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ABSTRACT

The historic role of fire and its effects on stand dynamics, structure, and composition in the ponderosa pine-dominated forests of the American Southwest are of increasing concern to land management agencies throughout the area. Since the implementation of the “Fire Suppression Era” in this region, large shifts in composition have occurred from low-density ponderosa pine stands to higher-density mixed-conifer stands. Forest managers and researchers have previously sought to better understand the effects of fire regimes and climatic variables on stands dynamics and have searched for historic, analogous conditions, which can act as goal parameters for proper management of present forests. This study seeks to differentiate the effects of these forcing mechanisms by use of present forest structure. The mixed-conifer forests of the volcanic features in El Malpais National Monument were analyzed at three separate sites: a cinder cone, an ancient basalt flow, and an isolated “island” (kipuka) completely surrounded by basalt flows. Increment cores were collected from 632 trees from 19 plots within the monument and analyzed for pith dates. These dates were compared with historic fire histories and precipitation records to analyze the effects of both fire and climate-forcing mechanisms on recruitment of several tree species within each forest. Our results indicate alterations to stand density and composition caused by human interference to the natural processes of the area, as well as large variability in response by tree species recruitment to both forcing mechanisms. This study also supports a shift in research focus that indicates that analogous fire and climate situations may have not existed in an observable time frame. 
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CHAPTER ONE
[bookmark: _Toc318817683]1. INTRODUCTION

The complex dynamics of stand structure, composition, and succession have become an increasingly imperative topic of study. With ever-larger human presence and disturbance to our ecosystems, a comprehensive understanding of the processes by which our forests regenerate and of the anthropogenic forces that have altered natural processes must be attained to protect these vital ecosystems. Initial studies on the dynamics of plant communities were concerned with 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 “relay-like” manner, which came to be known as “relay floristics” (Clements 1916; Cline and Spurr 1942; Daubenmire 1952; Oosting 1956; MacArthur and Connell 1966). Later research suggested that this theory was somewhat misguided and that, rather than species invading one after the other in a “relay-like” manner, all species of a community invade immediately post-disturbance. Many species either remain small in number and size or dormant until conditions in the stand/region become sustainable, allowing their populations to grow. This new theory has come to be called the “Initial Floristics” model of succession (Egler 1954). 
After each disturbance to a stand, a new group of trees establishes. This new group is called an age class or cohort. If the disturbance was severe enough to cause a full regeneration of a stand, then the stand represents a single cohort (an even-aged stand). If the disturbance was less severe in its effects, and only a small number of trees were recruited post-disturbance, then the stand would remain variably aged (uneven-aged stand). These may also be defined as single-cohort stands and multiple-cohort stands to reflect the presence of multiple age-classes 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 region-specific stands. The American Southwest primarily consists of stands dominated by P. ponderosa with a major disturbance factor of the region being fire. By studying the date of establishment of trees within these stands, it becomes possible to elucidate the role of historical factors in forest development. Most research determining the date of establishment within a stand involve use of increment cores taken at 30 cm above ground level (Savage et 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 regeneration, such as drought, seed predation, browsing by rodents and ungulates, sunscald, frost heaving, trampling, damping-off disease, competition, and fire (Pearson 1923; Larson and Schubert 1969; Harrington and Kelsey 1979). Multiple studies have focused on the influence of climate on regeneration, including studies that compared age-structure to precipitation and temperature trends (Shubert 1974; White 1985). Dendrochronological evidence has shown regeneration in the Southwest to be historically episodic and infrequent (Biondi et al. 1994).
The process of regeneration and the methods by which it is influenced must 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 on these forests, without which, little proactive management can be accomplished. Biogeographers have been studying human modification of disturbance patterns on vegetation communities (Veblen and Lorenz 1988) and in particular on western forests (Veblen and Lorenz 1986) for generations. These western forests have experienced significant changes in composition and structure throughout the 20th 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 ability of fire regimes to shift forest composition, when describing the nature of the lodgepole forests in Colorado, where high-intensity and high-severity fires are most common. In southwestern P. ponderosa forests, however, light frequent fire had been the primary pre-settlement disturbance patterning the forest, maintaining an open, park-like structure (Cooper 1960; Schubert 1974). The introduction of grazing and fire suppression and the associated decline in fire frequency has been cited as the major cause of the significant shift in extent and density of the regional P. ponderosa forests (Biswell et al 1973; Wright 1978; Dieterich 1980a; Allen 1989). Therefore, an understanding of how these disturbances have affected the age structure 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 of fire intensity or fire severity has caused 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 (Hessburg et 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 (Fule 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 (Hessburg et 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 (Kaufmann et al. 2006). This continuum leads to either establishment of an entirely new cohort (or age-class) of trees from high-severity fires (Hessburg et 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 mixed-severity regime (Schoennagel et al. 2011), which presents unique issues and problems in its interpretation (Schoennagel et al. 2004). 
Recent research shows that P. ponderosa forests have experienced dramatic alterations in both structure and composition through fire suppression, logging, and grazing (Barton et al. 2001; Huckaby et al. 2001; Taylor 2010; Schoennagel et al. 2011) These alterations make it difficult to differentiate the specific influences of fire and have also dramatically increased the susceptibility of these forests to high-severity, stand-replacing fire (Schmidt et al. 2008). However, with the proper knowledge of land use changes and effects and the historic fire regimes of a region, using the age structure of present forests can be a highly useful method of elucidating the effects of these fires within a stand (Arno et al. 1995).





































CHAPTER TWO
[bookmark: _Toc318817684]2. LITERATURE REVIEW
[bookmark: _Toc318817685]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 in 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 surrounding grass since roughly 1880. Fire 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 little overall research was conducted on this topic.
The early 1980s brought a revolution in fire history studies: the use of crossdating to precisely date fire scars within a sample (Dieterich 1980a, 1983; Madany et al. 1982; Swetnam 1983; Dieterich and Swetnam 1984). This approach allowed for extensive analysis of the temporal 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 regional-scale spatial analyses of past fire regimes (Swetnam 1990; Baisan and Swetnam 1990; Grissino-Mayer et al. 1994; Touchan and Swetnam 1995; Swetnam and Baisan 1996).
Swetnam (1990) began using this technique to inform fire managers and, specifically, 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 300-year record of fire disturbance in the region. He documented differences in climate that have shifted the fire regimes in their size, frequency, and synchrony, but most importantly Swetnam observed the effect that human interference has played in altering the regular patterns of this natural system. 
Touchan et 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 varying 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. Touchan et al. found that their Monument National Canyon Area site was similar to the previous studies, in that sheepherding drastically reduced fine fuels around 1899. Their Continental Divide site 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 their El Malpais National Monument site. They attributed this lack of declining fire frequency to the unique geology of the monument. The ancient basalt flows protect certain areas within the monument from both human and natural disturbances. 
Research conducted in the late 1990s and 2000s has focused on expanding and broadening our understanding of the breadth and variety of fire regimes in conifer forests throughout the area. A large emphasis has been placed on the interaction between historic fire regimes and climatic influence. Studies have evaluated the relationship between dendroclimatically-reconstructed 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 (Grissino-Mayer 1996; Grissino-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 in their chronologies characterized by different fire frequencies and synchrony, separated by three periods of fire absence in the region. These periods were AD 1700–1782, 1795–1880, 1893–1939, and 1950–present. The second and third fire-free intervals (1881–1892 and 1939–1949) were attributed to human disturbance through livestock grazing and implementation of fire suppression, but this did not explain the variability of the fire regimes before and after these intervals or the cause of the fire-free period of 1783–1794. After accounting for a change in the seasonality of rain patterns, Grissino-Mayer and Swetnam suggested that a shift in the seasonality of rain and resulting shift in fire regimes could be attributed to the end 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 since AD 1800 accompanied by lower fire frequency.
Fire history research through this period (late 1990s and early 2000s) sought to link fire behavior to multiple other long-term climate oscillations, such as the PDO (Pacific Decadal Oscillation), ENSO (El Niño-Southern Oscillation) and AMO (Atlantic Multidecadal Oscillation). Researchers began linking these oscillations with drought frequencies throughout the U.S. (Gray et al. 2003; Gray et al. 2004; McCabe et 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, through superposed epoch analysis (SEA) that fires occurred most frequently during cool phases of ENSO and that when a cool ENSO phase aligned with a cool PDO phase and a warm AMO phase, that fire frequency increased even further. Schoennagel et al. (2007) investigated the relationships between broadscale climate variability (changes in Palmer Drought Severity Index, ENSO, PDO, and AMO) and fire occurrence. This work further indicated the high fire frequency effects of a cool ENSO, cool PDO, and warm AMO synchrony and determined low-frequency relationships between ENSO, PDO, AMO and fire.
Westerling et al. (2006) also found strong climate-forcing mechanisms of fire tendency in our present forests. They found that fire regimes changed abruptly in the mid-1980s from consisting of large wildfires of short duration only infrequently, to an occurrence of these fires at almost four times the previous average. They went further to suggest that ecological restoration and fuels management practices may not be sufficient to moderate the increased wildfire activity, which they attribute primarily to climate change. Studies have also gone so far as to make predictions for the future of these relationships, as they will be altered by our ever-evolving climate (Heyerdahl et 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 fire regimes could lead to further shifts in habitat, stand structure, and the natural cycles of water, carbon, and nutrients that our forests provide. 
[bookmark: _Toc318817686]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 Mountains. This region has been occupied by humans since before 1500, when the Navajo migrated into the area. Savage used 1935 as a marker year for age structure and found three trends in the studied forest. Twelve stands were found to have been uneven-aged in 1935 and also in 1986. For these stands, a continuous mode of regeneration was characteristic, reflecting relatively stable, self-perpetuating stands. Seventeen plots were found to be of uneven-age in 1935, with significant mortality before and after this period, leading to a younger, even-aged 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. The remaining 7 plots were virtually free of pine, when a 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 shifts, despite the contrast in the timing of cultural influences in the Navajo versus other southwestern pine forests, implies that climate was an important catalyst in the large regeneration pulses of the 20th century.
Savage et al. (1996) returned to the issue of a pine forest regeneration pulse and the role that climate played. They studied ponderosa pine woodland in the Gustav A. Pearson Natural Area, outside of Flagstaff, Arizona. Forty-four percent of the 166 trees sampled were found to have a germination date of 1919; while 97% of these trees were found to have germinated within 3 years of 1919 (these could have possibly been misdated at their correct date of 1919). Through climatic analysis, they determined that a combination 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.
Fule 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 introduction of fire exclusion in the area: the construction of the transcontinental 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. Fule et al. (1997) suggested using presettlement conditions as a benchmark and goal for ecological restoration of these forests.
Mast et 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 back to the mid-1500s. They had moderate success comparing the correlation of recruitment and PDSI. 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 post-settlement trees should be culled, with an abundance of those needed left behind to account for treatment-induced mortality. Third, extensive monitoring over time should be maintained. Finally, comparisons with reference age distributions and other ecosystem system structural parameters should be conducted.
Moore et al. (2004) compared historical (1909–1913) and contemporary (1997–1999) forest structure and composition on 15 permanent plots in ponderosa pine forests of Arizona and New Mexico. This study also found a large recruitment pulse in 1919, following trace or nonexistent recruitment for the prior 40 years. This supports a Colorado Plateau-wide regeneration pulse in this year, as similar patterns have been seen in multiple studies across the region (Pearson 1950; Arnold 1950; Schubert 1974; White 1985; Biondi 1996; Savage et al. 1996). They also found a dramatic increase in basal area over the last 80–90 years, representing an increased susceptibility to bark beetle epidemics and stand-replacing 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 of recurrent surface fires effected density-independent control on tree recruitment in these forests. Periods of short fire-intervals were also contemporaneous with periods of low regeneration into the stand, as most seedlings and sapling would be killed by fire before maturing enough to survive the fires. They also observed that these forests restored to a healthy state relatively quickly after the 1580s megadrought, giving hope to current forests managers of the area. 
[bookmark: _Toc318817687]2.3 Fire/Stand Structure Interactions Research
	
Barton et al. (2001) investigated the effects of fire on stand structure and the synchrony of establishment in the lower and middle Rhyolite Canyon in the Chiricahua Mountains of Arizona. Barton et al. added evidence that 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 successful recruitment requires fire-induced seedbed preparation and reduction of competition in these stands. They found inconclusive evidence for their second hypothesis, which stated that favorable moisture conditions, rather than reduced fire frequency, would account for the age structure peaks in pine forests. 
Huckaby et al. (2001) investigated the landscape patterns of age structure at Cheesman Lake in the Colorado Front Range. This area was only minimally affected by logging and grazing in the late 1800s and early 1900s, providing a unique view into a lack of Euro-American disturbance (except 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 stand-replacing fire, which maintained the open stand structure with areas that remained treeless for decades. Huckaby et al. also pointed out that, due to the fact that fire and tree regeneration have historically occurred at long, often coincident intervals, the timing of restoration efforts may be important for successful maintenance of openings. 
Taylor (2010) analyzed the interaction of fire disturbance and forest structure in a ponderosa pine forest in the southern Cascade Mountains in California. Taylor found similar patterns as previous studies, in that the fire interval was quite shorter prior to Euro-American settlement. Similar recruitment peaks in the mid-1800s were attributed to wetter climatic conditions, and recruitment peaks in the mid-1900s were attributed to the implementation of fire suppression. Taylor found a positive spatial autocorrelation of both ponderosa pine and Quercus kelloggii trees > 100 years old at small to intermediate scales, which supported the hypothesis that intense surface fires after the death of a canopy trees create a mineral soil seedbed over large spatial and temporal scales, creating a forest comprised of small, even-aged groups of trees.
Schoennagel et al. (2011) evaluated forest regeneration by studying the fire history and tree recruitment patterns in a Colorado Front Range upper montane zone. They found that moderate-severity fires predominantly affected this area historically. They used metrics to study survivability of individual trees to fire severity and also recruitment rates pre- and post-fire. Survivability rates for a single fire event ranged from 0.1–0.61 and averaged 0.28 over all sites. Tree establishment 40 years after fire at each site varied from 0.13–0.86, with an overall average of 0.46 across all sites. They 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 this study; these forests are not of high concern to fire managers. 
[bookmark: _Toc318817688]2.4 Climate/ Stand Structure Interactions Research
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Grissino-Mayer (1995) first began work in El Malpais National Monument in the early 1990s. The monument is highly heterogeneous in successional stages and habitat types due to its many, varying-aged lava flows (Lindsay1997). Due to the variability of landscape in the monument, Grissino-Mayer, sampled as many representatives of each habitat type as possible, including cinder cones, ancient and younger basalt flows, shield volcanoes, and lava-surrounded islands (kipukas). This work mostly focused on the western portion of the monument due to the prevalence of fire-scarred samples. A 2,129-year record of precipitation was constructed. Grissino-Mayer found that the limiting factor of the trees within the monument was precipitation with a high correlation between PDSI and tree growth, rather than temperature, which showed a much smaller correlation. Grissino-Mayer also compiled a comprehensive fire history of the monument, composed of 9 chronologies. He found 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 portion and dormant season of the ring and the kipuka sites saw earlier fire seasonality on average. 
Grissino-Mayer used a Weibull function to calculate fire intervals at each site and found that fires occurred within the monument approximately every 5–12 years, with a minimum fire interval of 1–3 years and a maximum of 12–55 years. Most of these fires were fairly small in size and severity, with larger, more widespread fires recurring every ~25 years. Grissino-Mayer also delineated the fire history into 4 distinct periods separated by temporal discontinuities: <1700–1782, 1795–1880, 1893–1939, and 1940–present. Pre-1782, predominantly small, patchy fires were seen followed by a sharp decline in occurrence. 1795–1880 saw a large spread of fire with more regular occurrence at each site, followed by a fire-free interval caused by livestock grazing in the area. The period 1893–1939 showed a return of semi-regular fire intervals, before the implementation of fire suppression in the area in 1940. 
Grissino-Mayer’s students have since added to the knowledge of the fire regimes of El Malpais National Monument. Lewis (2003) analyzed the fire history of five kipukas and three basalt flow sites. Lewis constructed fire chronologies for each of the sites, the oldest of which dated back to 1447. Similar fire patterns and intervals were found as Grissino-Mayer (1995). The kipukas were found to have higher fire intervals (up to 43.5 years), with the lava sites seeing more frequent fire occurrence (up to 17.3 years). Lewis also calculated the Weibull Modal Interval for each site, ranging from 9.5 years at Mesita Blanca to 41.3 years at North Kipuka.
Rother (2010) studied the effects of climate and anthropogenic forces on shifts in the fire regimes of the monument and the surrounding Zuni Mountains. Using 806 fire scars on 75 samples, Rother compiled a chronology back to 1700 for the area surrounding, and partially including, El Malpais National Monument. Analysis of the fire histories found similar results as Lewis (2003) and Grissino-Mayer (1995), but Rother went on to compare these with anthropogenic records. She hypothesized that lightning storms (not humans) were the predominant cause of fire in the area during the pre-Euro-American settlement period and went into detail on the large effect of grazing and fire suppression on the fire record. She also found climate/fire relationships, showing that PDO and ENSO/PDO combinations had little effect on fire occurrence at her sites.





CHAPTER THREE
[bookmark: _Toc318817690]3. MANUSCRIPT
[bookmark: _Toc318817691]3.1 Introduction

With growing concern over uncertain changes in future temperature and precipitation patterns caused by a changing global climate regime, forest ecologists and managers require a greater understanding of the possible role that past climate patterns have played on shaping our current forests by mediating or mitigating establishment and mortality patterns (Swetnam and Betancourt, 1998; Kaye et al., 2010). Historic regeneration of ponderosa pine (Pinus ponderosa var. scopulorum Engelm.) woodlands 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; Mast et al., 1999, Fulé et al., 2003). For example, Savage et al. (1996) showed that conditions of high precipitation and warm winters resulted in optimal recruitment of ponderosa pine in the American Southwest, as seen by a recorded 1919 recruitment pulse throughout the Colorado Plateau. Kaye et al. (2010), however, suggest that the expansion of ponderosa pine woodlands in the Great Plains region will be suppressed by future increases in temperature and drought, highlighting the complexity in regional response of ponderosa pines to climate factors. Future establishment and mortality of ponderosa pine therefore may or may not be enhanced because general circulation models, including the most recent IPCC report, have predicted drier conditions throughout the Southwest accompanying ever-rising, atmospheric CO2 levels (Cubasch et al., 2001; Seager et al., 2007). 
Research has shown that shifts in climate can have widespread and long-lasting influences on various processes that affect ecosystem function, such as the scale and severity of local wildfire (Torn and Fried, 1992; Grissino-Mayer and Swetnam, 2000; Beaty and Taylor, 2001, 2008; Taylor, 2010). For example, Grissino-Mayer and Swetnam (2000) showed that a significant shift in fire frequency and spatial patterns of wildfire occurred towards the termination of the Little Ice Age in the American Southwest between 1780 and 1800. This altered the local fire regime from a predominance of higher-frequency and spatially patchy fires to that of less frequent but more widespread fires. In the western U.S. as a whole, however, Trouet 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 on stand structure and composition of local forests (Savage et al., 1996; Allen and Breshears, 1998; Mast et al., 1998, Moore et al., 2004; Brown and Wu, 2005). Climate can affect structure directly, through favorable or unfavorable conditions for radial growth or mast production, or indirectly, through alterations of frequency and severity of external disturbance factors. If we can elucidate the effects of climate alterations and anomalies on long-term disturbance factors of the past, we may be able to more properly manage our forests in the future generations (Brown and Wu, 2005). 
Recurring low-severity fires were the primary pre-settlement disturbance in ponderosa pine woodlands and forests of the Southwest, maintaining an open, park-like structure throughout the region (Cooper, 1960; Schubert, 1974; Savage, 1991, Swetnam and Baisan, 2003; Taylor, 2010). Shifts in fire regimes over time have likely contributed to changing these open, park-like stands to forest stands that are now denser with near-simultaneous and substantial shifts in species composition (Brown and Wu, 2005; Schoennagel et al., 2011). These alterations to both l fire regimes and stand dynamics are largely attributed to anthropogenic forces, including the introduction of grazing, logging, and fire exclusion between the late 1800s and early 1900s (e.g. Swetnam and Baisan, 1990; Fulé and Covington, 1994, 1996; Swetnam et al., 2001). However, climatic factors have not been ruled out as contributing forcing mechanisms.
Present forest age structure and species composition can be compared with (pre)historic disturbance and climate regimes to help clarify relationships among the various exogenous factors (e.g., wildfires, climate, and humans) that can alter or redirect successional trajectories (Mast et al., 1998; Swetnam and Betancourt, 1998; Villalba and Veblen, 1998; Heyerdahl et al., 2001, Schoennagel et 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 long-term temporal history of forest structure, composition, and dynamics for specific sites or regions (Swetnam and Betancourt, 1998).
El Malpais National Monument (ELMA) provides a unique opportunity for the study of climate and fire effects across a wide variety of habitat types in various successional stages caused by a number of varying-aged lava flows (Lindsay, 1951). ELMA has been studied extensively for the reconstruction of fire regimes and possible climate forcing mechanisms of wildfire activity (Grissino-Mayer, 1995; Grissino-Mayer and Swetnam, 2000; Lewis, 2003; Rother, 2010). Little is known, however, concerning the possible effects of wildfire and climate on tree recruitment. Three specific sites were selected for study to incorporate the heterogeneity of topography, geology, and previous record of anthropogenic disturbance of the region: a cinder cone, an ancient basalt flow, and an isolated “island” (kipuka). Particular emphasis is placed on differing reactions over time and space and between habitats. We address the following specific research questions:
1. How have historic fire regimes altered the dynamics of ponderosa pine forests 	over time? 
2. How has climate influenced historic fire regimes and tree recruitment pulses over time?
3. How much variability in tree recruitment is observed between the three habitat 	types? 
4. What implications do climate forcing mechanisms pose for future forest management in the region?
[bookmark: _Toc318817692]3.2 Methods
[bookmark: _Toc318817693]3.2.1 Study Area

Ponderosa pine-dominated stands were studied at three sites within ELMA, located outside of Grants, New Mexico (Figure 3.1). The monument is located within the larger Zuni-Bandera volcanic field and is characterized by high habitat heterogeneity, encompassing highly-eroded ancient basalt flows, younger lava flows, steep-sided cinder cones, low-lying shield volcanoes, and isolated kipukas (Lindsay, 1951; Maxwell, 1982, 1986; Laughlin et al., 1993; Grissino-Mayer and Swetnam, 

 Figure 3.1. Map of El Malpais National Monument and study sites within.

Table 3.1. Characteristics of the three sites studied at El Malpais National Monument.
	
	Location
	Elevation
(m)
	Area
(ha)
	Vegetation *
	# Trees
Sampled
	Slope
(%)
	Aspect (o)

	
	
	
	
	
	
	
	

	Cerro Bandera
(CB)
	34°59'46”N
108°5'48”W
	2018–8241
	0.4
	PIPO, few PSME, PIED, QUGA
	224
	46
	29

	Braided Cave
(BC)
	34°53'45”N
108°6'18”W
	  2285–
2310
	0.8
	PIPO, few PSME, PIED
	207
	6
	309

	Mesita Blanca
(MB)
	34°53'24”N
108°4'32”W
	  2250–
2270
	0.7
	PIPO, PIED, JUSP
	201
	6
	312


* PIPO, Pinus ponderosa; PIED, Pinus edulis; JUSP, Juniperus sp. (J. scopulorum, J. monosperma); QUGA, Quercus gambelii; PSME, Pseudotsuga menziesii















1997). The monument contains 15 or more lava flows that occurred over the last one million years, creating a new lava surface roughly every 7,000 to 25,000 years since 100 kya (Eury, 1997). Because the time-variant 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 ~3.2–3.6 kya) has little vegetation, characterized by patchy shrubs and grasses, with scattered stunted conifers (Lindsay, 1951). The oldest flow (dated at ~700 kya) shows well-established ecosystems of grasslands and spatially-extensive mixed-conifer forests that consist of ponderosa pine, pinyon pine (Pinus edulis Engelm.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), Rocky Mountain juniper (Juniperus scopulorum Sarg.), and one-seed juniper (Juniperus monosperma (Engelm.) Sarg.) (Bleakly 1997). 
This study compared stand dynamics at three sites with distinct topographic features: a cinder cone, an ancient basalt flow, and a kipuka. Cerro Bandera (CB) (Figure 3.2) is a steep-sided cinder cone and supports a ponderosa pine forest on its northern slope and a pinyon-juniper forest on its southern and western sides (Lindsey, 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 pine, with scattered pinyon pines, Douglas-firs, and Rocky Mountain junipers. Stand density is highest at CB, with as many as 120 trees per 0.1 ha plot. All elevations (up to 2551 m) of the cinder cone had experienced logging and stumps were seen throughout the site. This site had also been affected by livestock grazing on all sides during the late 19th century (Mangum, 1990).
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Figure 3.2. Picture of Cerro Bandera Cinder Cone Site








Braided Cave (BC) (Figure 3.3) is an ancient basalt flow with an intricate lava tube that supports an active ecosystem, both on top of and below the surface. BC 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 (Laughlin et al., 1993). This site ranges in elevation from and is characterized by very large basalt clasts and low vascular plant species richness. Grasses were less abundant than in surrounding sites and little to no shrubby vegetation was observed. Little overall slope exists at the site, though aspect varied, as a result of the rough topography of a basalt flow. Because of the rough terrain, the site was inaccessible to both livestock grazing and logging efforts in the late 1800s and early 1900s and, therefore, represents a more pristine view of the ponderosa pine forests of the region. Stands sampled for this study were located well inside a well-demarcated “logging line” that showed the maximum extent of logging activity onto the lava flow in the early 20th century.
Mesita Blanca (MB) (Figure 3.4) is a kipuka formed as the Hoya de Cibola lava flow was redirected around small hills and thus is completely surrounded by the basalt 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 species. The woodlands here consist of ponderosa pine along the lower elevations near the lava edges to scattered pinyon pines and junipers along the higher central ridge (Lewis 2003). The surrounding basalt flow is highly dissected with numerous fissures and raised lava benches. As such, this site was not affected by extensive livestock grazing although 
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	 Figure 3.3. Picture of Braided Cave, Ancient Lava Flow Site
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Figure 3.4. Picture of Mesita Blanca Kipuka Site







local sheepherders during the early 20th century may have grazed the kipuka. No large-scale logging was conducted on or around the kipuka although locals may have harvested some trees for temporary structures.
[bookmark: _Toc318817694]3.2.2 Stand Dynamics
We laid out several 50 x 20 m (0.1 ha) rectangular plots at each site until > 200 trees had been sampled, a minimum number we felt would be representative of the site as a whole. We used pseudo-random 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 topography. We collected increment cores from 224 trees in 4 plots at CB, 207 trees in 8 plots at BC, and 201 trees in 7 plots at MB (total = 632 trees in 19 plots from 3 sites). Latitude, longitude, elevation, slope, and aspect were documented for each plot. All trees within each plot were measured for diameter at breast height (DBH) and those above 5 cm DBH (above sapling status) were flagged and catalogued with the tree’s DBH, species, and ID. All flagged trees were cored at 30 cm above ground height. If a stump from previous logging events was found (although rare) within the plot, a tree of similar diameter was selected from outside the plot to simulate proper tree recruitment dates. After all sampling was complete, seedlings and saplings were tallied by visual count across the entire plot. 
[bookmark: _Toc318817695]3.2.3 Laboratory Techniques 
Cores were mounted and sanded with progressively finer sandpaper, beginning with ANSI 180-grit and ending with ANSI 400-grit, providing for maximum visibility of the cellular structure of the wood (Stokes and Smiley, 1968; Orvis and Grissino-Mayer, 2002). All samples were ring-counted and then visually crossdated via the list method (Yamaguchi 1991) by comparison with a master chronology for ELMA developed by Grissino-Mayer (1995). An age correction was added to those cores that missed the pith but showed ring 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 was 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 compiled 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 comparisons were made with historically fire free intervals and major shifts in the fire regimes at each site. Fire free intervals can act as analogs and agents of comparison for the modern fire suppression. Lack of fire in an environment that is predominantly fire-dependent can result in large alterations to species composition and overall stand dynamics. Barton et al., (2001) showed that fire free periods are crucial for large recruitment peaks in pine forests in the Southwest, by drastically reducing seedling mortality of all species within a stand, and thus allowing the stand to expand and become denser. Major shifts in fire regime can have long-lasting effects on stand density, composition, and age structure. Ponderosa pine rockland habitats, which require a narrow set of parameters for proper regeneration, are highly affected by alterations to the regular pattern of fire interval and severity within a forest. Therefore, comparisons between regeneration rates of a stand and shifts in fire interval should be conspicuous in the core record.
Each site was analyzed for the presence of even- or uneven-aged stands. Even-aged stands could provide evidence for higher-intensity/severity fire events that would have replaced an entire stand, while uneven-aged stands would show evidence for a predominance of low-intensity/severity fire events. Peaks were also compared with shifts in predominant precipitation patterns at the monument based on the reconstruction developed by Grissino-Mayer (1996). Additional age structure graphs were created that partitioned data by species and dbh to evaluate species composition and development over time (Abrams et al., 2001; Abrams, 2003, 2007). Species composition was analyzed for changes of density and recruitment over time using age-structure charts and seedling/sapling tallies from each plot. 
A 2,129-year reconstruction of precipitation was compiled by Grissino-Mayer (1995, 1996), but for the scope of this study, only the period from 1650 to present will be discussed. The period 1650 to 1790 represents the latter half of the most prolonged period of below normal precipitation this millennium. The following two decades represent the wettest period of the multi-millennial reconstruction, lasting from 1791 to 1992. The 19th 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 below normal for a 15-year period of 1891–1904, but this period was followed by the wettest century in northwestern New Mexico since the 13th century. The period 1978–1992 showed the highest levels of precipitation in the entire 2,129-year 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.
[bookmark: _Toc318817696]3.3 Results
[bookmark: _Toc318817697]3.3.1 Fire History and Stand Structure

Although reconstructions of wildfires were available for each site back to the early 1600s, we chose a starting date of 1650 for this study to ensure adequate sample depth (Figure 3.5). Five generally fire-free intervals were conspicuous at these three sites, bracketed by more widespread fires and occasionally punctuated by a few isolated fires. The first and earliest fire-free interval was observed at BC, lasting 40 years from 1695 to 1738 (Figure 3.5b). A second interval occurred from 1782 to 1795 at CB (Figure 3.5a) and from 1782 to 1806 at both BC and MB (Figures 3.5b and 3.5c), with few single-fire events occurring between these dates. The third fire-free period spans 17 to 32 years at the three sites (CB: 1824–1841, BC: 1824–1856, MB: 1819–1841). A fourth fire-free interval was observed only at CB, spanning 1880 to 1923 (Figure 3.5a). The fifth and final fire-free interval varied between each site. CB recorded no fire events post-1939, BC recorded only two single-fire events post-1933, and MB experienced multiple small fire events and only one widespread event (1976) post-1923.
All sites showed a shift in fire frequency and extent between the periods before and after the 1780s/1790s fire-free interval. Grissino-Mayer and Swetnam (2000) 

Figure 3.5: Comparison of fire histories, tree recruitment, and annual precipitation records from 1650 to 2000. (a) Cerro Bandera age-structure, with fire history overlain. Horizontal lines represent individual fire-scarred samples. Vertical tic-marks represent individual fire events. Vertical columns in background represent tree decadal tree recruitment (b) Braided Cave age-structure with fire history overlain. (c) Mesita Blanca age-structure with fire history overlain. (d) Reconstructed precipitation in El Malpais National Monument (Grissino-Mayer 1996). Vertical line represents the average annual precipitation of 14.57 in for the 2,129-year reconstruction.
Table 3.2: Descriptive statistics of fire frequency at each site.
	MFI
	MEI
	MOI
	MIN
	MAX
	SD
	CV

	Cerro Bandera
	6.1
	6.0
	5.9
	1
	12
	2.9
	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 except the CV
century fire events responded more influentially to fuel loadings than drought conditions.













conducted a Student’s t-test that confirmed fire frequency was higher between 1700 and 1782 (one fire every 2.2 years) compared to the period from 1795 to 1880 (one 
fire every 3.4 years). Fires after ca. 1790 were also more widespread, scarring a greater percentage of trees that during the period prior to ca. 1780. A superposed epoch analysis conducted between the two periods (1700–1782 and 1795–1880) found a major shift in response to climatic factors by fire. The period 1700–1782 showed low precipitation preceded fire events and a statistically significant drought year occurring the year of the fire event. The period 1795 to 1880 showed only slightly below average levels of precipitation in the event year, with a large peak in precipitation in the preceding 4 years, suggesting that the 19th century fire events responded more influentially to fuel loadings than drought conditions.
[bookmark: _Toc318817698]3.3.2 Age Structure
Recruitment pulses varied across each site, with an initial pulse in the 1850s for CB (Figure 3.6a), 1770s for BC (Figure 3.6b), and 1790s for MB (Figure 3.6c). Recruitment at CB remained fairly steady through the 19th century, with a decline in recruitment around the turn of the century, and lasting through the 1920s. The site recovered from this decline with a very large spike in recruitment in the mid-1900s, that entailed an influx of Douglas-fir, juniper, and the first introduction of pinyon pine individuals into the stand (Figure 3.6a). This influx caused a large shift in species composition within the stand, as prior to 1940, only 4 non-ponderosa individuals had established into the stand. This number more than tripled to 14 between 1940 and present. 

Figure 3.6: Age and size structures for each study site. (a) Cerro Bandera, (b) Braided Cave, and (c) Mesita Blanca. Species abbreviations are: PIPO, Pinus ponderosa; PIED, Pinus edulis; PSME, Psuedotsuga menziesii; JU--, Juniperus sp.
BC experienced a roughly bell-shaped rise in ponderosa recruitment throughout the 19th century, which declined around the turn of the century, similarly to CB. BC showed a small spike in recruitment in the mid-1900s and the first non-ponderosa individuals (three Douglas-fir individuals) were introduced into the stand post-1940 (Figure 3.6b). MB experienced a similar bell-shaped rise and fall in recruitment through the 19th century, but did not experience a resurgence in recruitment after the decline from the 1800s. MB’s species composition remained mixed, with the higher ridges displaying a mixed-conifer composition and the lower portions of the site displaying a ponderosa-dominated composition. This trend was observed throughout the study period, until the 1930s, when the site experienced an abrupt end to ponderosa recruitment (Figure 3.6c). 
Seedling and sapling counts of the present stand showed a similar trend of a shifting species composition (Table 3.2). CB showed high numbers of non-ponderosa seedlings, with 29 pinyon pine individuals, and the first hardwood species observed at the site: Gambler’s oak (Quercus gambelii Nutt.), with 21 seedlings. BC’s seedling count showed that the Douglas-firs that have established in the last century are regenerating with 3 seedlings and 1 sapling. However, BC has maintained a predominance of ponderosa pines. MB also experienced the introduction of a Gambler’s oak, along with a very large increase in juniper and pinyon pine individuals. MB showed the largest disparity in species composition of the three sites, as 115 pinyon pine seedlings were observed as compared with only 12 ponderosa pine individuals. Figure 3.6 and Table 3.2 show that non-ponderosa species have been 


Table 3.3: Seedling and sapling count for each site. Seedlings were < 5 cm DBH and < 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. monosperma); QUGA, Quercus gambelii; PSME, Pseudotsuga menziesii














[bookmark: _Toc318817699]much more successful at this site for the past 3 decades, with only 1 individual establishing into the stand past sapling stage.
3.4 Discussion

[bookmark: _Toc318817700]3.4.1 Cinder Cone Habitat	
CB experienced the largest amount of anthropogenic disturbance of the three sites. Written records and visual observations provide evidence of intense livestock grazing and logging on all surfaces. CB exhibits the highest grade of slope, with values exceeding 40° in all sampled plots, and is also the densest, with as many as 120 trees per 0.1 ha plot. This site experienced the shortest fire frequency of the three, with an average of 6.1 years between each fire event.
Fire interval and extent were quite patchy at the site until the late18th century. However, fire events are ubiquitous and are recorded in multiple samples throughout early records. As the American Southwest exited the Little Ice Age, more uniform, widespread fires became the predominant disturbance factor at the site. Fire interval became larger after this transition, which would normally lead to high tree recruitment. However, a period of high-extent fire events in quick succession, appear to have limited tree recruitment at the site until the 1940s. This decade showed a shift in fire frequency to that of only one large fire event per decade, leaving sufficient time between disturbance events for ponderosa pine saplings to reach a cambial thickness sufficient to survive even small fire events. This interval coincides with a climatic optimum that occurs from 1830 to 1880, as well as the first pulse in tree recruitment at the site. 
Intense livestock grazing occurred at the site, beginning in 1880, and is observed in both fire and recruitment records. The period from 1880 to 1923 observed no fire events and a two-decade dip in recruitment. Grazing began to be phased out of the area in the early twentieth century, but was quickly replaced by intense logging events through the 1920s and early 1930s. Only one fire event is recorded during this period in 1923 and the last fire event recorded at the site took place in 1939, due to the implementation of fire suppression. 
Between and after the final two fire events at the site, a substantial rise in recruitment takes place through the 1940s and 1950s. This peak in recruitment is important, in that it occurs simultaneously with the 1950s drought event. It appears that climate was not the driving factor for recruitment at this site throughout the twentieth century and that stand density became the limiting factor on an exponential rise in recruitment. This pulse is also characterized by a large shift in species composition. Before 1939, only 4 non-ponderosa pine individuals were observed at the site. However, between 1940 and 1990, 11 more individuals are able to establish themselves into the stand, including pinyon pine (a fire-intolerant species). This trend is also observed in the seedling and sapling counts, which show a mixed-conifer composition, and the introduction of a hardwood, Gambler’s oak. This introduction is most likely due to the combination of a lack of fire and extremely high precipitation in the region. 
[bookmark: _Toc318817701]3.4.2 Ancient Lava Flow Site
BC was the least impacted by anthropogenic disturbance. Both livestock grazing and logging efforts were thwarted by the rough terrain and low vascular plant species richness of the site. BC also experienced the longest fire intervals of the three sites, with an average interval of 21.6 years. Similar to the surrounding region, fire occurrence at BC was patchy and of mixed-extent until the exit from the LIA around 1780. After this climatic shift, the site experienced a roughly bell-shaped pulse in tree recruitment, predating the regional shift in fire occurrence to that of widespread, decadal events. This pulse and subsequent decline in tree establishment appears to be most likely due to density limits on competition within the site. With optimal moisture and infrequent fire, the stands were allowed to expand and become denser. The uniform, widespread fires of the mid-1800s allowed for continued recruitment of ponderosas and elimination of fire-intolerant species at seedling and sapling stages, until the stands reached a critical level of competition for light, nutrients, water, and space. Once a threshold for density was reached in the 1820s, recruitment began to fall at the site and reach low levels by the end of the century
Recruitment remains at low levels throughout the early twentieth century, despite large rises in precipitation. The introduction of fire suppression throughout the Southwest also appears to have had minimal effect on recruitment into the stand, as levels of decadal establishment do not rise until mid-century, from 2 in the 1950s to 14 and 15 in the 1960s and 1970s, respectively. This rise in establishment follows a recovery period from the 1950s drought that affected the entire region. At the site, this climatic shift, combined with a non-presence of fire, brought about a much denser forest (as seen in Figure 3.6b) including two additional Douglas-fir individuals, the first of which did no establish until after fire exclusion. 
[bookmark: _Toc318817702]3.4.3 Kipuka Site
MB was minimally affected by anthropogenic disturbance factors due to the isolated nature of a kipuka. Surrounded on all sides by the Hoya de Cibola flow, the “island” was mostly inaccessible to livestock grazing and largely unaffected by the logging efforts of the early twentieth century. Fire suppression could also not be fully enforced at the site, as seen by many small fire events during and after its implementation in the 1930s, and also a large fire event, occurring in 1976. MB experienced only one large pulse in recruitment, which coincided with the 19th century climatic optimum and a shift in fire occurrence that follows the exit from the LIA. The pulse peaks in the 1850s and appears to be constrained by stand density, in the same manner as BC. Neither climate nor fire occurrence appear to have substantial effect on tree recruitment throughout the twentieth century, however, these factors have a quite large effect on stand composition. 
Stands at MB are separated into two distinct compositions throughout the site. The lower elevations of the site are ponderosa-dominated and plot analysis shows that these elevations were monospecific until recent decades. The higher ridges of the site are mixed-conifer. Pinyon pines were readily recruited into these plots throughout the record of the current stand. During a 53-year cessation of fire from 1923 to 1976, a large shift of these natural compositions occurred. Ponderosa pines were no longer establishing into the stand, with only two individuals recruited after this date. Fire-intolerant pinyon pine and juniper seedlings began sprouting and establishing themselves into the stand during this time, without the natural fire regime keeping these species at bay. The current seedling and sapling count shows this shift in recruitment quite conspicuously, as 115 pinyon pine seedlings were observed at the site, as compared to only 12 ponderosa individuals. It appears that ponderosa pine individuals are no longer being allowed to compete and mature past their seedling stage of development. 
[bookmark: _Toc318817703]3.5 Conclusions

Climate and fire have large impacts on forest dynamics, structure and composition, as seen by the analysis of these three heterogeneous sites. These habitats exist in less than a 7.5-mile radius from each other and yet vary widely in their reaction to external forcing mechanisms. These sites also exhibit temporal variability at both inter- and intrahabitat scales in predominant driving mechanisms for tree recruitment. Fire regimes have been shown to have a large effect on recruitment rates at Cerro Bandera throughout the past 3.5 centuries. However, the climatically optimal conditions of the mid 1800s and late 1900s appear to be the driving factor for recruitment pulses at Braided Cave and Mesita Blanca. Because of  this variability on all scales, it appears nearly impossible to truly distinguish the individual effects of fire and climate on the dynamics of the three forests.
Recent restoration efforts have switched from a focus of finding previous, analogous climatic and fire-frequency conditions, to promoting ecosystem resilience, or the capacity of an ecosystem to return to desired conditions following a disturbance (Williams and Jackson, 2007; Schoennagel et al., 2011). Due to temporal and spatial variability which is made even more sporadic by topographic and habitat-scale heterogeneity, it appears that analogous conditions for tree recruitment may not exist for current and future forests. High severity, high extent wildfires, observed throughout the Southwest in the last few decades, show the need for proper management and introduction of modern fire regimes. Mesita Blanca further shows the dire need for active management in the area through controlled burning of stands that are not only being altered in composition, but are excluding the previous premier species of the site. However, forest managers must be knowledgeable of these shifts in composition and the lack of analogous time periods before acting on these concerns.
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