge timing of recruitment with
drought using thePDSI. They explained that a better understanding would be gained
by combining the influence of both climatic and disturbance factors on regeneration.
They further suggested four steps for proper management of ponderosa forests: first,
all pre-settlement trees should be retained. Second, many peséttlement trees
should be culled, while takingreatment-induced mortality into account Third,
extensive manitoring over time should beundertaken. Finally, comparisons with
reference age distributions and other ecosystem system structural parameters should
be conducted.

Many researchers have observed a 1919 regeneration pulse acrdbe
ColoradoPlateau(Pearson 1950; Arnold 1950; Schubert 1974; White 1985; Biondi
1996; Savageet al.1996). Moore et al.(2004) compared historic (1909z1913) and
contemporary (1997z1999) forest structure and composition on 15 permanent plots

in ponderosa pine forests of Aribna and New Mexicpandfound a large recruitment
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pulse in 1919, following trace or nonexistent recruitment for the prior 40 years. They
also found a dramatic increase in basal area over the last @D years, representing
an increased susceptibility to bak beetle epidemics and standeplacing wildfire.
Brown and Wu (2005) studied the climate and disturbance forcing of the
episodic recruitment of ponderosa pines in southwestern Colorado. They observed
that climate forcing ofrecurrent surface fires dfected density-independent control on
tree recruitment in these forests.While recruitment in many forests tends to be
density limited because of competitive constraints, these standgcruited largely
during periods when surface fires were restricted by clima¢ conditions less
conducive to burning. Periods of short firantervals were also timesof low
regeneration into the stand, as most seedlings and saplisg/ould be killed by fire
before maturing to a size large enough to survivBres. They also observedHat these
forests restored to a healthy state relatively quickly aftea major drought in the

1500s, giving hope to current forestmanagers of the area.

2.3 Research on Fire/Stand Structure Interactions

Barton et al.(2001) investigated the effects ofife on stand structure and the
synchrony of establishment in the lower and middle Rhyolite Canyon in the
Chiricahua Mountains ofsoutheasternArizona. They showedevidencefor an initial
hypothesis, which statecthat fire-free periods were crucial for large recruitment
peaks in pine forests, as these periods have drastically reduced seedling mortality.
However, they also noted that sccessful recruitment requires preparation of the seed
bed by fire and reduction of competition in these stands. They found gonclusive

evidence for theirsecondhypothesis, which stated that favorable moisture conditions,
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rather than reduced fire frequency, would account for the age structure peaks in pine
forests.

Huckabyet al.(2001) investigated the landscape patterns odge structure at
Cheesman Lake in the Colorado Front Rang&bout 60 km southwest of DenverThis
area was only minimally affected by logging and grazing in the late 1800s and early
1900s, providing a unique view into a lack of EurdAmerican disturbance (ecept fire
suppression). This study suggested that old trees and old stands were historically
common in the montane zones of the Colorado Front Range and that the pre
settlement fire regime was a mixture of surface fire and standeplacing fire, which
maintained the open standconditions with areas that remained treeless for decades.
Theyalso pointed out thatthe timing of restoration efforts may be important for
successful maintenance of openingdiecausefire and tree regeneration have
historically occurred at long, often coincident intervals

Taylor (2010) analyzed the interaction of fire disturbance and foresage
structure in a ponderosa pine forest in the southern Cascade Mountains in California.
He found similar patterns as previous studies, in thathe fire interval was quite
shorter prior to Euro-American settlement.Recruitment peaks in the mid1800s were
attributed to wetter climatic conditions, and recruitment peaks in the mid1900s
were attributed to the implementation of fire suppression. Taylo found a positive
spatial autocorrelation of both ponderosa pine andQuercus kelloggiirees > 100 years
old at small to intermediate scales. This findingupported his hypothesis that intense

surface fires after the death of a canopy trees create a mirasoil seedbed over large
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spatial and temporal scales, creating a forest that consistsf small, evenaged groups
of trees.

Schoennageet al.(2011) evaluated forest regeneration by studyingfire
history and tree recruitment patterns in a Colorado FronRange upper montane zone.
They found that moderateseverity fires predominantly affected this area historically.
Using a remnant metric (classifications of posfire, remnant wood), they found that
62% of the sampled sites were predominantly affected by nuterate-severity fire, and
that 38% were predominantly affected by highseverity fires. This analysis also
showed a tendency for lodgepole pine sites to be more prone to high severity fires and
ponderosa pines sites to be more prone to moderate severity és.They also pointed
out that efforts to recreate historic conditions for which there may be no future
analogs are being replaced by efforts to promote ecosystem resilience and that, given
the apparent resilience of the stands in thistudy, these forestsare not of high

concern to fire managers.

2.4 Research on Climate/ Stand Structure Interactions

Savageet al.(1996) studied a pine forest regeneration pulse and the role that
climate played. They studied ponderosa pine woodlargin the Gustav A. Pearson
Natural Area, outside of Flagstaff, Arizon&4% of the 166 trees sampled were found
to have a germination date 01919; while 97% of these treeswere found to have
germinated within 3 years of 1919 Theythen determined that a canbination of
temperature and precipitation patterns, as well as a lack of regeneration in the
previous decades due to human influence (grazing and logging), created an optimal

situation for rapid ponderosa regeneration.
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Cain and Shelton (2000) revisitedhe effects of common climate variabkeon
pine seed crops in thesoutheast Arkansas, northcentral Louisiana, and southwest
Mississippi. Weekly seedfall and climate variables were recorded for 24 yeapsior to
the study. A strong positive correlation wasobserved between precipitation during
strobili primordial differentiation (beginnings of seed production within a tree) and
seed fall. This finding suggests that, in pines, a drought event occurring during this
stage of development will result in diminishel seed production and dispersal two
years later. Therefore, researchersan expect a delayed reaction between the
evidence ofdrought eventsfound in dendrochronological records and seedfall
records.

North et al.(2005) studied the effects of ENSO ahfire on tree recruitment in
mixed-conifer forest sitesin the southern Sierra Nevada, ca. 80 km east of Fresno,
California. They sampéd many fire-scarred samples to studyfire/climate
relationships and cored over 500 trees to studglimate/stand structure relationships.
Weather records were gathered from the nearesweather station (Grant Cove,
California, ca. 20 km south of the study site) andsedfor analysis of ENSQears. They
found that regeneration following an ENSO year varied widely between species in the
mixed-conifer stands,perhapsbased on their varying requirements for proper seed
fall and germination. They concluded that thesecondaryeffect of climate affectingfire
patterns, whichthen affect regeneration ratesjs the largest limiting factor for tree
recruitment at the site, rather than ENSO patterns.

Brown (2006) studied the effects of climate on fire regimes and tree

recruitment in ponderosa pine forests inthe Black Hills of southwestern South Dakota
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and northeastern Wyoming. Pith dates for over 60@onderosa pine individuak were
obtained and compared with records of ENSO, PDO, and AM@etermine their
effects on establishment of new cohorts into the stads. He found that optimum
pluvial conditions were a large determinant in promotingseedling establishment.
Such wet periodscoincided with synchronous population dynamics of his sampled
trees. However he observedthat stands mustbe thinned out by regularfire to allow
space for new cohorts teestablish within the stands, further supporing the
relationship between fire events and increased tree recruitment.

Floyd et al.(2009) looked at the relationship of stand characteristics and
drought mortality in t hree southwestern pinyornjuniper woodlands, located in
southwestern Colorado, northern Arizona, and nortkcentral New Mexico.They found
that, pinyon ips (a bark beetle) caused the greatest mortality at all three sitebut that
drought-induced mortality was highest in pinyon pine and juniper individuals at the
north-central New Mexico site. They suggestl that drought in these stands may
cause trees to become morsusceptibleto pinyon ips and lead to high overall

mortality, which could cause the spreaaf ponderosa pines within stands.

2.5 Fire History Research in El Malpais National Monument

Grissino-Mayer began work in El Malpais National Monument in the early
1990s. The monument is highly heterogeneous in successional stages and habitat
types due toits many, varying-aged lava flows (Lindsay195). Due to the variability of
landscapein the monument, GrissineMayer (1995) sampled as many representatives
of each habitat type as possible, including cinder cones, ancient and younger basalt

flows, shield wlcanoes, and lavasurrounded islands (kipukas). This work mostly
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focused on the western portion of the monument due to the prevance of fire-scarred
samples. In addition to this, &,129-year record of precipitation was constructed.
Grissino-Mayer foundthat the limiting factor of the trees within the monument was
precipitation with a high correlation between PDSI and tree growthHe delineated
eight distinct periods of aboveand below normal annualprecipitation in his multi -
millennial reconstruction. The period 13991750 representedthe longest dry period
of the reconstruction, which also included the longest and most severe short term
(<50 years) drought of the reconstruction. The following and most recent period
(179171992) represented the wettest of the reconstruction, with the 19h century
never falling below a 1.1 standard deviation threshold usetb designate below
normal precipitation.

Grissino-Mayer also compiled a comprehensive fire histgrof the monument,
composed of ninechronologies. He foun that most fires in the area occurred during
the middle portion of the growing season. The cinder cone sites saw more fire in the
later growing season and dormant seasomnd the kipuka sites saw earlier fire
seasonality on average. GrissinMayer used aVNeibull function to calculate fire
intervals at each site and found that fires occurred within the monument
approximately every 512 years, with a minimum fire interval of 3 years and a
maximum of 12755 years. Most of these fires were fairly small in sezandlow in
severity, with larger, more widespread fires occurring every ca25 years. Grissine
Mayer also delmited four distinct periods of fire history: <1700z1782, 179571880,
189371939, and 194 present. Prior to 1782, predominantly small, pathy fires were

common,followed by a sharp decline in occurrencéetween 1795 and 1880. This
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latter period sawmore widespread fireswith more regular occurrence at each site.
Circa 1880 a fire-free interval caused by livestock grazingvas observedin the area.
The period 18931939 showed a return offire activity, but fires were not common
and only a few were widespreadThe effects stemming from the implementation of
fire suppressionbegan in the area around 1940, leading to the fourth period oifré
history.

Lewis (2003) analyzed the fire history of five kipukas and three basalt flow
siteswithin El Malpais National Monument Lewis constructed fire chronologies for
each of the sites, the oldest of which dated back to 144+or each site| ewis
calculated the Weilull Modal Interval, which ranged from9.5 years at Mesita Blanca
to 41.3 years at North KipukaThe study by Lewisincreasedspatial extent of the fire
histories of monument,as well ashabitat diversity with the addition of three basalt
sites. He found that spatial synchrony of firdree intervals existed with 75% of all
sites having intervals occur within 316 years of each other. He also conducted initial
stand age structure analysis of the kipuka sitesvhich showed a lack of anthropogeit
disturbance during the period of high livestock grazing and logging (ca. 1830920).

Rother (2010) studied the effects of climate and anthropogenic forces on fire
regimes of the monument and the surrounding Zuni Mountains. Using 806 fire scars
on 75 sanples, Rother compiled a chronology back to 1700 for the area surrounding,
and partially including, El Malpais National Monument. Rother theaompared these
with anthropogenic records. She hypothesized that lightning storms (not humans)
were the predominant cause of fire in the area duringhe period before Eurc

American settlement Shedetailed the effectsof grazing and fire suppression orthe
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fire record, and also explained relationships between climate and fire, findintpat

PDO and ENSO/PDO combinatiofmd little effect on fire occurrence at her sites.
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CHAPTER THREE

Interacting Effects of Fire Activity, Climate, and Habitat Diversity on Forest
Dynamics, EI Malpais National Monument, New Mexico, USA
This chapter has beemwritte n for submission to the journalForest Ecology and o
Management4 EA OOA 1T &£ OxAo6 ET OEA AEAPOAO OAEAOO
author, Dr. Henri GrissineMayer. The research topic was originally formulated by Dr.
Grissino-Mayer, who also asisted in plot selection,and text editing. My contributions
to this chapter include field collection, processingand dating of all samples; data

analysis;interpretation of all results; and writing of the text.Conclusions that will be
in the manuscript to be submitted have been expanded in the chapter that follows.

3.1 Introduction

With growing concern over uncertain changes téuture patterns of
temperature and precipitation caused by a changing global climate regime, forest
ecologists and managers require a greater understanding of the possible role that pas
climate patterns haveplayed in shaping our current forests by mediating or
mitigating tree establishment and mortality (Swetnam and Betancourt, 1998; Kayet
al., 2010). Historic regeneration of ponderosa pineRinus ponderos®ouglas ex. P.
Lawson & C. Lawsonwoodlands has been shown to be intermittent because
successful establishment requires a rare set of climate parameters, including years of
specific precipitation and temperature (Schubert, 1974; White, 1985; Magt al.,
1999, Fuléet al., 2003). For exanple, Savaget al. (1996) showed that conditions of
high precipitation and warm winters resulted in optimal recruitment of ponderosa
pine in the AmericanSouthwest, as seen by 8919 recruitment pulse recorded across

the Colorado Plateau. Kayet al. (2010), however, suggestd that the expansion of
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ponderosa pine woodlands in the Great Plains region will be suppressed by future
increasesin temperature and drought, highlighting the complexity in regonal
response of ponderosa pine establishmertb climate factors. Future establishment
and mortality of ponderosa pine therefore may or may not be enhanced because
general circulation models, includingthose featured inthe most recent IPCC report,
have predicted drier conditionsacrossthe Southwest accompanyig everrising,
atmospheric CQlevels (Cubascrlet al., 2001; Seageet al., 2007).

Research has shown that shifts in climate can have widespread and leng
lasting influences on various processes that affect ecosystem functgrsuch ascale
and severity d local wildfire (Torn and Fried, 1992; GrissineMayer and Swetham,
2000; Beaty and Taylor, 2001, 2008; Taylor, 2010). For example, GrissiMayer and
Swetnam (2000) showed that a significant shift in fire frequency and spatial patterns
of wildfire occurred in the American Southwest between 1780 and 180@t the
beginning of the decline of theLittle Ice Age This altered the local fire regime from a
predominance of higherfrequency and spatially patchy fires to that of less frequent
but more widespread fires.In the western U.S. as a whol@youet et al. (2010) found
that fire activity was high during the Medieval Climatic Anomaly but decreased ca. AD
1500 during the cooler temperatures of the Little Ice Age.

Shifts in climate can also have large impacts @tand structure and
composition of local forests(Savageet al., 1996; Allen and Breshears, 1998; Mast
al., 1998, Mooreet al., 2004; Brown and Wu, 2005). Climate can affestand structure
directly, through favorable or unfavorable conditions forradial growth or mast

production, or indirectly, through alterations of frequency and severity of external
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disturbance factors. If we can elucidate the effects of climate alterations and
anomalies on longterm disturbance factors of the past, we may be ablto more
properly manage our forests irfuture generations (Brown and Wu, 2005).

Recurring low-severity fires were the primary pre-settlement disturbance in
ponderosa pine woodlands and forests of th@merican Southwest, maintaining an
open, parklike structure through the region (Cooper, 1960; Schubert, 1974; Savage,
1991, Swetnam and Baisan, 2003; Taylor, 201(§hifts in fire regimeshave likely
contributed to changing these open stands tdenserstandsthat have observed
substantial shifts in speciescomposition (Brown and Wu, 2005; Schoennagett al.,
2011). These alterations to botffire regimes and stand dynamics are largely
attributed to anthropogenic forces, including the introduction of grazing, logging, and
fire suppression inthe late 1800s andearly 1900s (e.g.Swetnam and Baisan, 1990;
Fulé and Covington, 1994, 1996; Swetnarat al.,2001). However, climatic factors
have not been ruled out as contributing forcing mechanisms.

Present forest age structure and species composition can be comparedtw
(pre)historic disturbance and climate regimes to help clarify relationships among the
various exogenous factors€.g. wildfires, climate, and humans) that can alter or
redirect successional trajectories (Maset al., 1998; Swetnam and Betancourf,998;
Villalba and Veblen, 1997Heyerdahlet al., 2001, Schoennagelt al., 2011). Present
stand structure reflects mortality and natality of the forest as affected by both climate
and external disturbances, and can be used to recreate a letegm temporal history
of forest structure, composition, and dynamics for specific sites or regions (Swetnam

and Betancourt, 1998).
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El Malpais National Monument (ELMA) provides a unique opportunity for the
study of climate and fire effects acroskabitat types and successinal stages on
varying-aged lava flowsg(Lindsay, 1951). ELMA has been studied extensively for the
reconstruction of fire regimes and possible climate forcing mechanisms of wildfire
activity (Grissino-Mayer, 1995; GrissineMayer and Swetnam, 2000; Lewis, ZIB;

Rother, 2010).However, little is known concerning the possible effects of wildfire and
climate on tree recruitment. Three specific sites were selected for study tcount for
the heterogeneity of topography, geology, andistoric anthropogenic disturbance of
OEA OAcCEiIT 9 A AETAAO AT T AR AT AT AEAT O AAOGAI O
Particular emphasisof study is placed on differing reactions over time angpace and
between habitat types We address the following specific research questions
1. How have historic fire regimes altered the dynamics of ponderosa pine forests
in ElI Malpais National Monumenbver time?
2. How has climate influenced historic fire regimes and &e establishment pulses
over time?
3. How much variability in treeestablishment is observed betweerthree habitat
typesin El Malpais National Monumen®?
4. What are the confounding issues of attempting to separate the effects of changes
in fire and changes in climate on tree establishment?
5. What implications dohistoric climate forcing mechanisms pose for futuredrest

management in the region?
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3.2 Methods
3.2.1 Study Area

Ponderosa pinedominated stands were studied at three sites within ELMA,
located outside of Grants, New Mexico (Figui1). The monument is locatd within
the larger ZuniBandera volcanic field and is characterized by high habitat
heterogeneity, encompassing highheroded ancient basalt flows, younger lava flows,
steep-sided cinder cones, lowlying shield volcanoes, and isolated kipukas (Lindsay,
1951; Maxwell, 1982, 1986; Laughliret al., 1993; GrissineMayer and Swetnam,
1997). The monumentobserved15 or more lava flows that occurred over the last one
million years,with as many as one flonevery ca.7,000to 25,000 years since 100 kya
(Eury, 1997). Because the timevariant lava flows have varying degrees of erosion and
soil development, the region shows a high diversity of vascular plant species in a
relatively small area. The youngest of these flows (the McCartys Flow, dated at ~8.2
3.6 kya) hadlittle vegetation, characterized by patchy shrubs and grasses, with
scattered stunted conifers (Lindsay, 1951). The oldest flow (dated at ~700 kya)
supports grasslands and spatiallyextensive mixedconifer forests that consist of
ponderosa pine, pinyon pine (Pinus edulisEngelm.), Douglasir (Pseudotsuga
menziesii(Mirb.) Franco), Rocky Mountain juniper Quniperus scopulorurbarg.), and
one-seed juniper Juniperus monosperméengelm.) Sarg.) (Bleakly 1997).

This study comparedthe stand dynamics othree sites with distinct

topographic features: a cinder cone, an ancient basalt flow, and a kimukCerro
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Figure 3.1. Map of El Malpais National Monument andcations of study sites.Map
created with data obtained from the New Mexico Resource Geographic Information
System Program.
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Bandera(Figure 3.2 and Table 3.lis a steepsided cinder cone thatsupports a
ponderosa pine forest on itshorthern slope and a pnyon-juniper forest on its

southern and western sides (Lindsg, 1951). Loose cinder, a fairly thick duff layer, and
patchy grasses are characteristic of the litter layer. Tree composition of the northern
slope of the cinder cone is primarily ponderosa pia, with scattered pinyon pines,
Douglasfirs, and Rocky Mountain junipers. All elevations (up to 2551 m) of the cinder
cone had experienced logging and stumps were seanmultiple areas within the site.
This site had also been affected by livestock grazjron all sides during the late 19
century (Mangum, 1990).

Braided CavgFigure 3.3 is an ancient basalt flow with an intricate lava tube
that supports an active ecosystem, both on top of and below the surfaceaiBled Cave
is just north of the Hoya de Cibola shield volcano and is a feature within the Hoya de
Cibola lava flow, dated to ~50 kya (Laughliret al., 1993). This site is characterized by
very large basalt clasts and low vascular plant species richness. Grasses wess
abundant than in surrounding sites and little to no shrubby vegetation was observed.
Little overall slope exists atthe site, though aspect varieds a result of the rough
topography of a basalt flow. Because of the rough terraimost ofthe site was
inaccessible tdivestock grazing andioggingin the late 1800s and early 1900s and,
therefore, represents a more pristine exampleof the ponderosa pine forests of the
IET A6 OEAO OEI xAA OEA 1 AgEi OI A@gOAT O T &£ 11 CCE

early 20t century.
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Figure 3.2. Cerro Bandera Cinder CerSie. Photographshowing a steep slope, lack of understory, opestand
stand conditions in the foreground with higher tree density in the background.
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Table 3.1. Characteristics of the three sites studied at El Malpais National Monument.

Location  Elevation(m) Area(ha) Vegetatior* # Trees Trees/ha Slope(%) Aspect(°)

Sampled

Cerro oTJUuwd 201872511 0.4 PIPO few 224 557.5 46 29
Bandera pmyJuo PSME, PIED

QUGA
Braided o1 Jvuvoo 228572310 0.8 PIPO, few 207 257.5 6 309
Cave ptyd @o PSME
Mesita ot Juaoo 225072270 0.7 PIPO, PIED, 201 287 6 312
Blanca pmmYyJTo JUSP

* PIPO Pinusponderosa PIED Pinus edulis JUSPJuniperus sp(J. scopulorum, J. monospenm®UGAQuercus gambelji
PSMEPseudotsuga menziesii
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Figure 3.3. Braided CaveéAncient Lava FlowSite. Photograph showing rolling terrain, variations in stand
density (open at front left and denser in background)low vascular plantspeciesrichness, and little
duff.
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Mesita Blanca (Figure 3.4) is a kipuka formed as the Hoya de Cibola lava flow
was redirected around small hills and thusompletely surrounded by thebasalt flow.
The substrate is San Andres limestone that is Permian in age (Maxwell, 1986). This
site shows the highest vascular plant species richness of the three sites, with
abundant grass cover, shrubs, and several tree spes.The woodlands here consisof
ponderosa pine along the lower edvations near the lava edges anstattered pinyon
pines and junipers along the higher central ridge (Lewis 2003). Theurrounding
basalt flow is highly dissected with numerous fissures ahraised lava benches. As
such, this site was not affected by extensiMevestock grazing althoughlocal
sheepherders during the early 20 century may have grazed the kipuka. No large
scale logging was conducted on or around the kipukalthough locals mg have

harvested some trees for temporary structures.

3.2.2Field Techniques
We laid out multiple 50 x 20 m (0.1 ha) rectangular plots at each site until
> 200 trees had been sampled, a minimum numbdnat would be representative of
the site as a whole. We used pseudandom placement of the plots based on a
randomly located corner and randomly selected direction, but plot placement
occasionally had to be adjusted to account for rough, unsafe topographgtitude,
longitude, elevation, slope, and aspect wemecorded for each plot. All trees within
each plot were measured for diameter at breast height (DBH) and those above 5 cm
$"( j AAT OA OADPI ET C OOAOOOQq xAOA &I AeCAA AT A |

and ID. All flagged trees were cored at 3@m above ground height. If a stump from
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Figure 3.4.Mesita BlancaKipuka Site. Photographshowing slightly sloped terrain, high vasculaplant species
richness, small duff layer, and mixedree species composition.

32



previous logging events was found (althoughare) within the plot, a tree of similar
diameter was selected from outside the plot t@ct asa proxy tree recruitment date.
After all sampling was complete, seedlings and saplings wetalied by visual count

across the entire plot.

3.2.3 Laboratory Techniques

Cores were mounted and sanded with progressively finer sandpaper,
beginning with ANSI 180grit and ending with ANSI 400grit, providing for maximum
visibility of the cellular structure of the wood (Stokes and Smiley, 1968; Orvis and
Grissino-Mayer, 2002).All samples were ringcounted and then visually crossdated
via the list method (Yamaguchi 1991) by comparison with a master chronology for
ELMA developed by Grissindvlayer (1995). An age correction was added to those
cores that missed the pith but showeding curvature, using a geometric model of
annual growth (Duncan, 1989). Few seedlings and saplings were encountered in our
plots, and we decided not to destructively sample these individuals to determine age
at coring height. As such, early radial growth as not calculated and, therefore, tree
recruitment dates are reported as the center date at coring height.

Graphs of age structure were created for each site and compared with
previously constructed, historic fire regimes and precipitation records compild by
Grissino-Mayer (1995) and Lewis (2003). Peaks in recruitment were compared with
fire activity to determine the relative effects of wildfire on current age and stand
structure at each site. Specific comparisonseve made with historically fire-free
intervals and major shifts in thefire regimes at each site. Firdree intervals can act as

analogs and agents of comparisowith the lack of fire seen as a result ahodern fire
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suppression. Lack of fire in an environment that is predominantly firedependentcan
result in large alterations to species composition and overbstand dynamics. Barton
et al. (2001) showed that fire-free periods are crucial for large recruitment peaks in
pine forests in the Southwestpecause they drastically reducseedling mortaiity of all
species wthin a stand, and thus allowthe stand to expand and become denser. Major
shifts in fire regime can have longasting effects on stand density, composition, and
age structure. Ponderosa pinglominated habitats, which require a narrow £t of
parameters for proper regeneration, are highly affected by alterations to the regular
pattern of fire interval and severity within a forest. Therefore relationships between
regeneration rates of a stand and shifts in fire interval should be conspious in the
establishmentrecord.

Each site was analyzed for the presence of evaor uneven-aged stands as
well asfor large pulses in recruitment found within each standEvenaged stands
(defined as stands in which a large portion of the &es were estalished in a narrow
time frame) could provide evidence for higherintensity/severity fire events that
would have replaced an entire stand, while uneveiaged standgdefined as stands in
which establishment was sporadic and, thefore, trees are of uneven ge) would
show evidence for a predominance of lowntensity/severity fire events. Large pulses
in recruitment within an uneven aged standcould show evidence that moderateto
high-severity, thoughnon-stand replacing, fires had taken placd?eaks in recruitment
were then compared with shifts in predominant precipitation patterns at the
monument based on the reconstruction developed by Grissinblayer (1996).

Additional age structure graphs were created that pditioned data by species and
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DBHto evaluate species composition andtand development overtime (Abrams et al.,
2001; Abrams, 2003, 2007). Species composition was analyzed for changes of density
and recruitment over time using agestructure charts and seedling/sapling tallies
from each got.

A reconstruction of precipitation compiled by GrissineMayer (1995-1996)
was used for comparison with dates of tree establishment, shifts in species
composition, and alterations in the historic fire regimeThe years 1650 to 1790
represent the latter half of the most prolonged period of below normal precipitation
in this millennium. The following two centuries represent the wettest period of the
multi -millennial reconstruction, lasting from 1791 to 1992. The 19 century was the
only century in the reconstruction during which short-term drought (determined by a
10-year spline) never fell below 1.1 standard deviations. Rainfall was bele normal
for a 15-year period from 1890to 1904, but this period was followed by the wettest
century in northwestern New Mexico since the 18 century. The period 197&1992
showed the highest levels of precipitation in the entire 2,129ear record. These
climatic shifts were compared with age structure and species composition graphs to
better understand their effect on the recruitment of each species and the outcomes of

this effect on overall stand density and composition.

3.3 Results
We collected incement cores from 223trees in four plots at Gerro Bandera,
206 trees in eightplots at Braided Cave, and 201trees in sevenplots at Mesita Blanca;

totaling 630 trees in 19 plots from the three sites. Weavere unable to properly date 27
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of these trees due to irregular growth or absence of ring curvature within the
increment core.Initial recruitment pulses varied across each site, with gulse in the
1850s for Gerro Bandera(Figure 3.5), the 1770s for Braided Cave (Figure 3.6), and
the 1790s for Mesita Blanca(Figure 3.7). Recruitment at @rro Banderawas fairly
steady through the 19" century, with a decline in ecruitment around the turn of the
century, and lasting through the 1920s. The siteecovered from this decline with a
very large spike in recruitment in the mid1900s, which entailed an influx of Douglas
fir, juniper, and the first introduction of pinyon pine individuals into the stand (Figure
3.5). This influx caused a large shift in species composition within th&and, as prior
to 1940, only fournon-ponderosaindividuals had estalished. This number more
than tripled to 14 between 1940 and present. Current plot counts showed th&erro
Banderahad the largest stand density, with as many as 120 trees per 0.1 ha plot.
Braided Cave experienced a roughly belshaped rise in ponderosa recruitment
during the 19t century, which declined around the turn of the century, similarto
Cerro Bandera. Braided Caveshowed a small spike in recruitment in the mid1900s
and the first non-ponderosaindividuals (three Douglasfir individuals) established in
the stand after1940 (Figure 36). Braided Cave was found to have the largest firkeee
intervals of the three studied stands, with an average of 21.6 years between each fire
event (Table 3.2) Mesita Blancaexperienced a similar belishaped rise and fall in
recruitment through the 19t century, but did not experiencearesurgencein
recruitment after the decline from the 1800s. Thepecies compositionat Mesita
Blancaremained mixed, with the higher ridgessupporting mixed-conifers and the

lower portions of the site supporting standsdominated by ponderosa pine This trend
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Figure 3.5 Comparison otree establishment, species composition, fire history, and
annual precipitation records from 1650 to 2000 at Cerro Bandera. (a) Age and size
structure. Species abbreviations are: PIP®jnus ponderosaPIED Pinus edulis PSME,
Psuedotsuga menziesdUSPJuniperus sp(b) Decadal tree establishment, with fire
history overlain. Horizontal lines represent individual fire-scarred samples. Vertical
tic-marks represent individual fire events. Vertical colums in background represent
decadal tree recruitment Fire history constructed by GrissineMayer (1995) (c)
Reconstructed precipitation in EI Malpais National Monument (Grissindlayer 1996).
Horizontal line represents the average precipitation of 14.57 inches for the 2,12gar
reconstruction. A start date of 1650 was used tensure proper sample depth.
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Figure 3.6. Comparison of tree establishment, species composition, fivstory, and
annual precipitation records from 1650 to 2000 at Braided Cave. (a) Age and size
structure. Species abbreviations are: PIP@jnus ponderosand PSMEPsuedotsuga
menziesii(b) Decadal tree establishment, with fire history overlainHorizontal lines
represent individual fire-scarred samples. Vertical tianarks represent individual fire
events. Vertical columns in background represent decadal tree recruitmenkire
history constructed by Lewis (2003) (c) Reconstructed precipitation in El Malpa&i
National Monument (GrissineMayer 1996). Horizontal line represents the average
precipitation of 14.57 inches for the 2,129year reconstruction. A start date of 1650
was used toensure proper sample depth.
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Figure 3.7. Comparison of tree establishment, species composition, fire history, and
annual precipitation records from 1650 to 2000 at Mesita Blanca. (a) Age and size
structure. Species abbreviations are: PIP®@jnus ponderosaPIED Pinus edulisJUSP
Juniperus sp(b) Decadal tree establishment, with fire history overlainHorizontal
lines represent individual fire-scarred samples. Vertical tiemarks represent
individual fire events. Vertical columms in background representdecadal tree
recruitment. Firehistory constructed by GrissineMayer (1995) (c) Reconstructed
precipitation in EI Malpais National Monument (GrissineMayer 1996). Horizontal line
represents the average precipitation of 14.57 inches for the 2,12@ear
reconstruction. A start date of 16® was used toensure proper sample depth.
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Table 3.2 Descriptive statistics of fire frequency at each site.

MFI MEI MOl MIN MAX SD Ccv
Cerro Bandera 6.1 6.0 59 1 12 29 0.48
Braided Cave 21.6 21.0 19.4 8 40 10.36 0.48
Mesita Blanca 12.0 11.3 9.5 4 24 6.66 0.56

*MFI, mean fire interval; MEI, Weibull median interval; MOI, Weibull modal interval;
MIN, minimum fire interval; MAX, maximum fire interval; SD, standard deviation; CV,
coefficient of variation. All data in years excepCV.
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was observed throughthe study period, until the 1930s, when the site experienced an
abrupt end to ponderosa recruitment (Figure 3.7.

Seedling and sapling cants of the present stand (Table 3.Bsupports this
trend of a shiting species composition irthe three forests High numbers of non
ponderosa seedlingsvere found at Cerro Banderawith 29 pinyon pineindividuals,
and 21 seedlings ofa hardwood speciesGambeld O QuefEus gambeliNutt.). The
seedling countat Braided Cave showethat Douglasfirs, which hadestablished in the
last century, are now regenerating with three seedlings and onsapling having
sprouted in the stand However, Baided Cave has maintained a predominance of
ponderosa pinesin all size classes: tree, saplingnd seedling Mesita Blancaalso
observedthe establishmentofGanbeld © T AEh Al T 1 ¢ xEOE A OAOU
juniper and pinyon pine individuals. Mesita Blanca(Figure 3.7and Table 3.2)showed
the largest variety in species composition of the three sites, as 1J#nyon pine
seedlings were observedgcompared with only 12 ponderosa pine individuals.Non-
ponderosa species have beemore successfuin establishmentat Mesta Blanca for
the past three decades, with only one ponderosa piriedividual having established in

the standduring this time.
3.4 Discussion

3.4.1 Cinder Cone Habitat
Cerro Bandera experienced the most extensive historic anthropogenic
disturbance of the three sites. Written records and visual observations provide

evidence of intense livestock grazingrom ca. 1881900 and loggingfrom ca. 190Q
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Table 3.3 Seedling and sapling count for each site. Seedlings were <5 cnHihd < 1
m in height. Saplings were <5 cm DBH and > 1 m in height.

PIPO PIED JUSP QUGA PSME

Cerro Seedlings 20 29 2 21 2
Bandera Saplings 22 6 3 - 4
Braided Seedlings 50 1 - - 3
Cave Saplings 37 - - - 1
Mesita Seedlings 12 115 13 2 -
Blanca Saplings 2 7 7 - -

PIPO, Pinus ponderosa PIED, Pinus edulis JUSP Juniperus sp.(J. scopulorum, J.
monospermg; QUGAQuercus gambeliiPSMEPseudotsuga menziesii
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1920. Cerro Banderaexhibits the highest grade of slope, with values exceeding 4ih
all sampled plots, and is also the densest, with as many as 120 trees per 0.1 ha plot.
Although, thesite experienced the shortest fire frequencyf the threesites, with an
average of 61 years between each fire event, Cerro Bandeedso experienced four
extended fire-free intervals during the study period (out of five observed for all three
sites).

Fire intervals and extent were quite patchy at the site until the latéd 8th
century. However, fire events were ubiquitous and we recorded in multiple samples
through early records.At the beginning of the decline of thé.ittle Ice Age,a 13-year
absence of fire occurred (17821795), after which morewidespread fires became the
predominant disturbance factor at the siteln an earlier study, GrissineMayer and
Swetnam (2000)confirmed that fire frequency at El Malpaiswas higher between
1700 and 1782 (one fire every 2.2 yearsbthan during the period from 1795 to 1880
(onefire every 3.4 years). Fires after ca. 1790 were alsnore widespread, scarring a
greater percentage of trees thamluring the period prior to ca. 1780. A superposed
epoch analysis conducted between the two periods (170782 and 17951880)
found a major shft in response to climatic factors by fire. The period 17091782
showed low precipitation preceded fire events and a statistically ghificant drought
year occurredthe year of the fire event. The period 1795 to 1880 showed only slightly
below average preipitation in the event year, with a large peak imprecipitation in the
preceding fouryears, suggesting that the 19 century fire events responded moreto

fuel loadings than drought conditions.
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The longer periods between fire events seen in the ¥9century would
generally lead to high tree recruitment leaving sufficient time between disturbance
events for ponderosa pine saplings to reach@mbial thicknesssufficient to survive
fires. However, a period of widespreadfire events in quick successiomppearsto have
limited tree recruitment at the site until the 1840s. This decade showed a shift in fire
frequency to that of only one large fire event per decad and coincides with a period
of above average precipitation that occurredrom 1830 to 1880 and the first pulse in
tree recruitment at the site.

Intense livestock grazing @curred at the sitebeginning in 1880, and is
observedin both fire and recruitment records. The griod from 1880 to 1923 sawno
fire events and a twedecade dip inrecruitment. Grazing wagphased out of the area in
the early twentieth century, but was quickly repaced by intense logginghrough the
1920s and arly 1930s.During this period of anthropogenic disturbance, only twdire
events wererecorded in the treering record, in 1923and 1925. Likely die to the
implementation of fire suppression in the area, the lasiajor fire observed at the site
occurred in 1939.

Between and after the finaffire events at the site, a subsintial increasein tree
recruitment took place, laging through the 1940s and 1950s. This peak in
recruitment is important, in that it occurred simultaneously with the 1950s drought
event. It appears that climate was not the driving factor for recruitment at this siten
the twentieth century and that stard density became the limiting factor on an
exponential rise in recruitment. This observation may be due to the fact that the site is

on a highly sloped cinder cone, as the slope would cause high precipitation runoff. The
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cinder would also soak up a largermount of precipitation in such a way to provide
moist substrate for tree growth, even in drought years.

The mid-1900s recruitment pulse was also characterized by a large shifn
species composition. Prior tal939, only four trees that were not ponderosapine were
observed at the site; lowever, between 1940 and 190, 11 additional individuals
established inthe stand, including pinyon pine rocky mountain juniper, and
Douglasfir (a fire-intolerant species). This trend wa also observed in the seedling
and sapling counts, which show a mixeaonifer composition, and the introduction of
a hardwood species Gambed O , moktHikely due to the combination ofhigh

precipitation and a lack of firein the region.

3.4.2 Ancient Lava Flowmabitat

Braided Cavewasthe site least affected byanthropogenic disturbances. Both
livestock grazing and logging weretliwarted by the rough terrain, low-density trees,
and scarcity oftrees of commercial value Braided Cave experienced the longest fire
free intervals of the three sites, with an average interval of 21.6 yearSimilar to the
surrounding region, fire occurrence at Baided Cavewas patchy and of mixedextent
until the beginning of the decline of theLIA around 1780, resulting in a fire-free
interval from 1782 to 1806. After this climatic shift, the site experiencedhe
beginning ofa roughly bellshaped pulse in tree recruitmentwhich predatesa
regional shift in fire occurrence to that of widespread, decadal events. Thstial
pulse appearsto be due to the increase in precipitation that occurred in ca. 1780, as it
predates the shift in fire occurrence at the siteBeing composed of large particles and
having experienced minimal degradation by vegetation, the basalt substrate would act
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as a ponge-like aquifer: soaking up water when it is available and being depleted of
said water by vegetation during drought yearsThe subsequent decline in tree
establishment appears to bdikely due to density limits on competition within the
site. With optimal moisture and infrequent fire, tree density in these stands increased
The uniform, widespread fires of the mid1800s allowed for coninued recruitment of
ponderosa pinesand elimination of fire-intolerant species at seedling and sapling
stages, until he stands reached a critical level of competition for light, nutrients,
water, and spaceDuring the 1820s,recruitment began to decrease, possibly due to a
34-year fire-free period from 1824 to 1856. This firefree interval would have caused
the litter layer to become thick, reducing accedsility to the mineral soil bed
necessary for successful germinationTree recruitmentcontinued to decline even
after this fire-free interval and reacted quite low levels by the turn of the century.
Precipitation increased in the 2@ century, but tree establishment did not
increase as a resultThe introduction of fire suppressionacrossthe Southwest
appearsto have had minimal effect on recruitment into the stand, as \els of decadal
establishment didnot rise until mid-century, from two trees in the 1950s to 14 and 15
in the 1960s and 1970s, respectivelyThis rise in establishment follows a recovery
period from the 1950s drought that affected he entire region. This climatic shift,
combined with a near absence diire (only two single-sample events recorded post
1933), broughtabout a pulse in tree recruitment(as seen in Figure 3.6including two

additional Douglasfir indivi duals.
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3.4.3 KipukaHabitat

Mesita Blancawas minimally affected by anthropogenic disturbance factors
due to the isolated nature of a kipuka. Surrounded on all sides by the Hoya de Cibola
£l 1 xh OEA OEOI AT Ad xAO 1 1 iGgahdlargely uAdiidci@dd OEAT A Ol
by logging in theearly twentieth century. Due to the isolated nature of the kipukajre
suppression could not be fully enforced at the site, as seen by many small fire events
during and after its implementation in the 1930s and a large fire evenin 1976. Mesita
Blancaexperienced only one large pulse in recreiment, which coincided with a
prolonged period of above normal precipitation in the 19 century and theshift in fire
occurrenceat the beginning of the decline of th&lA. The pulse peaks in the 1850s
and appears tohave been primarily constrained by stand densityas atBraided Cave.
Neither climate nor fire occurrence appear to haviad asubstantial effect on tree
recruitment in the twentieth century, as it remained at fairly low levels. Topography
and hydrology apper to have little effect on tree establishment on this site as
compared to the others, as there is little overall slope on the kipuka, and trees did not
appear to be highly affected by precipitation alterations in the 20 century.

High precipitation and a relative lack of fireappear tohave had alarge effect
on stand composition, however. Stands at dita Blancawere separated into two
distinct compositions at the ste, through most of theperiod in the study. The lower
elevations of the site wee ponderosapine-dominated and plot analysis showedhat
thesesectionswere monospecific until recent decadesThe higher ridges of the site
were mixed-conifer. Pinyon pines were readily recruited into these plotgcrossthe

record of the current stand. Durhng a 53year cessation ofwidespreadfire from 1923
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to 1976, ponderosa pinesstopped establishing with only two individuals recruited
after this date. Fireintolerant pinyon pine and juniper seedlings began establishing
without regular fire keeping thesespeciesin check The currentseedling and sapling
count showedthis shift in recruitment quite conspicuously, as 115 pinyon pine
seedlings were observed at the sitegompared to only 12 ponderosa individuals. It
appears that ponderosa pine individualsare no longer able tacompete and mature

past their seedling stage of development.
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CHAPTER FOUR

4. SUMMARY ANDCONCLUSIONS
4.1 How have historic fire regimes altered the dynamics of ponderosa pine
forests in El Malpais National Monument over time?

A major impetus of this project was to establish whether everor unevenaged
stands existed in these habitats. The presence of evaged stands could provide
evidence that highseverity wildfires had historically affected the area, as these fire
events would have had the ability to burn an entire stand, leaving ample space for
regeneration of an entirely new, and thus everaged, stand Unevenaged stands
would suggest that these higkseverity wildfire events did not historically take place,
but that the mixed-age trees whichhad establishedat regular intervals throughtime
had been affected by lowto moderate-severity fires. This study shows that uneven
aged stands exist at all three habitat types, as only small pulses in establishment took
place in the past 3.5 centuries. Thesemall pulses showthat shifts in fire regimes
have historically had large effects on establishment rates, but that these regimes were
composed of low to moderate-severity fires.

Beginning ca. 1780, a shift in the fireagimes of El Malpais National Monument
occurred, from a predominance of small, patchy fires to that of larger, more
widespread fires. This change in fire regimes appears to have had a positive effect on
tree recruitment at the Braided Cave site and the Méa Blanca site, as shown by
peaks in establishment in the early to miell800s. As both sites were minimally
affected by anthropogenic disturbance and precipitation remained high through the
end of the 19" century, it appears that tree recruitment wasprimarily limited by
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competition for light, nutrients, and water during this period in which long fire-free
intervals were observed. Tree recruitment at Cerro Bandera appears to have been
heavily influenced by the fire regimes at the site, as rates of estalfiiment did not
increase on the cinder cone until fire intervalsvere of sufficient length, beginning ca.
1840, to allow for trees to grow to asizethat could withstand the return of wildfires.

The most significant effect of changes in fire activity on stal dynamics within
El Malpais National Monument has been changes in species composition at each site.
Cerro Bandera witnessed an influx of firentolerant species, such as pinyon pine,
juniper speciesand’ ATl AA1 60 1T AE8 4EEO Ele&ie@ofth€ EAT U T AA
implementation of fire suppressionat the site (post-1940). Braided Cave saw the
establishmentof the first tree species other than ponderosa pineDouglasfir, during
this same period, and Mesita Blanca experienced an almost completanination of
ponderosa pine establishment at all sampled plots. Analysis at Mesita Blanca showed
high numbers of pinyon pine and juniper species seedlings and saplings (with 115
pinyon saplings, 13 juniper seedlings, and 7 saplings for bothadsifications), as well
as the establishmeni £ ' AT AA1 60 1T AE AO OEA OEOA8 o011 AAOI
represented by 12 seedlings and 2 saplings at the kipuka. This trend was also seen in
the individuals classified as trees (above 5 cm DBH), as only two pondseopine
individuals established in the stand since 1923These shifts in species composition
are a natural occurrence however, this processhas been greatly aided and supported
by anthropogenic disturbance in the forms of logging that cleared area for anflux of
regeneration and fire suppression that did not Bow for a natural clearing of

fire-intolerant species at each site
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4.2 How has climate influenced historic fire regimes and tree  establish ment
pulses over time?

Precipitation levels shifted lamgely during the decline of theLIA in the
American Southwest beginning ca. 1780) to predominantly above average rainfall in
the following two centuries. This increased rainfall caused a shift in fire regimes
within El Malpais National Monument, from a prdominance of small, patchy fires to
that of larger, more widespread fires. The high rainfall and resultant shift in fire
regime brought about pulses of tree establishment at both the Braided Cave and
Mesita Blanca sites, which rose and fell during the ¥century. While more
widespread fire at more regular intervals would have created more suitable
conditions for ponderosa pine establishment, it appears that climate was the initial
driver of this pulse in tree establishment, as the pulse (ca. 1780790) precedes the
shift in fire regime (ca. 1800) at both sites.

Fire intervals at Cerro Bandera shifted through time in a corollary manner to
precipitation levels in the 18t and 19" centuries. In periods of high precipitation (e.g.
1760z1770 and 179(z1820), fire regimes respond with widespread fires of relatively
short interval. Similarly, in periods of low precipitation (e.g. 173@1760 and 179Qz
1790), fires occur more frequently, but are o$maller extent. This trend was observed
at all three habitat typeswithin the past 3.5 centuries, as higher precipitation
increased vegetative growh at the sites and provided highbr fuel loads for fires

during burn years.
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4.3 How much variability in tree establishm ent is observed between three
habitat types in El Malpais National Monument ?

The habitats exist in less than &0 km radius from each other and yet vary
widely in their reaction to external forcing mechanismsThese sites exhibit temporal
variability at both inter - and intra-habitat scales in their reactions to both
predominant climatic patterns and shifting fire regimesFires wereshown to have a
large effect on tree recruitmentat Cerro Banderaacrossthe pag 3.5 centuries with
peaks in establishment not occurring until sufficient fire intervals were seen at the
site. However, thehigh precipitation of the mid-1800s and late 1900s appeasto have
beenthe driving factor for establishmentat Braided Cave and/lesita Blanca as pulses
in establishment precede the shift in fire regime at both site§ he fire suppression era
appears to have had a large effect on the recruitment of all tree species at Cerro
Bandera,with 45 trees establishing in the decaddollowing its implementation (post-
1940) compared to 22 in the 1930s. This heightened establishment was not seen as
drastically or immediately at the Braided Cave siteyhich also experienced the near
absence of fire. Tree establishment did rise significaly in the 1960s and1970s at
Braided Cavewhich appearsto belikely due to rising precipitation levels after the
1950s drought, instead of the implementation of the fire suppression era

The variability in topography at each site may have beemather large factor
in the variability in reaction to external factors. Cerro Bandera cinder cone is highly
sloped and would, therefore cause a great amount of precipitation runoff. This site is
also composed entirely of cinder, and would be more prone to soaking incoming
precipitation into the aquifer. Braided Cave, however, is composed of purely basalt

substrate. The basalt is highly porous and acts as a sponge in reaction to incoming
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precipitation. During high precipitation years, the basalaquifer would recharge
quickly and provide an ample source for withdrawal by tree roots for growth.
However, during drought years, this aquifer would bejuickly deplete and would
subsequentlycause little annual growth in the rings of trees, providing a possible
explanation for Braided Cave being mor&ighly reactive to drought events than the

other two sites.

4.4 What are the confounding issues of attempting to separate the effects of
changes in fire from changes in climate on tree establishment ?

This study exhibits theinteracting effects of predominant climate conditions
and fire activity on tree establishment through the last 3.5 centuries. As precipitation
patterns have shifted through time, fire regimes have shifted along with them. When
precipitation levels increase, vegetative growth within forests also increases and
results in higher fuel loads for wildfires to burn. Thus, it becomes exceedingly difficult
to disentangle the separate effects of climate and wildfire on tree establishment
within a forest. High precigtation may be the major cause of a pulse in tree
establishment, but this distinction is made difficult, as higher precipitation will most
likely be associated with a shift in the fire regime at a site.

El Malpais National Monument experienced higher leve of precipitation
beginning ca. 1780 and the predominant fire patterns of the area shifted as well. This
resulted in a slow pulse of recruitment at Braided Cave and Mesita Blanca. At first
inspection, it is difficult to determine which factor is the predminant cause of this
effect. Further inspection of the data shows that the pulses in tree establishment

preceded the shift in fire regime at both sites, suggesting that the increase in
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precipitation was the driving factor for increased establishment, ratlkr than the

resulting increase inextent of wildfire in the area.

4.5 What implications do historic climate forcing mechanisms pose for future
forest management in the region?

The high severity, widespread wildfires that have occurredh the Southwest in
recent decadesshow the dire need forproper management methods to be
implemented acrossthe region. Mesita Blancaxhibits aneed for active management
through controlled burning of stands that are not only being altered in amposition,
but are excludinga previous premier species.This site shows how the end result of a
lack of fire within these forests carbe a large influx of fire-intolerant species This
influx can then lead to an overtaking of entire stands bijre -intolerant species, and a
possible exclusion of the, formerly predominant, firetolerant species.Recent
restoration efforts have switched from a focus of finding previous, analogouslimatic
and fire-frequency conditions, to promoting ecosystem resilience, or theapacity of
an ecosystem to return to desired conditions following a disturbanceHolling 1973;
Williams and Jackson, 2007; Schoennagetlal., 2011). The three studied sites exhibit
temporal and spatial variability in their reactions to climatic forcing and shifting fire
regimes. This variability is enhanced by topographic and intrhabitat diversity. With
so much variability, it appears that analogous conditions for tree recruitment may not
exist for current and future forests. Therefore, rather than seihg management
standards based on historic fire regimes, managers should attempt to better

understand the many, varying factors that play a role in the natural processes of fire
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activity in ponderosa pine forests before taking the steps necessary for propstand

management.
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APPENDIX1
Cerro Bandera Plot Data

Tree identification number, species*, diameter at breast heiglf{DBH), and pith date of
trees sampledat all plots within the Cerro Bandera sité&*.

* Species abbreviations are as follows: PIP@inus ponderosaPIEDPinus edulis
PSMEPseudotsuga menzssi; JUSCJuniperus scopulorum

**Some trees were labelednd cored twice during collection. They were, therefore,

numbered twice as well. One of the two numbers from each of these trees was struck
from the record and the best core from each tree was kefr analysis.
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Cerro Bandera Plot 1.

Tree ID Species  DBH (cm) Pith Date
1 PIPO 47.4 1693
2 PIPO 10.0 1959
3 PIPO 6.5 1962
4 PIPO 10.5 1953
5 PIPO 9.4 1961
6 PIPO 6.3 1979
7 PIPO 17.6 1956
8 PIED 9.7 1954
9 PIPO 29 1942

10 PIPO 12.4 1947
11 PIPO 18.7 1937
12 PIPO 30.0 1956
13 PIPO 16.6 1952
14 PIPO 42.4 1756
15 PIPO 5.0 1970
16 PIPO 6.8 1974
17 PIED 6.8 1977
18 PIED 7.5 1963
19 PIPO 9.6 1951
20 PIPO 24.9 1937
21 PIPO 13.9 1936
22 PIPO 20.5 1939
23 PIPO 20.5 1947
24 PIPO 10.4 1970
25 PIPO 23.8 1950
26 PIPO 64.6 1599
27 PIPO 17.6 1952
28 PIPO 21.0 1937
29 PIPO 10.0 1963
30 PIPO 14.4 1942
31 PIPO 15.9 1939
32 PIPO 11.7 1943
33 PIPO 15.1 1950
34 PIPO 9.8 1960
35 PIPO 9.0 1960
36 PIPO 25.0 1968
37 PIPO 19.2 1954
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Cerro Bandera Plot 1 (continued)

Tree ID Species DBH (cm)  Pith Date
38 PSME 7.4 1965
39 PIED 6.3 1966
40 PIPO 34.8 1910
41 PIPO 8.2 1961
42 PIPO 17.0 1907
43 PIPO 14.5 1883
44 JUSC 9.5 1953
45 PIPO 9.0 1904
46 PIPO 46.0 1953
a7 PIPO 65.6 1660
48 PIPO 58.0 1798
49 PIPO 61.0 1671
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Cerro Bandera Plot 2.

Tree ID Species DBH (cm) Pith Date
1 PIPO 33.5 1874
2 PIPO 23.0 1874
3 PIPO 334 1858
4 PIPO 24.0 1966
5 PIPO 41.1 1864
6 PIPO 15.8 1918
7 PIPO 47.6 1857
8 PIPO 33.8 1883
9 PIPO 39.8 1910

10 PIPO 42.4 1943
11 PIPO 6.3 1970
12 PIPO 11.2 1951
13 PIPO 24.5 1923
14 PIPO 51.4 -

15 PIPO 10.9 1940
16 PIPO 13.2 1968
18 PIPO 6.8 1958
19 PIPO 14.2 1940
20 PIPO 9.1 1943
21 PIPO 18.2 1937
22 PIPO 6.3 1967
23 PIPO 6.7 1962
24 PIPO 8.8 -

25 PIPO 12.2 1948
26 PIPO 17.8 1927
27 PIPO 14.1 1948
28 PIPO 21.4 1951
29 PIPO 8.0 1967
30 PIPO 11.8 1955
31 PIPO 7.2 1948
32 PIPO 8.5 1952
33 PIPO 7.0 1970
34 PIPO 6.1 1973
35 PIPO 16.3 1929
36 PIPO 6.6 1947
37 PSME 23.8 1952
38 PIPO 12.5 1951
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Cerro Bandera Plot 2. (Continued)

Tree ID Species DBH (cm) Pith Date
39 PIPO 14.5 1943
41 PIPO 16.8 1936
42 PIPO 10.1 1949
43 PIPO 9.2 1942
44 PIPO 11.5 1950
45 PIPO 11.9 1932
46 PIPO 10.3 1952
47 PIPO 6.7 1955
48 PIPO 9.5 1952
49 PIPO 9.0 1948
50 PIPO 37.2 1943
51 PIPO 10.6 1956
52 PIPO 7.6 1961
53 PIPO 12.0 1948
54 PIPO 8.1 1938
55 PIPO 7.8 1949
56 PIPO 9.2 1943
57 PIPO 9.4 1950
58 PIPO 13.8 -
59 PIPO 13.4 1937
60 PIPO 17.9 1932
61 PIPO 19.0 1932
62 PIPO 16.1 1937
63 PIPO 10.2 1948
64 PIPO 12.4 1937
65 PIPO 17.9 1944
66 PIPO 17.1 1947
67 PIPO 15.2 1928
68 PIPO 9.7 1951
69 PIPO 16.1 1950
70 PIPO 8.5 1953
71 PIPO 13.8 1939
72 PIPO 11.6 1955
73 PIPO 14.1 1939
74 PIPO 8.7 1951
75 PIPO 5.1 1970
76 PIPO 11.3 1945
77 JUSC 10.0 1933
78 PIPO 6.1 1953
79 PIPO 10.9 1950
80 PIPO 13.7 1944
81 PIPO 41.2 1946
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Cerro Bandera Plot 2 . (Continued)

Tree ID Species DBH (cm)  Pith Date
82 PIPO 8.2 1954
83 PIPO 11.5 1937
84 PIPO 7.9 1938
85 PIPO 12.4 1947
86 PIPO 14.3 1961
87 PIPO 10.5 1944
88 PIPO 11.2 1944
89 PIPO 7.1 1946
90 PIPO 15.3 1952
91 PIPO 8.2 1942
92 PSME 13.3 1946
93 PIPO 20.1 1949
94 PIPO 8.8 1949
95 PIPO 5.7 1952
96 PIPO 8.2 1943
97 PIPO 21.8 1921
98 PIPO 14 1939
99 PIPO 6.9 1918
100 PIPO 5.0 1988
101 PIPO 11.5 1955
102 PIPO 5.4 1955
103 PIPO 13 1947
105 PIPO 11.3 1969
106 PIPO 7.6 1956
107 PIPO 14.8 1929
108 PIPO 12.5 1949
109 PIPO 7.3 1963
110 PIPO 54 1948
111 PIPO 13.8 -
112 PIPO 7.9 1948
113 PIPO 8.8 1938
114 PIPO 6.4 1969
115 PIPO 5.6 1958
117 PIPO 6.0 1950
118 PIPO 5.0 1967
119 PIPO 7.5 -
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Cerro Bandera Plot 3

Tree ID Species DBH (cm) Pith Date
1 PIPO 27.5 1892
2 PIPO 24.1 1890
3 PIPO 12.2 1901
4 PIPO 21.3 1895
5 PIPO 32.4 1880
6 PIPO 24.0 1905
7 PIPO 32.3 1851
8 PIPO 14.5 1914
9 PIPO 26.9 1919

10 PIPO 24.3 1879
11 PIPO 16.5 1886
12 PIPO 34.3 1865
13 PIPO 19.8 1881
14 PIPO 36.7 1880
15 PIPO 10.7 1880
16 PIPO 45.8 1828
17 PIPO 26.8 1890
18 PIPO 40.0 1882
20 PIPO 33.0 1955
21 JUSC 25.8 1842
22 PIPO 37.5 1885
23 PIPO 44.1 1900
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