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ABSTRACT 

We reconstructed historical fire regimes of montane forest-grassland ecotones in 

the ~40,000 ha Valles Caldera National Preserve (VCNP), New Mexico. We used a 

targeted approach to sample ancient fire-scarred trees along the ecotone, and compared 

variations in historical fire occurrence within and among valles in the grassland-forest. 

The resulting tree-ring record extends from 1240-2008 C.E., with a total of 2,443 fire 

scars from 330 trees representing 238 fire years during the period of analysis, 1601-1902 

C.E. Our results confirm pre-1900 historical occurrence of high-frequency, low-severity 

surface fires over multiple centuries in the ecotone. When all fires were considered, the 

mean fire intervals were 5.5-22.5 years (~6 to 123 ha) at individual sites, 2.7-10 years 

(~67 to 4955 ha) in individual valles, and 1.6 years (~10 386 ha) at the landscape level. 

Synchronous fires burned extensively and typically occurred at ~10 year intervals in 

years with significantly low PDSI. Results will be useful in planning forest/grassland 

restoration actions, and reinstituting fire regimes through prescribed and natural fire 

management.  
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CHAPTER ONE 

INTRODUCTION TO THE THESIS 

 

ñFires are a natural and fundamental component of the 

forests of the Southwest, and have played a central role in 

shaping them for thousands of yearsò (Pyne et al. 1996). 

 

Natural History of Fire in Southwestern Forests 

Fire is not a new ecological process to southwestern forests, but is rather a natural 

environmental phenomenon that has been an integral part of these ecosystems for 

millennia (Agee 1993; Fawcett et al. 2011). Many species, communities, and ecosystems 

depend upon periodic fires to maintain the diversity of habitats, community structure and 

ecosystem functions. In these fire adapted areas, fire promotes plant and wildlife diversity 

as it consumes the accumulation of live and dead materials (leaves, branches, and trees), 

while releasing nutrients that are stored in organic litter back into the environment. 

Recurrent fires on these landscapes maintain the health of forests by consuming 

vegetation, accumulations of insects and diseases, while regulating population dynamics 

and multiple species. Some plants, including species in the genera Pinus, Cupressus, 

Pseudotsuga, Abies, and Sequoiadendron have evolved thick bark and crown structures 

that allow them to withstand or resist recurrent low-intensity surface fires. Other plant 

species are dependent upon fire to germinate and reproduce. Post-fire conditions provide 

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

cleared by the fire. 

Fire is a ubiquitous, dominant disturbance (a discrete event in time which disrupts 

the ecosystem, community, and/or population structure) agent in many of the Earthôs 

ecosystems. Regionally, fire acts as an ecosystem process that shapes the structure, 

pattern, composition, and biodiversity in many Rocky Mountain forests, woodlands, and 

grasslands (Weaver 1951; Agee 1993; Johnson et al. 1998; Veblen 2000; Bowman et al. 

2009; Keeley et al. 2009). Fire functions to create and maintain a mosaic of diverse 

vegetation (species, size, age) across the landscape. 

 Fires may be ignited by natural causes, including lightning, sparks from falling 

rocks, volcanic activity, or the spontaneous combustion of plant materials and other 

organic matter (Agee 1993). In the United States, an average of 6,000 fires per year are 

started by lightning (Smith 2000), thus making lightning one of the most influential 

forces controlling some ecosystems. However, increasingly, fires are caused by human 

activities which are difficult to control and monitor. 

Knowledge of the role of fire in landscape ecology in the past centuries, together 

with detailed accounts of significant alterations in the role of fire over time, is essential 

for resource management. Fire regimesðthat is, patterns of fire occurrence, seasonality, 

size, uniformity, and severityðhave been a major force shaping landscape patterns and 

influencing productivity throughout North America for thousands of years. Fire regimes 

in the Southwest can be broadly described by their general frequency and severity. Fires 

in low severity, high frequency regimes occur in pine forests, oak woodlands and 
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grasslands. Theses regimes are generally dominated by surface fires that burn fine fuels 

(herbaceous growth and the litter layer) and smaller woody fuels lying on or near the 

ground (Keeley et al. 2009). These fuels are typically not lethal to the dominant 

vegetation and tend to maintain relatively open forest structure. Moderate-severity fire 

regimes regionally are found most commonly in higher elevation mixed-conifer forest 

types. These regimes are often mixed in frequency, with periods of both short and long 

intervals between fires (Keeley et al 2009). Fire behavior and effects in these regimes are 

variable, resulting in a dynamic mosaic of different and multi-aged stands of fir and pine. 

In high-severity fire regimes a large proportion of trees are either consumed or killed, 

often resulting in a stand replacement event that alters the forest structure substantially 

and reinitiates early successional development. These fire intervals can be relatively long 

in high-severity fire regimes in the southern Rocky Mountains, often on the order of 100-

500 years (Veblen 2000). 

Forest fire regimes are dynamic, stochastic processes governed by complex 

interaction between climate, vegetation, and topography. For centuries, fire has been a 

natural, healthy process occurring in Southwest forests. Tree species vary across the 

landscape, resulting in each forest type developing a different historical fire regime. 

However, these fire cycles have been altered drastically over the last 100 years due to 

anthropogenic land uses such as livestock grazing, logging, and fire suppression 

(Covington and Moore 1994; Allen et al. 2002).  

Today, many Southwestern ecosystems are experiencing landscape changes due 

to fire exclusion, changing fuel quantities and arrangement and thus increasing the 
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likelihood of large or severe fires, or both. Frequent fires in the Southwest were typically 

disrupted between 1870 and 1990, except for some places where livestock was 

introduced earlier, in which case the disruption took place earlier (Savage and Swetnam 

1990; Swetnam and Baisan 2003).  Previous research utilizing the record provided in 

tree-rings of fire-scarred trees indicate that fire regimes today exhibit significant 

departures from historic dynamics resulting in lower frequency and greater severity. Prior 

to the initiation of fire suppression in the 1900s, mean fire return intervals in forests of 

the southern Rocky Mountains during the pre-settlement era ranged from <20 years for 

lower montane zones of mature ponderosa pine (Swetnam and Baisan 1996; Omi and 

Joyce 2003)) to substantially longer fire intervals of 100 to 500 years in subalpine forests 

(Veblen 2000). During this period, stand-replacing fires were rare in ponderosa pine 

communities, but they have become increasingly more common as surface ladder fuels 

build up on the forest floor (Covington and Moore 1994; Allen et al. 2002; Omi and 

Joyce 2003). This change has come about because of a fire suppression policy that was 

implemented throughout the 20
th
 century in the Southwest (Swetnam 1990; Allen et al. 

2002). Where fire exclusion has changed species composition and fuel arrays over large 

areas, subsequent fires without prior fuel modification are unlikely to restore pre-

settlement vegetation and habitat. This response is likely brought about by the forced 

departure (e.g. fire suppression) from the historical range of variation (Swetnam et al. 

1999). 

 

  



14 

 

Fire-Climate History 

 Recently, the Southwest have been experiencing an increase in very large forest 

fires, with extensive high-severity fires burning over portions of these areas (e.g., 2000 

Cerro Grande Fire, 2002 Rodeo-Chedeski Fire, 2011 Wallow Fire, 2011 Las Conchas 

Fire), causing immediate concern for managers, residents and other stakeholders 

(Schoennagel et al. 2004). A century of fire suppression practices in the Southwest has 

dramatically decreased the incidence of low-intensity natural surface fires, rendering 

large expanses of forests and grasslands highly susceptible to large catastrophic wildfires. 

With over a hundred years of a relatively fire-free period, there have been significant 

increases in tree densities, fuel load buildups and changing forest structures, which have 

further contributed to increasingly severe wildfires in forests across the southwestern 

United States in recent years (Allen et al. 2002). Although fire is a natural ecological 

process in the Southwestôs forests and grasslands, the regionôs large, destructive fires of 

recent years have also been exacerbated by prolonged periods of drought, changes in 

snowpack, and other influences on flammability and length of the fire season (Westerling 

et al. 2006; Littell et al. 2009; Williams et al. 2010).  

Climatic variability has significant influence on wildfires throughout North 

America, which has led to current fire management programs focusing on the reduction 

of fuel loading and on maintaining low stand densities to their historical levels. Wildfire 

frequency and severity are strongly influenced by four major factors: climate/weather, 

fuels/stand density, ignition agents, and human activities (Swetnam 1993; Schoennagel et 

al. 2004; Flannigan et al. 2005).  Fire dynamics are strongly linked to inter-annual and 
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decadal climatic fluctuations (Swetnam and Betancourt 1998; Grissino-Mayer and 

Swetnam 2000), which suggest that current fire regimes may respond swiftly and 

profoundly to a warming climate. 

 The alteration of fire regimes in the Southwest alters landscape patterns, 

processes, functional linkages and the trajectory of change on the landscape. Since forests 

cover more than one-third (33%) of the U.S. total land area (USDA Forest Service 2001), 

concern regarding the impacts of climate change on natural and managed forested 

ecosystems of the Southwest is definitely warranted. These changes are often directed by 

multiple factors, including changes in drought patterns and temperatures, previous 

wildfires, invasive species, pests and diseases (Brown et al. 2004; Westerling et al. 2006; 

Stevens and Falk 2009). 

Work in the Southwest, Central Rockies and the Pacific Northwest has 

demonstrated that regional patterns of wildfire activity are driven by climate variability at 

inter-annual, decadal and even centennial time-scales (Swetnam 1993; Grissino-Mayer 

and Swetnam 2000; Heyerdahl et al. 2002). Past climate records reconstructed from 

observed changes in the flow of the Colorado River as recorded in tree-rings indicate that 

drought has been a frequent feature in the Southwest for the past 1200 years (Meko et al. 

2007). Drought conditions influence the occurrence of forest fire events in the Southwest. 

Dendrochronological records also demonstrate that the areal extents of large-scale 

regional wildfires are strongly correlated with fire occurrence driven by certain synoptic-

scale climatic patterns. Widespread fire years are often preceded by one or more wet 

years that allow grass and forb fuels to accumulate, followed by dry years in which the 
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added fuel loads then burned more easily and over greater areas (Swetnam and Baisan 

1996; Westerling et al. 2002). This pattern of fire occurrence in the Southwest supports 

evidence of synoptic-scale oscillations in the climate system, such as the wet and dry 

phases of the El Nino-Southern Oscillation (ENSO) driving fire occurrence in the 

Southwestern U. S. (Swetnam and Betancourt 1990; Swetnam and Betancourt 1992; 

Swetnam and Betancourt 1998). This link between surface fire regimes and inter-annual 

climate variability has provided an entry point for predicting years when probabilities are 

high for above-normal fire activity (Westerling et al. 2002).  

 

Ecology of Montane Grasslands and Ecotone 

In the Southwestern Region of the United States of America, Risser (1995) 

defined grasslands as ñbiological communities that contain few trees or shrubs, are 

characterized by mixed herbaceous vegetation, and are usually dominated by grasses.ò 

Southwestern grassland categories are based upon formation, regional biome type, plant 

associations, or habitat types. These Southwestern grassland types include the Colorado 

Plateau grasslands, Desert grasslands, Great Basin grasslands, Plains grasslands, and 

Montane grasslands (Finch 2004). Montane grasslands range from the high elevations of 

the alpine and subalpine regions through to the lower elevations of the ponderosa pine 

(Pinus ponderosa) ecosystem in the approximate 4,830 km length of the Rocky Mountain 

cordillera, which extends from the mountains of northern New Mexico to Alberta and 

British Columbia. Thus, they are often embedded in the broader landscape matrix of 

mixed conifer and ponderosa pine forests (Figure 1.1) (Finch 2004). They typically range  
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Figure 1.1:  Montane grasslands of the Valles Caldera National Preserve, northern New Mexico. 

Note the large, extent of treeless grasslands surrounded by mixed-conifer and ponderosa pine 

forests. 

 

from between 8,500 ft. to 11, 500 ft. (2600 m to 3500 m) and have been determined to 

fall into two broad categories by several authors: 1) Montane Valley grasslands 

dominated by grasses and forbs; and 2) Montane Wet Meadows and Wetlands of valley 

bottoms dominated by sedges and wetland grasses (Allen 1984, Muldavin and Tonne 

2003). Montane grasslands generally occur in small (<100 acres) to medium-sized (100-

1000 acres) patches, and rarely exceed 1000 acres through the range of mixed-conifer and 
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spruce-fir forests (Allen 1984, Dick-Peddie, W.A. 1993). Montane grasslands may be 

discontinuous and patchy or they may occur over large, contiguous areas known as 

valles, a Spanish word for open valleys.  

Soils in high-elevation grassland systems are composed of fine-textured alluvials 

or colluvial, which contain relatively high organic matter in the A-horizon (Peet 2000). 

Generally, soils are deeper in the grasslands than in the adjacent forest communities. 

They exhibit soil moisture regimes classified as ustic to udic and temperature regimes 

that include frigid, cryic and pergelic (Finch 2004). Located at high-elevations, montane 

grasslands are found in climates where mean temperatures range from -3 to 7 
o
C and 

mean precipitation ranges from 56 cm to 76 cm. Annual precipitation is divided roughly 

evenly between winter and the summer monsoon, with most winter precipitation falling 

as snow (Smith and Schussman 2007). The precipitation regime for northern montane 

grasslands is characterized by summer monsoons and cold snowy winters, whereas in the 

southern Rockies it is comprised of predominantly dry summers and winter rains 

(NatureServe 2005).  

Montane grasslands may find their origin and development through glacial, 

fluvial, and volcanic geomorphic processes. Thus, relatively recent glacial and alluvial 

materials have been deposited on these high-elevation meadows to produce young soils in 

this ecosystem. Landforms associated with Montane grassland ecosystems include 

mountain slopes, lowlands, upland plains, ridges, and calderas (Finch 2004).  

The diagnostic plant species that are typical of Montane grasslands ecosystems in 

northern New Mexico include Arizona fescue (Festuca arizonica), mountain muhly 
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(Muhlenbergia montanus), Kentucky bluegrass (Poa pratensis), Thurber fescue (Festuca 

thurberii), timber oatgrass (Danthonia intermedia), tufted hairgrass (Deschampsia 

caespitose), alpine avens (Geum rossii), and Bellardi bog sedge (Kobresoa myosuroides) 

(Finch 2004; Muldavin and Tonne 2003) (Figure 1.2). These treeless high-elevation 

grasslands on north-facing aspects are surrounded by subalpine forests characterized by 

Subalpine fir (Abies lasiocarpa), Englemann spruce (Picea engelmanii), aspen (Populous 

tremuloides), and at slightly lower elevations or on southerly aspects by Ponderosa pine 

(Pinus ponderosa), Southwestern white pine (Pinus strobiformis), and Douglas fir 

(Pseudotsuga menziesii) (Muldavin and Tonne 2003). 

 

Figure 1.2: Upper Montane grassland dominant genera includes fescues (Festuca), muhly 

(Muhlenbergia), oatgrasses (Danthonia), tufted hairgrass (Deschampsia), pine dropseed 

(Blepharoneuron), and some bluegrass (Poa) species.  
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The origin and maintenance of Montane grasslands have been subjects for debate 

because causal factors vary from place to place. Nonetheless, climate and fire have been 

major elements in both the creation and maintenance of these grasslands. In addition, 

high snow accumulation, cold-air drainage, slow post fire regrowth, fine-textured soils 

which result in slow water drainage, and avalanches may contribute to the dominance of 

grasses over trees (Peet 2000; Coop and Givnish 2007a; Coop and Givnish 2008). Also, 

higher soil moisture and organic matter may have given grasses and grass like plants a 

competitive advantage, thus maintaining the grasslands basically free of trees. Fire most 

likely created the openings in wet grasslands initially, but other factors such as wind 

desiccation, snow, and ice abrasion may have maintained these high-elevation meadows 

(Finch 2004). Most authors studying these Montane grasslands have also noted the 

increased presence of scattered coniferous trees encroaching into grassland systems over 

time (Allen 1984; Swetnam et al. 1999; Coop and Givnish 2007a, b). The major 

determinants of reductions in Montane grassland areas are altered fire regimes by fire 

suppression, decreased grassland competition ability due to overgrazing by large 

ungulates (i.e. cattle, sheep, elk), forest tree establishment (Allen 1984; Finch 2004) and 

several environmental variables due to changing climate that favours more fire tolerant 

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

 

Research Goals and Objectives 

The goal of this study is to reconstruct the historical fire regime of the grassland-

forest ecotones of the Valles Caldera National Preserve (VCNP) in northern New 
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Mexico, USA.  Dendrochronological methods and analysis of tree-ring samples are used 

to quantify the historical occurrence of fire in forests immediately adjacent to grasslands 

to capture patterns of spatial and temporal synchrony and climate control in the 

grassland-ecotone fire regime.  We use these data to (1) evaluate the fire-vegetation-

climate relationships in the montane grassland fire regime; and (2) assess the role that 

inter-annual climate variations play in the phenomenon of fires occurring in consecutive 

(back to back) years. 

Our research aims to answer the following questions by testing the associated 

hypotheses (stated as predictions): 

1. How does the occurrence and extent of fire vary with fire year and prior yearsô 

climate? 

H1: Fire extent is correlated directly with increasing levels of drought (PDSI), 

with larger fires occurring when conditions are drier and proceeded by wetter, 

cooler years that contribute to fuel accumulation. Conversely, small fire years 

occur when conditions are wetter and cooler, and preceding years are dry, limiting 

fuel production. 

 

2. Do consecutive fire years occur frequently, and if so what conditions facilitate this 

response? 

H2: Fire can occur in consecutive years either as a result of spatial separation or 

unusually dry multi-year climate. 

  



22 

 

CHAPTER TWO 

FIRE HISTORY OF MONTANE GRASSLANDS AND ECOTONES OF THE 

VALLES CALDERA, NEW MEXICO, USA 

Introduction  

Fires are a fundamental component in ecosystem processes throughout high-

elevation forests in the southern Rocky Mountains and southwestern North America. 

Fires are natural and essential to these ecosystems, playing a major role in the 

preservation of open grasslands, meadows and aspen stands that are characteristic of the 

ponderosa pine, mixed-conifer, and spruce-fir landscapes. As they are such a keystone 

ecological process, knowledge of historical fire regimes is necessary for ecological 

restoration of natural fire regimes in these high-elevation forests and montane grasslands.  

The Valles Caldera National Preserve (VCNP) in northern New Mexico, USA 

harbours an important land cover type that is scattered throughout the high-elevation 

forest lands of the Rocky Mountains. Montane grasslands are high-diversity ecosystems 

in the Southwestern United States, which provide critical habitat for numerous flora and 

fauna, including several endangered species. According to Southwest Regional Gap 

Analysis program (SWReGAP) data, approximately 641, 500 acres, or 1.6% of the total 

land mass of Arizona and New Mexico is montane and subalpine grasslands (Smith and 

Schussman 2007). Although New Mexico contains some prominent examples of montane 

grasslands, they are actually a relatively uncommon ecosystem in the region. Similar 

high-elevation grasslands are present in a few other locations within New Mexico, 
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including the highest elevations of the Sangre de Cristo Mountains, along with small 

patches scattered throughout the Sacramento Mountains and the Gila wilderness.  

Lightning is very common in the Southwest and the regionôs historical fire 

regimes do not depend upon human ignitions (Swetnam and Baisan 1996; Allen 2002). 

The use of fire and lightning patterns and rates would have been similar as in the past 

millennia (Smith 2000); thus lightning remains a primary factor responsible for shaping 

the ecology of the Southwest prior to European settlement. Regardless of the cause of 

fire, whether by lightning or by native inhabitants, historically wildfires have occurred 

frequently throughout the forests and grasslands of the Jemez Mountains, including what 

is now the VCNP.  In pre-settlement times, frequent low-severity, low-intensity fires 

maintained an open forest structure dominated by grasses, forbs and small shrubs and 

with clusters of large ponderosa pine trees. This historical fire regime was altered 

dramatically after the arrival of Euro-Americans settlers in the Jemez Mountains in the 

late 1800ôs. Heavy livestock grazing induced fire suppression of surface fires as grassy 

fine fuels declined; roads and railroad tracks broke up the continuity of forest fuels and 

further decreased the incidence of low-intensity natural surface fires as well as facilitating 

settlement of the region. The absence of recurring light surface fires, coupled with heavy 

livestock grazing of forest lands and montane grasslands, widespread logging 

disturbances and climatic events have led to unforeseen alterations in forest composition, 

structure and ecology.  

Todayôs fire regimes in high-elevation Ponderosa pine and montane grasslands 

have shifted significantly from frequent, low-intensity surface fires to high-intensity, 
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stand-replacing crown fires. Prior to Euro-settlement, the pine forests consisted of open 

stands of large, old ponderosa pine underlain with native grasses. Light surface fires 

maintained this open stand structure, thus preventing tree encroachment into the high-

elevation grasslands and encouraging the growth of grasses. Knowledge of the ecological 

role of fire as a natural disturbance in high-elevation montane grasslands and forested 

landscape is essential to any forest management plan, particularly with the goal of 

restoring and maintaining more natural fire regimes in this important ecosystem. 

To the best of our knowledge, this study is the first to undertake a comprehensive 

landscape-scale study of the fire regimes in of the Southwestôs major montane grassland-

forest ecotone systems. In this paper, we quantify the historical fire regime of the 

montane grasslands of the VCNP, using spatial and temporal analyses to assess 

landscape-scale patterns of the historical fire regime. These records of fires in the 

grassland-forest ecotone will provide powerful evidence for the historical range of fire 

occurrence sustained by the adjacent grasslands. To determine this, we use a multi-scale 

approach comparing fire occurrence both within and among the major valle ecotones of 

the VCNP. We use standard dendrochronological techniques to quantify the frequency, 

timing and seasonality of historical low-severity fires at multiple scales. In addition, we 

analyze the occurrence of consecutive fire year pairs, a phenomenon that has not been 

widely documented but which may be ecologically important in this landscape. We use 

superposed epoch analysis and other techniques to test for climate drivers of these fire 

regimes. The study closes with a set of recommendations for ways in which these 

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

The Valles Caldera National Preserve (VCNP, 35
o
50ô-36

 o
 00ô N, 106

 o
 24ô-106

 o
 

37ô W) is an 88 900 acre (35, 976 ha) tract of land in the heart of the Jemez Mountains of 

north-central New Mexico. The VCNP is located approximately 5 mi (8 km) west of the 

town of Los Alamos and the Las Alamo National Lab and is bounded primarily by the 

Santa Fe National Forest, with smaller parcels of land in the south and east bounded by 

Bandelier National Monument and Santa Clara Pueblo respectively. The Jemez Mountain 

range is encircled by the continuation of the San Juan Range of the Rocky Mountains to 

the north, the expansive valley of the Rio Grande on the east and south, and by the 

margin of the Colorado Plateau on the west.  

The Valles Caldera is a resurgent caldera that forms the main central feature of 

the Jemez Mountains (Heiken et al. 1990). The dramatic landscape of the VCNP 

embodies most of the 24 km wide caldera basin derived from the collapse of a pair of 

underlying magma chambers following a series of volcanic eruptions that took place 1.6 

and 1.2 million years ago (Martin 2003). The Valles Caldera formed during the youngest 

of these eruptions, having collapsed over and buried the earlier hollow, Toledo Caldera 

(Martin 2003; Anschuetz and Merlan 2007). The series of volcanic eruptions left behind a 

landscape of ring fractured domes that arc from the east to the west in the northern 

portion of the caldera, several volcanic cones and domes, grasslands, and valleys within 

the circular caldera rim (Figure 2.1). These prominent landforms within the caldera rim 

were formed primarily by resurgence of the caldera floor and intrusion of magma along 

the fault lines of the Rio Grande rift (Martin 2003). With the most recent Valles eruption 
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(1.2 million years ago), the caldera rim collapsed, and subsequently resulted in the 

formation of numerous cauldron lakes (Gardner et al. 1996). A later resurgence of the 

caldera formed the highest peak in the Jemez Mountains, Cerro Redondo, which rises to 

an elevation of 11 254 ft. (3431 m), more than 3000 ft. (1000m) above the base elevation 

of the Valles Caldera (Anschuetz and Merlan 2007). The growing resurgent dome of 

Redondo Peak and the collapse of the caldera rim enabled the cauldron lakes to breach 

the lowest rim of the caldera at the head of the San Diego Canyon located at the 

southwest portion of the Valles Caldera (Smith and Bailey 1963). 

 

Figure 2.1: Modern place names of the major features in the Valles Caldera National Preserve 

(VCNP), northern New Mexico. Solid black line indicates the boundary of the VCNP. 
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To some extent, the soils reflect the geology of the VCNP. The mountain slopes 

are made up of ignimbrite and ryholite rock types with primarily mountain soils 

(Andisols, Alfisol, and Inceptisol soil orders) as they are derived from the volcanic rock 

and gravel (Smith and Bailey 1963; Nyhan et al. 1978; Muldavin and Tonne 2003). The 

caldera floor is underlain with mostly Mollisols (grassland soils), which are a mixture of 

alluvial and lacustrine sediments developed from deposition of volcanic alluvium 

(Muldavin and Tonne 2003).  

There is no long-term climatological data for within the boundaries of the VCNP, 

so the nearest weather information comes from Los Alamos at 7360 feet (2243 m) and 

the climate station at Wolf Canyon (35
o
57ô N, 106

o
45ô W) at 8222 feet (2506 m) (Coop 

and Givnish 2007a, 2007b). The mean annual precipitation (1954-2004) at the Wolf 

Canyon weather station is 576 mm. The regional climate in the VCNP is considered 

semi-arid continental, in which the majority of the annual precipitation (60%) occurs 

during the summer monsoon season (July and August). Dry conditions prevail during 

May and June (~6% and ~5% of total annual precipitation, respectively), followed by 

frequent rains during the monsoon period, which is July (15%), August (15%) and 

September (Sheppard et al. 2002; Touchan et al. 2010). Precipitation during the winter 

months is largely from snowfall. The varied elevation, topography, and soils in the VCNP 

modulate the influence of climate in this region, resulting in diverse vegetation 

(Muldavin and Tonne 2003). 

The VCNP is comprised of a variety of habitat types and plant communities, 

including upper and lower montane grasslands, wet meadows, riparian areas, ponderosa 
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pine woodlands, mixed-conifer forests, and wet and dry mesic spruce, with aspen and fir 

stands found with increasing elevation (Figure 2.2). The most common landscape 

throughout the VCNP is classed as high montane grasslands with some wetlands 

dominating the lower alluvial slopes and valley floor, while various forests types blanket 

the surrounding volcanic domes and mountains (Muldavin and Tonne 2003). 

The various forest types in the Valles Caldera vary with elevation and aspect. 

Spruce-fir forests are found at the highest elevations (9000 to 11 250 ft.; 2749 to 3430 m) 

and are dominated by Engelmann spruce (Picea engelmannii) and corkbark fir (Abies 

lasiocarpa var. arizonica). Mid-elevation forests below 10 000 ft. (3050 m) are 

comprised of mixed-conifer species and are often co-dominated by white fir (Abies 

concolor), Douglas-fir (Pseudotsuga menziesii), Colorado blue spruce (Picea pungens), 

south-western white pine (Pinus strobiformis), limber pine (Pinus flexilis), and ponderosa 

pine (Pinus ponderosa). The distribution of mixed-conifer forests are strongly driven by 

moisture gradients following the continuum determined by elevation and aspect. Mesic 

montane mixed conifer forests are primarily comprised of Douglas-fir, ponderosa pine, 

blue spruce, Engelmann spruce, white fir and aspen. The dry-mesic forests include the 

same major tree species, but with greater amounts of ponderosa pine and less aspen and 

spruce. With northern exposures, fringes of pure blue spruce are restricted to low slopes 

and along the edges of grasslands (Muldavin and Tonne 2003). 

Ponderosa pine becomes dominant below the mixed-conifer zone (~9000 ft.), with 

stringers of pine extending down washes and drainages. Open stands of ponderosa pine 

occur with small inclusions of piñon and juniper woodlands (common juniper (Juniperus 
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communis), Gambel oak, shrubby cinquefoil (Potentilla fruticosa), and kinnickinnick 

(Arctostaphylos uva-ursi)) dominate the ecotonal forest bordering the montane grasslands 

on the exposed drier south facing aspects on the west side of the Preserve. Patches of 

aspen or Gambel oak (Quercus gambelli) occur on warmer sites where sections have 

been burned or logged within the spruce-fir or mixed-conifer zones. Aspen is a major 

successional species in the VCNP and is often present within most forest types in 

response to disturbances such as historical logging or fire. In contrast, the north facing 

valle borders are typically dense mixed conifer forest dominated by Colorado blue spruce 

(Muldavin and Tonne 2003).  

The Montane Valley Grasslands dominate the expansive lower elevation of the 

valles, covering approximately 26 000 acres (10 500 ha) of the Preserve. At elevations 

between 8500 and 8900 ft. (2575 and 2700 m), these valley bottoms support largely 

treeless meadows fringed with ponderosa pine and mixed conifer forests (Allen, 1984; 

Muldavin and Tonne 2003). These grasslands are dominated by native bunchgrasses, 

including various species of oatgrass (Danthonia spp.), fescue (Festuca spp.), and muhly 

(Muhlenbergia spp.), both native and non-native rhizomatous grasses, including 

Kentucky bluegrass (Poa pratensis). The grasslands also sustain >100 species of forbs 

with some of the most common being common yarrow (Achillea millefolium), pussytoes 

(Antennaria spp.), bluebell bellflower (Campanula rotundifolia), beautiful fleabane 

(Erigeron formossissimus), woolly cinquefoil (Potentilla hippiana), and common 

dandelion (Taraxacum officinale) (Muldavin and Tonne 2003; Coop and Givnish 2007a). 

Grasslands also occur in minor valleys and drainages on south facing slopes and 
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occasionally even on mountain tops at elevations above 9500 ft. (3000 m) (Coop and 

Givnish 2007a, b; Muldavin and Tonne 2003). In contrast to the valle-bottom grasslands, 

these high mountain montane grasslands of the VCNP are mainly comprised of Parryôs 

Oatgrass associations. Occasionally, there are two co-dominants, Parryôs Oatgrass and 

Thurber Fescue. Arizona fescue or other grasses may also be present; however, they are 

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

 

Fire as a Historical Disturbance Process in the Jemez Mountains 

Fire has been a vital ecosystem process in the Jemez Mountains of northern New 

Mexico for at least the last 8,000 years as indicated by multiple lines of evidence, 

including historic records, fire-scarred trees, and abundant charcoal deposits from local 

bogs (Swetnam and Baisan 1996; Touchan et al. 1996; Swetnam et al. 1999; Allen 2002, 

Falk 2004; Allen et al. 2008, Anderson et al. 2008). Charcoal sediments from Alamo Bog 

(Brunner-Jass 1999; et al. 2008, Anderson et al. 2008) and Chihuahueños Bog (Brunner-

Jass 1999; et al. 2008, Anderson et al. 2008) indicate that substantial fire activity in the 

Jemez Mountains was basically continuous for the last 8,000 years. The extensive tree-

ring fire-scar record from the Jemez Mountains documents a high frequency of low-

severity surface fires before ~1900 C.E. in ponderosa pine and mixed-conifer forests 

(Touchan et al. 1996; Allen 2002; Falk 2004), with mean fire intervals ranging from 5-25 

years. These fire-scar records show that surface fires commonly occurred over extensive 

areas in the Jemez Mountains (Allen et al. 1998; Allen 2002). Although the Southwest 

US and the Jemez Mountains have long records of occupation by substantial human 



31 

 

populations over the past 1000+ years that have modified local landscapes (Allen 2004),  

there is substantial agreement among fire ecologists that these main patterns of fire 

occurrence may be adequately explained by a combination of natural factors including 

lots of lightning activity (Barrows 1978) and climate/fuels conducive for ignition and fire 

spread (Swetnam and Betancourt 1998), regionally across the Southwest as well as 

locally in the Jemez Mountains (Swetnam and Baisan 1996, 2003; Allen 2002).   

The Jemez Mountains has substantial lightning activity, including in the warm 

and typically dry months of April through June before the onset of the summer monsoon 

(Allen 2002), fostering a high frequency of lightning ignitions that can spread widely 

through dry fuels (Allen 2002). Fire histories reconstructed in the Jemez Mountains show 

that frequent, low-intensity surface fires characterized the historical fire regime, resulting 

in fire spreading widely through the grassy fuels that characterized pre-1900 understories 

in open ponderosa pine and xeric-site mixed conifer forests (Allen 1989, 2002). 

Additionally, the position of the fire scar within the growth ring may be used to infer the 

seasonality of fire occurrence. Comparison of historical fire scars and modern fire records 

indicates that widespread prehistoric fires primarily occurred during the same seasons of 

spring and early summer as modern lightning-ignited fires (Grissino-Mayer and Swetnam 

2000). This striking resemblance between modern patterns of lightning fire ignition and 

the seasonality of fire recorded in historical fire scars reveals only limited indications of 

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

2002).   
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During extensive fire years, conditions were drier and warmer than normal in the 

Jemez Mountains and region-wide, while wet/cool years recorded little fire activity 

(Touchan et al. 1996; Swetnam and Baisan 1996; Swetnam and Betancourt 1998). Thus, 

climate variability and natural factors acted to promote high fire-frequency and 

synchronize prehistoric fire activity in this region before 1900 as shown in the regional 

network of fire-scar chronologies, rather than be driven by local and ephemeral cultural 

burning practices (Allen 2002).  An abrupt decline in fire frequency in the late 1800ôs 

occurred throughout the Jemez Mountains (Touchan et al. 1996; Allen 2002), as part of 

the region-wide collapse of surface-fire regimes that is directly related to the reduction of 

fine surface fuels and continuities due to intensive overgrazing and active fire 

suppression activities (Allen 1989; Swetnam and Baisan 1996, 2003). 

 

History of Land-use and Ownership 

Knowledge of the past land-use history is necessary to understand changes in 

forest composition and structure. The Valles Caldera has an extensive land-use history, 

extending back thousands of years. Few archaeological artifacts provide evidence 

indicating that the first people to visit the calderas roughly 11,000 years ago were hunters 

of now-extinct large game animals, including mammoth (Mammuthus jeffersonii) and a 

specie of bison (Bison antiquus) (Anschuetz and Merlan 2007). Many culturally diverse 

peoples used the Valles Caldera over the next eight millennia after the Paleoindian 

period, including Archaic period hunters and gathers and pre-Columbian Pueblo Indians. 

During the Archaic period (5500 B.C.-500 A.D.), many groups and families would make 
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seasonal camps along the edges of the large valleys, near smaller meadows or in dry 

uplands between major drainages throughout the Jemez Mountains. From these camps, 

the people had access to many ecological habitats to gather a variety of materials and 

food, including large game, seeds and nuts, plants and obsidian for making tools (Martin 

2003; Anschuetz and Merlan 2007). It was only starting around 500 A.D. that permanent 

housing was established by people of the Ancestral Pueblo culture. They lived year-round 

near water sources in the foothills and plains, but travelled into the surrounding Jemez 

Mountains to grow their crops on fertile fields. Thus, since their arrival, the Ancestral 

Pueblos people considered the Jemez Mountains to be their domain as it provided food, 

materials for pottery and tools, and water for irrigating their fields (Martin 2003).  

Tales of wealth in the unexplored deserts and mountains north of Mexico reached 

Spain in the mid-1500ôs led to the first tentative European settlements to be established in 

the Rio Grande Valley at the turn of the seventeenth century. The presence of Hispanic 

and Navajo groups during the warm season was reported in Spanish colonial documents 

(1540-1821).  Hispanic settlers moved closer to the Valles Caldera during the Mexican 

Period (1821-1846), while the occasional Anglo-American trapper visited to hunt along 

the rivers, streams and ponds in the caldera. It was almost a century after the Mexican 

Period (1821-1846) during which Hispanic settlement came closer to the Valles Caldera 

that year-round habitation was established (Anschuetz and Merlan 2007).  

During the U.S. Territorial Period (1846-1912), soldiers and settlers report seeing 

semi-nomadic Apaches and Utes in the Caldera. The U.S. army fought with these Native 

Americans of the Southwest from the 1850ôs to the 1880ôs, resulting in the forcible 
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relocation of these tribes to reservations. Partly in response to conflicts with Native 

Americans, much of the Jemez Mountains was converted into private land grants. The 

Baca Location No. 1 (which encompassed the Valle Grande, the Valle San Antonio, the 

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

the Baca family, a Spanish-heritage family with strong ties to the Spanish crown since the 

18
th
 century, as part of a land exchange in 1860 (Anschuetz and Merlan 2007). After the 

turn of the century, the ownership was transferred to Frank Bond, a NM merchant and 

sheep rancher, in 1926 (Muldavin and Tonne 2003). Upon acquiring the land, Frank 

Bond increased the number of sheep and horses grazing in the Valles Calderasô rich 

grasslands by entering into partido agreements with Hispanic shepherds. Simultaneously, 

the New Mexico Timber Company, which held a 99-year old lease on the timber rights 

since 1918, commenced major timber harvests in the 1930ôs (Muldavin and Tonne 2003). 

 At the beginning of the 1940ôs, Frank Bond added cattle to his ranching 

operations as the price of wool decreased. By the end of the 1950ôs, ranchers ran upwards 

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

No. 1 from the Bond estate in 1963, James Dunigan, a third-generation Texan oilman 

who was drawn to the beauty of the caldera and the prospects for grazing cattle, begun 

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

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

grazing system (Anschuetz and Merlan 2007). Thus, it was during the period 1860-1970 

that the Valles Caldera experienced its most intense usage for livestock grazing. 
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Today, the Preserve encompasses major portions of the privately owned Baca 

Location No. 1 land grant. This area was a privately owned ranch from 1860 to 2000 and 

still displays visible reminders of logging operations, intensive livestock grazing of sheep 

and cattle, mineral and geothermal exploration, and structural developments from the late 

1800ôs to the early 1970ôs (Martin 2003). In 2000, the Valles Caldera came under public 

ownership through the passage of the Valles Caldera Preservation Act by the U.S. 

Congress. Under the terms of the Act, the Preserve is now managed by a private trust to 

implement short-and long-term plans for the preservation, protection and maintenance of 

ecosystem processes, plant communities and habitats on the Preserve (Valles Caldera 

Trust 2007). 

 

Methods 

Sampling Evidence of Past Fires  

For this study we used fire scars as the primary source of evidence to examine 

spatial and temporal patterns of historical fires in the VCNP. Provided that the rings are 

correctly crossdated, fire scars provide annually accurate point records of fire as a 

landscape process (Falk et al. 2011). Fire scars thus serve as a proxy record for the 

landscape process of interest. 

The type of evidence available to reconstruct fire regimes is dependent upon the 

severity of fire in a given landscape. This is because evidence of fire recorded on trees is 

a direct response to the interactions between fire intensity (heat output per unit area and 

time) and tree morphology (i.e. thickness of bark and crown height) (Gutsell and Johnson 
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1996; Smith and Sutherland 2001). Low-severity surface fires generate sufficient heat 

flux to kill cambial tissue along a portion of the treeôs growing circumference, while 

allowing the tree as a whole to survive. Fire scars are the visible growth lesions in the tree 

rings which were used for primary evidence of low-severity fires across the landscape 

(Fritts and Swetnam 1989: Gutsell and Johnson 1996). The process of energy transfer 

resulting in the formation of a fire-scar indicates localized conditions, thus providing 

affirmative evidence of fire occurrence at a certain point in time and location. However, 

the absence of a fire scar does not necessarily imply that fire was not present at that 

location. As a result, only the general size and location of a wildland fire may be inferred 

from trees that burned or did not burn during a given year. Abrupt changes in radial 

growth, either increasing or decreasing, may also occur in the treesô response to low-

severity fires (Lombardo et al. 2009). Unlike fire scars which occur in the year of a fire 

event, growth changes observed in the ring chronology generally begin years following 

the fire event. This is because it can potentially take this long for a tree to recover from 

fire damage. However, since other factors may cause growth changes, we chose to use 

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

 

Sampling Design 

Insights into the statistical and ecological properties of fire regimes may be gained 

through the study of multiple events in the same location over time. In order to obtain a 

multi-century record of surface fires in the montane grassland, we used a targeted 

approach to locate and collect fire scars in the grassland-forest ecotone of the VCNP. 
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Specifically, our sampling strategy was to obtain a representative sample of sections from 

georeferenced fire-scarred trees on the ecotones of the major valles of the VCNP to allow 

reconstruction of long-term inventories of fire events at the forest stand level. Fire-

scarred specimens were sampled within sites by systematically searching throughout 

forest stands at the grassland-ecotone. Site (forest stands) boundaries were established 

based upon multiple clusters of fire-scarred trees that encompassed areas of anywhere 

from 200 to 20 000 acres. These site chronologies generally included fewer than 10 fire-

scarred trees. Some of our site collections were from multiple clusters of trees more 

widely dispersed across the forest-grassland ecotone of valles, including 10 to 25 fire-

scarred trees. Hence, we employed a sampling design that would allow us to capture and 

analyze both spatial and temporal patterns in the grassland-forest fire regime. 

 

Field Procedures 

Fire-scarred trees depicting evidence of historical low-severity fire regimes across 

the VCNP were sampled extensively around the major montane grassland basins (valles) 

and smaller linear areas of grassland that might provide pathways for fire spread between 

major valles (i.e. connectors) during the summers of 2007-2008 (Figure 2.2). Sampled 

sites were geographically dispersed primarily along the grassland-forest ecotone to 

capture patterns of fire synchrony in VCNP ponderosa pine communities. All valles and 

connectors exhibited ample evidence of surface fires having swept through them during 

the past several centuries.  
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Figure 2.2: Locations of fire-scarred trees sampled in the Valles Caldera National Preserve in the 

Jemez Mountains, New Mexico, USA. Note the spatial distribution and extent of this site. 

 

Surveying was conducted by crew members dispersed across the ecotone, 

inspecting individual trees for evidence of past fire, while covering the potential source 

areas in the nine major valles in the VCNP. During survey, crew members recorded the 

search area using GPS tracking to document the locations that were surveyed. With the 

goal of analyzing spatial patterns, we required a relatively even distribution of fire-
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scarred trees. We searched for evidence of old wood, including snags, down logs and 

stumps, and live trees with morphological signs of age including thick and twisted trunks, 

large drooping branches, flat-topped canopies, and other signs. Wherever possible, we 

sampled fire-scarred trees in clusters or groups of at least two trees to improve the 

capture of fire events from a given site (Dieterich 1980, Falk 2004), to account for 

degradation of scars on older trees (Arno and Sneck 1977; Kilgore and Taylor 1979) and 

to improve the likelihood of dating fires to the exact calendar year (Swetnam and Baisan 

1996). If there was an abundance of materials available for sampling, we selected trees 

with the maximum well-preserved scars in combination with old specimens to ensure the 

longest and most complete temporal record. We also sampled younger trees or those with 

scars closer to the outer growth margin in order to capture any record of more recent 

twentieth century fires. 

Ponderosa pine is the dominant species in much of our study area, and was 

consequently important for our fire history reconstruction and analysis. Most of our fire-

scarred samples came from this species, as it generally creates clear fire scars and may 

endure for several centuries with an exposed wound open to the elements. This species is 

well adapted to surviving low-intensity, low-severity fires due to its thick bark which 

protects the cambial tissues from girdling, thus decreasing the likelihood of fatal crown 

torching. Initial scarring is certainly a monumental event in a treeôs life, particularly if a 

tree is scarred early in its life (Brown et al. 2008). Once scarred, ponderosa pine trees 

tend to become more susceptible to further scarring by subsequent fires as the bark is 

thinner were the cambium was wounded from the previous fire (Smith and Sutherland 
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2001). However, trees that were severely burned such that important evidence of earlier 

fires would have been destroyed were excluded from sampling.   

While selecting samples, we made a concerted effort to locate remnant wood 

(logs, snags, or stumps) throughout the forest-grassland ecotone in order to minimize the 

cutting of living trees and to extend fire chronologies as far into the past as possible. 

Once suitable fire-scarred trees were located, we used a chain saw to remove partial or 

full sections from snags, logs, stumps, and living trees. Wherever possible, we cut wedge 

sections from the face of fire scars in order to preserve standing trees and snags (Arno 

and Sneck 1977; Heyerdahl and McKay 2008). For each sample and for the surrounding 

area, we recorded specimen number, site name, waypoint, UTM coordinates, GIS datum, 

tree species, number of visible scars, scar condition, site slope and aspect, stand 

conditions, tree diameter and condition class. At least two digital photographs were taken 

of each individual tree being sampled, including a close up of the fire-scarred sample 

(which was often in multiple pieces) and of the surrounding landscape. The goal of the 

landscape photograph was to document the general setting where the sample was 

collected, which would aid in relocating the sample if needed as well as providing 

qualitative stand information. A unique identification number was automatically assigned 

to each photograph. These numbers were then recorded on the field data sheet so that 

each photo could be accurately associated with specific individuals in the fire scar 

database. In the case where trees had fallen over and there were ambiguities in its original 

location, GPS sample points were taken closest to the estimated rooting point. Where 

there was no evidence of the original location, GPS points were taken either where the 
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sample was removed from the specimen or the point just above the root crown. The 

number of visible scars was inspected on the scar face in the field. Once general notes 

were taken and sample forms completed, we wrapped each sample in cellophane for 

transport back to the laboratory. 

 

Laboratory Procedures 

 Fire scars located on the stems of ponderosa pine and mixed-conifer species were 

used to date historical fires. In the laboratory, samples were re-assembled and stabilized, 

prepared for analysis by trimming excess wood, and then sanded with a series of 

progressively finer sanding abrasives (from 40 to 400 grit) until cell structure was clearly 

visible. We used a binocular microscope to examine each cross section and then 

employed standard crossdating techniques (Stokes and Smiley 1968; Dieterich and 

Swetnam 1984) to determine the calendar year of each fire event recorded on the 

landscape. Crossdating samples are essential to ensure annual accuracy of fire events. 

Other important characteristics reported on each sample included the clarity of the fire 

scar within a dated ring, the presence of resin ducts that could be fire-related, any 

noticeable ring growth releases or suppressions, and other injuries that could be fire-

related. Additional scars that were not detected in the field were frequently found in 

laboratory analyses upon preparation and microscopic examination. Two 

dendrochronologists crossdated each sample independently so as to ensure the quality of 

each fire scarôs date and ring chronologies. 
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Many trees produce an incomplete fire record because of unrecorded fires or 

because the preservation of evidence of some past low-intensity fires has been lost. To 

offset this asymmetry in the fire record, we corroborated all fire years and compiled 

composite fire records (CFR) from fire-scarred trees, which is the joining of sets of fire-

scarred data recorded by individual trees in a defined area (Dieterich 1980, Arno 1980, 

Falk et al. 2011). Thus, the dates of fires and abrupt growth changes related to fire events 

from all samples in a site (a sub-valle sampling location) were combined into a single 

record of fire occurrence for that site. The same procedures were then employed for each 

valle to produce fire records for each valle. ñRecording treesò refers to fire-scarred 

samples that have an open wound (not covered by bark) and are fully intact (not burned 

away, eroded, or missing pieces) during the time period in question. A tree or a portion of 

a tree sampled was considered non-recording if subsequent fires or decay of the tree-rings 

made it impossible to date the precise fire-scar year or if the tree had not yet been scarred 

(Grissino-Mayer 2001). 

When discernible, we noted the position of the scar within the annual tree-ring. 

The position of the scar provides phonological evidence of the season of fire occurrence, 

which permits us to infer the approximate seasonal timing of fires at sub-annual scale 

(Ahlstrand 1980; Dieterich and Swetnam 1984; Baisan and Swetnam 1990). We assigned 

seasonal scar positions following the method of Dieterich and Swetnam (1984): early 

earlywood, within the first one-third earlywood band (fires most likely to occur between 

early May and mid-June); middle-earlywood, within the second third of the earlywood 

(fires most likely to occur between early June and late July); latewood-earlywood, in the 
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last third earlywood (fires most likely to occur between mid-July and late August); 

latewood, within the latewood band; dormant, between two rings (fires most likely to 

occur in the spring and are dated to the ring following the scar); or unknown position due 

to scar damage and/or erosion, narrowness of the ring, or other factors (Baisan and 

Swetnam 1990).  When we noted evidence of fire on either side of the stem, we 

determined a single value of scar position after both scars were examined. The 

relationship of seasonal phenology and intra-ring position was based on analyses of tree 

growth in nearby Bandelier National Monument (McDowell et al. 2010).  

We considered a tree to be in recording status after a tree displays an initial fire 

scar, as the presence of a previous fire scar indicates the tree is capable of being injured 

and therefore able to record fire. Once a tree has formed its initial scar response, the tree 

increases in susceptibility to fire due to damage to the outer cambium and will be more 

readily scarred by fire when exposed to fire again (Van Horne and Fulé 2006; Falk et al. 

2011).  

 

Analytical Procedures 

General features of fire frequency and spatial extent were assessed using fire 

charts from site and valle chronologies and mapped records of individual trees. Fire 

charts are timelines that represent the composite of the history of fire occurrence for all 

the trees sampled in a plot or valle, with graphical indicators of fire in a particular year 

(Dieterich 1980, Grissino-Mayer 1995). At all scales of analysis, we used these fire charts 

to display variation in fire regimes within and among valles by: 1) determining changes 
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in fire frequency by examining the record of fire along the timelines in the fire charts, 2) 

determining changes in the frequency of fire years across space by examination of the 

record of fire among the timelines, and 3) determining alterations in fire frequency by 

examining the occurrence of fire between sites and valles during the same year.   

 

Period of Analysis 

 Generally, fire history studies begin analysis with the earliest fire scar because for 

a landscape study it requires a broader, larger number of recording trees (Falk 2004, 

Farris et al. 2010). Similarly studies of the natural fire regimes usually terminates when 

the fire regime is disrupted by modern land use. However, in this study we used the 

criteria of 20% more sites in recording status (Table B.1) to determine the beginning of 

the period of analysis, and the last year in which at least 2 or more sites burned for two 

consecutive years to determine the end of the period of analysis. 

 

Within and Among Valle Contrasts 

Fire chronologies were composited at different spatial scales to assess changes in 

fire regimes at multiple scales (Falk et al. 2007, Falk et al. 2011). All of the fire dates 

from successfully crossdated samples were entered into a database, then graphed and 

analyzed utilizing FHX2 and FHAES 

(http://www.frames.gov/portal/server.pt/community/fhaes/355), which are software 

packages for performing statistical analyses and developing graphical presentations 

(Grissino-Mayer 1995, 2001). Fire years of the site level chronologies were classified as 
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such when at least one tree within a given site recorded fire. These site level chronologies 

were compiled into nine valle level chronologies (Figure 2.4, Figures A.3-A.10) and then 

joined together to create a landscape fire chronology for the study area as a whole. These 

multi-scale composites of the fire record enabled us to assess the frequency, relative 

extent and the synchrony of fire events both within and among valles and across the 

entire VCNP landscape. FHX2 and FHAES programs were also used to analyze 

seasonality and fire-climate relationships.  

We used the number of valles recording fire as an index of widespread fire years. 

We chose this criterion rather than the percent of trees recording fire because the number 

of valles indicates spatial extensiveness more directly. We define widespread fire years as 

6-9 valles recording fire, moderate fire years as 3-5 valles, local fire years as 1-2 valles, 

and non-fire years as fire not reflected anywhere in the VCNP.  

 

Descriptors of the Fire Regime 

To capture and analyze both spatial and temporal patterns in the grassland-forest 

fire regime, we used the number of valles as an index of how widespread was in a given 

year. Multiple filtering methods by the percent of trees with fire were employed as a 

means to sort and describe fire events and interval data for statistical analysis within 

valles. Filtering enabled us to help identify fires that were probably more or less 

widespread across sites, valles and the landscape. Composite fire chronologies at each 

scale were filtered based on: 1) all fire scars recorded on all potential recorders 

(henceforth referred as no filter), 2) all fire scars recorded on at least 10% of potential 
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recorders (10%) filter, and 3) all fires scars recorded on at least 25% of potential 

recorders (25% filter). Trees were considered available for recording after initial scarring 

and while the scarred area remains exposed to future fires. In the case of filtered fire 

events, we interpreted that a 10% filtered fire events would have burned relatively 

smaller areas than 25% filtered fire events.  

For each level of filtering, we determined the mean fire interval (MFI) and 

Weibull median probability interval (WMPI) for each sampled site and each valle for the 

period of record. MFI is defined as the average interval in years between fire dates in a 

composite fire chronology (Arno and Sneck 1977, Romme 1980b, Grissino-Mayer 1995, 

Brown and Seig 1996). However, statistical inferences obtained from MFIôs require that 

the fire intervals have a normal distribution. Yet, fire interval data is generally positively 

skewed as a result of there being no upper boundary to the maximum interval while 

limiting the lowest possible fire interval to one year (Baker 1992, Grissino-Mayer 1995, 

Falk 2004). Thus, we modeled our data on a Weibull distribution, since positively skewed 

data provide poor estimates of central tendency. The WMPI provides a more robust fit to 

fire interval data as it is associated with the 50% exceedance probability of the Weibull 

distribution based on all the fire event intervals from the fire record chronology 

(Grissino-Mayer 1995, Swetnam and Baisan 1996). We reported other statistics in 

addition to the MFI and WMPI such as the mode, minimum and maximum fire return 

intervals, as well as lower and upper exceedance interval because fire intervals change 

over time from climate and varying fuels loads, thus oversimplifying historical fire 

regimes that are solely based on central tendency statistics (Swetnam 1993, Falk 2004). 
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A superposed epoch analysis (SEA) (Baisan and Swetnam 1990; Swetnam and 

Betancourt 1992; Swetnam 1993) in FHX2 and FHAES was used to determine lagged 

inter-year relationships between summer PDSI, a measurement of dryness or wetness of a 

region based on summer (June, July and August) values of precipitation, temperature, soil 

moisture, and historical fire activity as reconstructed from fire scars (Palmer 1965). The 

PDSI is the most commonly used drought index in the United States (NOAA 2011) as it 

is based upon the most influential elements of climate during summer (June, July, and 

August) including precipitation, air temperature, and soil moisture. By using correlations 

of instrumental climate data and tree-ring data, Cook et al. (2004) were able to construct 

PDSI values that extend back several centuries for across the contiguous United States. 

Typically, PDSI values range from -6.0 and +6.0, where negative values indicate dry 

periods and positive values indicate wet periods. We adopted the drought severity 

classifications of the US Drought Monitor (Miskus 2008), which defines moderate 

drought conditions as PDSI < -2.0 to -2.9, severe drought conditions as PDSI <-3.0 to -

3.9, and extreme drought conditions exist when the PDSI value falls between -4.0 to -4.9.   

SEA compares the average climate condition during, before and after event (fire) 

years. Monte Carlo simulations (1000 runs) were used to estimate the bootstrap 

confidence intervals around the observed mean values. In SEA, we calculated PDSI in all 

fire years (ñeventsò) superposed, as well as a moving time window for six years prior and 

four years after. These event-year and lagged PDSI values were compared to an average 

of climate conditions for the time period in question.  
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In this analysis, historical fires were ñsuperposedò on a reconstructed PDSI time 

series. PDSI values were obtained from the Cook et al. (2004) dendroclimatic 

reconstruction grid point nearest the VCNP (grid point 119, 107.5
o
W, 37.5

o
N) with years 

during the period of analysis, 1601-1902. This dendroclimatic reconstruction is based 

upon large networks of drought-sensitive ring-width chronologies that have been 

calibrated and validated using linear regression techniques (Swetnam and Baisan 2003). 

We conducted separate analysis for the different percentage-scarred classes in order to 

assess the differences in climatic conditions during, before and after fire years of 

differing areal extent.   

 

Spatial Analysis of the VCNP Fire History Record 

In order to reconstruct spatial and temporal patterns of historical fires, we used a 

combination of dendroecological and Geographic Information System (GIS) methods. 

Since each fire-scarred tree was georeferenced in the field using a GPS, we then 

compiled the location data into a GIS database (Shaner and Wrightsell 2000), which was 

used determining spatial properties of the fire record, including the extent of individual 

fire years around the valle perimeters.  

Vegetation and topographic layers were acquired from the USGS seamless net 

server and imported into ArcGIS (projection of the dataset to NAD 1927, UTM Zone 

13N). We converted each geographic coordinate representing the location of each fire-

scarred tree samples into a GIS layer. To highlight the points on the landscape recording 

fire in each year of the record, we added binary fire (1)/no-fire (0) attribute to each point 
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for each year of record. Trees not in recording status for a given year were coded -1 and 

excluded from the spatial analysis for that particular year.  

 

Results 

Sampling and Crossdating 

The fire-scarred samples from the ecotones surrounding the valles in the VCNP 

contained an abundant and well-preserved fire scar record. A fire history reconstruction 

was compiled for each valle, including the connecting ecotone areas between the major 

valles. A total of 2,443 fire scars from 330 trees representing 238 fire years were 

crossdated and collected at the nine valles over the 768-year period from 1240 to 2008 

C.E. (the earliest and latest dated tree rings, respectively) (Table 2.1). Most of these trees 

(91.5%) were dead when sampled by chainsaw (i.e. they were stumps, logs, or snags). Of 

the crossdated samples, most were ponderosa pine (80.5%), while 7% were southwestern 

white pine (Table 2.2). The remaining dated samples were either Rocky Mountain 

Douglas-fir or unknown.  
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Table 2.1: Sample size, tree-ring record, and fire history records for each individual valle and for 

the entire VCNP. Previous studies by Craig Allen (2008) in Alamo Bog and other areas are 

included in analysis. 

    
Tree-ring Date 

 
Fire scar date 

Valle name 

# of 

Trees 

Dated 

# of 

Samples 

Dated 

# of 

Rings 

Dated 

Beginning 

year 

Last 

year 

# of Fire 

Scars 

Dated Earliest Latest 

Alamo Bog 46 46 11,495 1412 2005 186 1422 1896 

El Cajete 11 15 2,111 1640 1997 97 1650 1904 

Grande 119 133 25,600 1418 2005 796 1530 1992 

Jaramillo 50 64 11,185 1240 2005 484 1248 1992 

San Antonio 45 55 10,653 1526 2008 384 1542 1969 

Seco 19 25 3,566 1484 2005 137 1586 1929 

San Luis 

Drainage 11 13 2,076 1614 1960 95 1684 1908 

Santa Rosa 22 28 5,110 1479 2005 218 1501 1971 

Toledo 7 9 1,274 1660 1965 46 1729 1901 

Total 330 388 7,3070 1412 2008 2443 1501 1992 

 

Table 2.2: Dated samples by species. 

Specie 

No. of 

Trees 

No. of 

Samples 

% 

Datable 

No. (%) Live 

Trees 

Pinus ponderosa (PIPO) 256 312 80.4 11 (4.3%) 

Pinus strobiformis (PIST) 26 28 7.2 15 (57.7%) 

Pseudotsuga menziesii (PSME) 2 2 0.5 2 (100.0%) 

Unknown (generally deadwood 

that could not be identified to 

species reliably) 
46 46 11.9 0 (0%) 

Total 330 388 100.0 28 (8.5%) 

 

The first fire year recorded in the VCNP was 1248 C.E. in valle Jaramillo, while 

the last was in 1992 C.E. in valles Grande and Jaramillo. For the purpose of this study, 

the period from 1601 through 1902 C.E. met the criteria for the period of analysis (see 

Methods). Within this period, 2,338 fire scars were crossdated to 191 separate fire years 

(Figure 2.3).  
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Figure 2.3: Fire occurrence time series for the Valles Caldera National Preserve, New Mexico 

1601-1902. Left axis indicates the number of valles with recording trees (bars on the primary y-

axis); right axis indicates sample depth (number of recording trees the total number of recorder 

samples in any particular year). The largest 22 fire years, those that occurred in 6 or more valles 

are indicated above the bars. 

 

The forest-grassland ecotone burned in both local and widespread fires from 

1601-1902 C.E.  Of the 301 years in the period of analysis, there was a fire event, 

whether widespread, moderate or localized in 191of those years. In 22 of these 191 fire 

years, widespread fires (in which there was evidence of fire in at least six of the nine 

valles) were recorded. Widespread fires (those recorded in 6 or more valles) burned 

across the landscape in 22 years, at approximately every 10 years, with fire intervals 

ranging from 1 to 23 years. There were 49 moderately widespread fires during the period 
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of analysis, which burned 3 to 5 of the nine valles at fire intervals ranging from 1 to 28, 

occurring every 6 years on average. Local fires that burned in 1-2 valles occurred 120 

times, on average every 2.5 years, with fire intervals ranging from 1 to 14 years. Fire 

burned in at least one of the valles in the VCNP in 190 of 301 years. No widespread fires 

occurred in the earlier portion of the reliable time period from 1601-1683, but on four 

occasions there were periods ranging from 19 to 27 years without widespread fires 

between 1696 and 1841 (Figure 2.3). In contrast, in the 38-year span from 1841-1879 

there were 8 widespread fire events. 

 

Sample depth and period of analysis 

 Fire chronologies were developed for each valle (Figure 2.4, Figures A.3-A.10), 

with fire dates spanning from 1248-1992. From these chronologies, a composite inter-

valle fire chronology was constructed which summarizes all the fire-scar dates from all 

trees sampled in all nine valles for the period 1601-1902 (Figure 2.5). Prior to 1600, 

sample depth declined significantly at most sites, making fire history and frequency 

estimates prior to that date less reliable. There is a lack of any major shift in fire regimes 

prior to 1880 in either fire frequency or size as shown by the individual fire charts (Figure 

2.4, Figures A.3-A.10) and the master composite fire chart (Figure 2.5, Figures A.1-A.2). 

The fire regimes in all valles underwent a major shift post-1880, with only a few small 

fires after this time. Consequently, we used 1601-1902 as our period of analysis for the 

VCNP fire regimes.  
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Fire Chronologies and Fire Return Intervals 

The spatial extent of areas that historically burned in the VCNP ranged from 

small fires that burned around the base of a single tree or a cluster of trees to widespread 

fires the burned across the entire area of study (Figure 2.5). Widespread fire events where 

6-9 valles burned in the VCNP were recorded in 1684, 1685, 1696, 1716, 1725, 1729, 

1748, 1752, 1779, 1789, 1805, 1806, 1818, 1841, 1842, 1847, 1851, 1860, 1868, 1870, 

1879, 1896. Fire-scarred records of two fire years where large fires burned the VCNP 

extensively are mapped in Figure 2.8. Only one widespread fire year (1676) was recorded 

in the 1600ôs prior to 1684, at which time there were consecutive widespread fire years 

across the landscape (Figure 2.1, Figure A.1). The latter half of the 1700ôs recorded 

almost fifty years in which only small, local fires burned, with the exceptions of 1779 and 

1789 which punctuated this time with widespread fires. Additionally, there were no 

moderate fires during this timeframe with the exception of 1767. During many other fire 

years, there were also relatively small fires, reflected by local patches of fire-scarred trees 

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

line represents the maximum life span of each tree. Dashed horizontal lines indicate years that 

preceded the formation of the first of the first fire scar on sample from those valles. Short vertical 

lines indicate the aggregate of fire dates from each site. Dates at the bottom of the chart depict all 

fire events recorded by at least one fire scar. 
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Figure 2.5: Fire history chart depicting all reconstructed fires in the period of analysis 1601-1902 for the Valles Caldera National Preserve. 

Each horizontal line represents the length of record for the fire composite from individual valles. Dashed horizontal lines indicate years 

that preceded the formation of the first fire scar on samples from those valles. Short vertical lines indicate the aggregate of fire dates from 

each site. Dates at the bottom of the chart depict all fire events recorded by at least one fire scar. 
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Figure 2.6: Examples of widespread fire years in which fire was recorded in all nine valles across the VCNP, in 1748 (89.7% of trees 

scarred) and 1851 (76.7% of trees scarred). 
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Figure 2.7: Examples of local fires in which fire was recorded on fire-scarred trees in individual valles in the VCNP, in 1777 (6.7% of 

trees scarred) and 1832 (3.3% of trees scarred).
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Fire frequency of the reconstructed fire regime indicates different patterns of 

variability among the nine valles (Table 2.3, Table 2.4, Figures A.1-A.10). When all fires 

were considered, mean fire intervals (MFI) were 5.5 to 22.5 years (~6 to 123 ha) at 

individual sites; the MFI for all fire dates at sites combined into their respective valles 

was 2.7 to 10 years (~67 to 4955 ha); the MFI for all fire dates at the landscape level was 

1.6 years (~10 386 ha) (Table 2.3, Table 2.4, Figures B.1-B.6). Thus, somewhere within 

the 88, 900 acres of the VCNP, at least one tree recorded fire on average every year and a 

half. With the use of 10% and 25% filters, the MFI intervals increased as the least 

significant fires recorded by a smaller portion of the samples were eliminated (Figures 

B.2-B.6). The Weibull median probability interval (WMPI) responded in a similar 

fashion, increasing as the filter becomes more stringent. In most cases, the MFI values 

derived from the arithmetic mean were consistently higher than the WMPI in all 

percentage classes (Table 2.3, Table 2.4, Figures B.1-B.6). For fire dates recorded on all 

trees, WMPIs were 4.9 to 23.3 years at individual sites; the WMPI for all fire dates at the 

valles level was 2.4 to 8.7 years; while the WMPI for all fire dates at the landscape level 

was 1.5 years. For fire years when at least 10% of recording trees were scarred, WMPIs 

were 6.2 to 19.24 years at individual sites; the WMPI for fire years when at least 10% of 

recording trees were scarred at the valles level was 4.9 to 10.5 years; while the WMPI for 

fire years when at least 10% of recording trees were scarred at the landscape level was 

1.5 years. For fire years when at least 25% of recording trees were scarred, WMPIs were 

5.97 to 27.1years at individual sites; the WMPI for fire years when at least 25% of 

recording trees were scarred at the valles level was 5.97 to12.89 years; while the WMPI 
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for fire years when at least 25% of recording trees were scarred at the landscape level was 

3.1 years. Regardless of either measure of central tendency, Valle Grande had the shortest 

fire intervals, while the fire intervals for Valle San Luis Drainage and Alamo Bog were 

significantly longer. 

 

Table 2.3: Site information table listed by valles. 

Valle name 

Valle 

code Area (ha) Latitude Longitude 

Mean 

Elevation (m) 

Mean 

Slope 

Alamo Bog AB 317 35.91 -106.58 2630 25.12 

El Cajete VEC 67 35.84 -106.56 2649 26.81 

Grande VG 4955 35.86 -106.49 2670 26.55 

Jaramillo VJ 815 35.91 -106.51 2706 21.80 

San Antonio VSA 2260 35.97 -106.56 2630 23.87 

Seco VSC 195 35.93 -106.57 2718 24.53 

San Luis Drainage VSLD 225 35.95 -106.56 2687 24.56 

Santa Rosa VSR 468 35.95 -106.52 2628 25.00 

Toledo VTW 1085 35.96 -106.47 2727 13.64 

All VCNP   10386     2672 24 
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Table 2.4: Summary of fire history statistics for the fire-scarred trees fringing nine valles. The fire recording periods include the period of 

analysis, 1601-1902. All statistics are for all scarred trees. Minimum fire intervals were 1 year in all valles. 

 

   
Sample size (n) 

 

Return Intervals 

Valle 

Fire 

Recording 

Period 
 

Total No. 

of 

Samples 

Total No. 

of Fire 

Scars 

Fire 

Intervals  

Max. 

Fire 

Interval  

MFI  WMPI  SD 

Lower 

Ex. 

Interval  

Max. Ex. 

Interval  

Alamo Bog 1601-1902 
 

46 170 30 
 

28 9.53 8.69 5.73 3.39 16.26 

El Cajete 1640-1902 
 

11 96 34 
 

30 7.24 6.14 5.53 1.90 13.41 

Grande 1601-1902 
 

111 784 112 
 

9 2.69 2.43 1.75 0.90 4.70 

Jaramillo 1601-1902 
 

50 465 74 
 

13 4.01 3.45 2.95 1.10 7.39 

San Antonio 1601-1902 
 

45 373 83 
 

10 3.52 3.06 2.49 1.02 6.39 

Seco 1601-1902 
 

19 135 48 
 

37 6.06 4.88 6.20 1.29 11.88 

San Luis Drainage 1614-1902 
 

11 94 21 
 

41 10.10 7.99 9.78 2.04 19.88 

Santa Rosa 1601-1902 
 

22 211 52 
 

25 5.65 4.51 4.97 1.18 11.02 

Toledo 1660-1902 
 

7 46 30 
 

19 5.73 4.93 4.23 1.58 10.52 

VCNP 1601-1902 
 

322 2374 190 
 

6 1.58 1.48 0.91 0.62 2.65 
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Seasonality 

The intra-annual position of the fire scar within the growth ring was determined 

for 2,030 (81% of total) of the fire scars dated during the period 1601-1902 (Figure 2.8). 

The remaining scars were in poor condition or rings were too narrow or partially burned 

to accurately determine the season. Of the fire scar seasons that could be determined, the 

most frequent scar position (47%) was in the dormant (D) season (i.e. located between 

ring boundaries). All other scars, but for 0.5% of the remaining scars, were recorded in 

the earlywood (E) portion of the growth ring and the majority of those were in the first 

third of the earlywood (EE; 30%). The remaining 0.5% fire scars were recorded in the 

latewood (A) portion of the ring. Overall, 77% of the fires in the VCNP burned on the 

landscape during the growing season (early May to mid-June; D or EE).  

 

Figure 2.8: Fire scar seasonality reconstructed from the intra-annual position of the fire scar 

within the tree-ring during the period of analysis 1601-1902. 
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Fire-Climate Interactions/Relationships 

Fire occurrence in the VCNP was related significantly to climate variation at both 

inter-annual and decadal time scales (Figure 2.9, 2.10). Sixteen of the 22 widespread fires 

occurred during moderate to extreme drought conditions (PDSI <-2), while only two of 

the widespread fire years (1725 and 1841) occurred in close to normal conditions (Figure 

2.9). Of the 22 widespread fires, eight occurred during years characterized as extreme 

drought conditions (PDSI <-4). Superposed epoch analysis suggests that drought 

conditions (measured by PDSI) are significantly (p < 0.001) related to the occurrence of 

widespread fires in the VCNP (Figure 2.10A). There is also strong support for an effect 

of antecedent moist years. In the three years prior to the year of a fire event, the PDSI 

values are positive and in the second year prior they show statistically significant (p 

<0.001) wet conditions.  

 Moderate fire years, which burned 3 to 5 of the nine valles, were also significantly 

associated with negative (dry) conditions during the year of a fire event (Figure 2.10 B). 

However, unlike the widespread fire years that exhibited antecedent moist years, 

moderate fire years display little effect of antecedent moist or dry years. Interestingly, 

moderate fire years are followed by generally dry years, but the latter are not statistically 

significant. 

Local fire years that burned in only 1-2 valles were not significantly associated 

with drier or warmer than average conditions (Figure 2.10 C) in the year of fire, but 

conditions in years prior to local fires that were important. SEA documents that local fire 

years occurred predominantly during dry years and were preceded by at least six dry 
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years, with consistent statistically significant (p <0.001) dry conditions in the fourth year 

prior to a fire event. A similar trend of 1-6 dry years prior to a fire event was observed 

when comparing non-fire years to the PDSI (Figure 2.10 D). Years in which no fires 

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

even though the year prior was significantly drier/warmer (p <0.001) than average.  

 

Figure 2.9: Times series of regional PDSI (grid point 119) overlain with widespread fire years 

(red stars, evidence of fire in at least six of the nine valles) and local fire years (black circles, 

evidence of fire in 1-2 valles). The mean PDSI for the period of analysis (-0.41) is plotted as the 

solid line. Dotted lines represents the boundary of moderate drought (PDSI value <-2.0), severe 

drought (PDSI <-3.0) as a small dashed line, and extreme drought (<-4.0) as a large dashed line.
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Figure 2.10: Superposed epoch analysis comparing the lagged responses of the number of valles 

recording fire events to the Palmer Drought Severity Index (PDSI). A) Widespread fires, as 

recorded in 6-9 valles; B) Moderate fires, recorded in 3-5 valles; C) Local fires, recorded in 1-2 

valles; D) Non-fire years. Grey bars depict the departure of the actual measured variable minus 

the simulated values estimated by from 1000 Monte Carlo simulations. Dark grey bars are 

statistically significant. The ñnò value is the number of fire years used in the calculations.  

 

Consecutive Fire Years 

 Twenty-one of the 191 total fire years were sequential fire year pairs, in which 

fire occurred in consecutive years. In seven cases, consecutive fire events included at 

least one widespread fire (fire recorded in 6-9 of the valles) and the other fire was either 

widespread or moderate (occuring in at least 4 valles), referred to hereafter as widespread 

consecutive fire years (Figures 2.11, 2.13-14, 2.20, 2.24-25, 2.27). The remaining 
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consecutive fire years were comprised of two moderate fire events (occurring in 3-5 

valles), or one widespread fire and one localized fire year, one moderate fire and one 

localized fire year, or two localized fire years, referred to hereafter as moderate 

consecutive fire years (Figures 2.12, 2.15-2.19, 2.21-2.23, 2.26, 2.28-2.31). Only one tree 

out of 229 recording trees burned in both years of any pair of consecutive years, 1779-

1780.   

Interannual climate variation had a relatively small influence on the full set of 

consecutive fire events (Figure 2.32A).  The first year of the consecutive years appears to 

be slightly drier than normal, but statistically insignificant (p <0.001), while the second 

year there were moderate drought conditions (PDSI <-2.0).  However, when the data 

from the 7 widespread consecutive fire years is separated from that of the 14 moderate 

consecutive fire years, a different picture emerges (Figures 2.32 A and B).   The results of 

the SEA for the widespread consecutive fire years suggest that the consecutive fire events 

occurred after 4 years that were cooler and wetter than normal, as the PDSI values are 

positive, and in both the first and third years of the 4 prior years, they show statistically 

significant (p >1.0) wet conditions (Figure 2.32 A). On the other hand, moderate 

consecutive fire events they took place after 3 generally dry years (although not 

statistically significant).  Surprisingly, the first year of moderate consecutive fire year 

pairs occurred even though the conditions tended to be cooler and wetter than normal.  In 

these pairs, the second fire year occurrence appears to be drier than long-term average 

conditions, although this result is not statistically significant (p >0.05) (Figure 2.32 C). 
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   Figure 2.11: Widespread consecutive fire years, 1684-1685.  Figure 2.12: Moderate consecutive fire years, 1693-1694. 
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   Figure 2.13: Widespread consecutive fire years, 1715-1716.  Figure 2.14: Widespread consecutive fire years, 1724-1725. 
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   Figure 2.15: Moderate consecutive fire years, 1736-1737.  Figure 2.16: Moderate consecutive fire years, 1738-1739. 
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   Figure 2.17: Moderate consecutive fire years, 1779-1780.  Figure 2.18: Moderate consecutive fire years, 1795-1796.
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   Figure 2.19: Moderate consecutive fire years, 1800-1801.  Figure 2.20: Widespread consecutive fire years, 1805-1806. 
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   Figure 2.21: Moderate consecutive fire years, 1812-1813.  Figure 2.22: Moderate consecutive fire years, 1821-1822.



72 

 

 

   Figure 2.23: Moderate consecutive fire years, 1828-1829.  Figure 2.24: Widespread consecutive fire years, 1841-1842. 
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   Figure 2.25: Widespread consecutive fire years, 1860-1861.  Figure 2.26: Moderate consecutive fire years, 1872-1873.
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   Figure 2.27: Widespread consecutive fire years, 1879-1880.  Figure 2.28: Moderate consecutive fire years, 1884-1885-1886.
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   Figure 2.29: Moderate consecutive fire years, 1889-1890.  Figure 2.30: Moderate consecutive fire years, 1895-1896.
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Figure 2.31: Moderate consecutive fire years, 1898-1899. 
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Figure 2.32: Superposed epoch analysis comparing the lagged responses of valles recording fire 

events to the climate variable Palmer Drought Severity Index (PDSI) for selected consecutive fire 

years as shown in Figures 2.11-2.31; A) All selected consecutive fire years; B) Widespread 

consecutive fire years only; and C) Moderate consecutive fire years only. 
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Discussion 

Fire Regime Characterization 

Fire scar chronologies developed from extensively sampled fire-scarred trees 

show that fire was a frequent and widespread ecological process that played an important 

role in ecosystem connectivity in the VCNP prior to the 1900ôs (Figure 2.4, 2.5, Figures 

A.1-A.10). The general picture that emerges is of an early period, up to the late 1600ôs, is 

of relatively frequent fires spreading across the VCNP. However, beginning in the late 

1600ôs, very widespread fires punctuate periods of lower fire frequency from the 1740ôs 

to the 1860ôs. This period of widespread fires declines as fire frequency increases in the 

late 1800ôs. The cessation of surface fires in the late 1800ôs in the VCNP is tied to 

changes in land use history, primarily as a result of intensive landscape-wide grazing, 

followed by active fire suppression (Allen 1989; Touchan et al. 1996). The lack of fire 

activity subsequent to the late 1800ôs is consistent with regional and landscape patterns of 

historical fire suppression in the Southwest (Swetnam and Baisan 1996; Allen 2002). 

Historically, wildfires in ponderosa pine forests prior to 1900 were characterized 

by high frequency, low intensity surface fires and are recorded as fire scars on trees 

throughout the Southwest. The VCNP fire regime reveals 22 widespread fires during the 

period of analysis. For some of these years, other studies confirm that these fire years 

were not unique to the VCNP, as fires burned throughout the Jemez Mountains (Allen et 

al. 1998) and even across the Southwest (Swetnam et al. 1999). Several of these fire 

years were documented in the Jemez Mountains by other studies (1684, 1716, 1725, 

1729, 1748, 1752, 1779, 1806, 1818, 1842, 1847, 1851, 1861, 1870, and 1879) (Allen 
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1989; Touchan et al. 1996; Falk 2004; Allen et al. 2008). Some of these notable large fire 

years in the VCNP and Jemez Mountains coincide with some of the most extensive fire 

years throughout the Southwest, including 1716, 1725, 1729, 1748, 1752, 1806, 1842, 

1847, 1851, 1870, 1879 (Swetnam and Baisan 1996, Allen 2002; Swetnam and Baisan 

2003). These widespread fire years are recorded on a large number of trees across the 

study area. However, even during the most extensive fire years, there were some portions 

of the study area that did not burn, especially in the northwest portion of the VCNP, 

Alamo Bog, parts of Valle San Luis Drainage, Valle El Cajete and the north-facing slopes 

of Valle Grande (Figure 2.4, 2.5, Figures A.1-A.10). Two years in particular which trees 

recorded fire spreading extensively across all of the sampled areas of VCNP were 1748 

and 1851. That fires occurred in our study area during these years is not surprising, as 

1748 in particular is documented to be the largest single regional fire year recorded on 

fire-scarred samples in the Southwest over the past 3 centuries (Swetnam and Betancourt 

1998).  

Fire-scarred records show other years during which there are relatively small fires 

reflected by local patches of trees, which happened especially during 1777 and 1832 

(Figure 2.7). These years may reflect single ignitions from lightning storms or areas in 

which vegetation/fuels are not conducive for fire to spread to other stands and adjacent 

valles. During other fire years, there are clusters of fire-scarred trees that are separated by 

intervening trees that show no record of fire (for example 1709, 1724, 1760, 1765, 1773, 

1784, 1796, 1801, 1829, and 1886). This spatial pattern is likely a result of multiple 
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ignitions that often happens with ódryô lightning storms in the American Southwest 

(Allen 2002).  

At both the site and landscape scales, the length of time between fires varied in 

the VCNP. In particular, the MFIôs for Alamo Bog and Valle San Luis Drainage were 

about 10 years, while the MFIôs for the other seven valles averaged 5 years. Considering 

all fires recorded, the range of mean fire intervals in the VCNP was lower than those 

reported by other studies in ponderosa pine-mixed conifer forests in the Jemez 

Mountains, which ranged from 5 to 18.9 years (Touchan et al. 1996; Allen 1989). The 

average MFI between VNCP valles is 6.1 years; whereas the average MFI of seven sites 

(MCN, BAN-GRP3, CPE, CCC, GAM, CAS, and CME) reported by Touchan et al. 

(1996) is 9.1 years (these sites range from ponderosa pine to wet mixed conifer forests). 

The montane grasslands of the VCNP consist of large areas of continuous fine 

fuels, which have high potential for frequent and extensive fire activity (Conver 2011). 

High frequencies of surface fires have been documented in other studies of fire regimes at 

the ponderosa pine forest-grassland ecotone (Brown and Sieg 1996; Kaib et al. 1996). 

However, caution must be exercised in making such comparisons, as variations in fire 

intervals maybe at least partially explained by differences in sizes of the sampled areas, 

which may also include varying numbers of sampled trees (Falk 2004; Falk et al. 2007). 

When there is greater sampling depth, there will likely be a higher mean fire interval as 

between sites of similar size, as greater sampling depth will likely detect smaller fires 

(Swetnam and Baisan 1996; Falk 2004; Van Horne and Fulé 2006). Other factors that 

may be a probable cause of some variations in the fire interval statistics are differences in 
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elevation, topography and vegetation/fuels. In order to make a more rigorous comparison 

of fire interval distributions, the development of statistical standardization of study areas 

and sample size could be an ongoing subject of future research.  

The position of a fire scar within an annual growth ring may be used to infer when 

during the season fires burned (Ahlstrand 1980; Dieterich and Swetnam 1984; Baisan and 

Swetnam 1990). Data from the Jemez Mountains regarding the timing of ponderosa pine 

radial growth indicates that the onset of radial growth occurs in early May to mid-June 

depending on elevation (McDowell et al. 2010). Applying this information, the presence 

of dormant and early-earlywood scars for most fire years at Valles Caldera National Park 

indicates that the vast majority of the fires took place in early May to mid-June (Figure 

2.8). The scar positions coincide with substantial lightning activity through the months of 

April, May and June. During this time ódryô lightning is a common occurrence in the 

Jemez Mountains prior to the commencement of the summer monsoons; Allen (2002) 

found (75%) of lightning caused 5200 historic fires in the Jemez Mountains for the period 

1909-1996 occurred in the dry months of May and June. The peak in lightning ignitions 

occurs during the period of low fuel moisture levels, minimal precipitation, and 

decreasing fuel moisture content. It is these high ignition levels, climatic and fuel 

conditions that are the main drivers of fire regime dynamics in the Jemez Mountains 

(Swetnam and Betancourt 1990; 1998; Swetnam and Baisan 1996). This seasonal pattern 

of fire occurring predominately in the spring and early summer is seen in fire records 

throughout the Jemez Mountains (Allen 1984; Allen 1989; Touchan et al. 1996), as well 

as throughout the American Southwest (Barrows 1978; Foxx and Potter 1978).  
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Another factor promoting fire activity in the Southwest is the condition of fuels. It 

is the fine fuels (grasses, herbaceous plants and needle litter) that facilitates and 

accelerates the spreading of surface fires (Leopold 1924; Savage and Swetnam 1990; 

Pyne et al. 1996; Baisan and Swetnam 1997). These perennial herbs and grasses recover 

quickly after fire, to the point that there is sufficient fuel to permit fire reoccurrence in 

just a few years. Before the introduction of sheep and cattle, which brought about heavy 

grazing of the expansive grasslands in the region, surface fires probably spread from the 

grasslands up through the ponderosa pine forests (or vice versa) and sometimes into the 

more mesic mixed-conifer forests as these fine fuels extended into the forest understories 

(Allen 2002). 

As early as the first years of the seventeenth century, the Jemez Mountains were 

crossed by Spanish settlers (Anschuetz and Merlan 2007). The broad grasslands of the 

Valles Caldera were used for grazing sheep, cattle and horses during the spring and fall 

by the Spanish and Pueblo people of the Jemez Mountains. By 1779, the Valles Caldera 

was documented on maps as Valle de los Bacas, meaning Valley of the Cows (Martin 

2003). Up until the 1860ôs, Navajo and Apache people also used the Caldera for hunting 

grounds and raids on Spanish sheep and cattle herds. Probably as a result of the removal 

of Navajo and Apache threats, the numbers of sheep and cattle in the Jemez Mountains 

and the Valles Caldera, increased dramatically (Allen 1989). This intensive livestock 

grazing significantly reduced the grasses and herbaceous fine fuels necessary for fire 

spread from the grasslands up into the forests in the high frequency fire regimes. 

Livestock trails were developed through the herding of animals, which disrupted the 
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continuity of the grasses and thus the fire spread patterns (Touchan et al. 1996). 

Reduction in fine fuels from livestock overgrazing and the drought of the 1890ôs are 

probably largely responsible for the cessation of fire events within the Valles Caldera 

(Figure 2.4, 2.5, Figures A.1-A.10). A similar buildup of livestock numbers took place in 

other regions throughout the Southwest in the late 1800ôs. Fire-scar studies in these areas 

show concurrent and similarly sharp declines in fire frequency, primarily as result of 

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

 

Fire-Climate Relationships 

 To detect past associations between climate and fire, proxy records of climate for 

the region of study were utilized. The relationship between climate and fire events was 

evaluated by Superposed Epoch Analysis (SEA). Our analysis of this association revealed 

an important relationship between inter-annual climate variability and the occurrence of 

fire across the VCNP landscape. Although the climate conditions during the year of a fire 

event are a strong determinant of fire occurrence, it is also important to consider the 

antecedent conditions prior to the fire year. Our results show that variation in climate 

affected the extent of fire in the VCNP in two significant ways. First, the inter-annual 

variability in moisture during the year of a fire event influenced fire extent; second, 

wetter and cooler conditions in years preceding fire events may have increased the 

production of fine fuels that was conducive to fire spread. Wet/cool conditions may have 

preconditioned the VCNP to burn by increasing the production of grass and herbaceous 

fine fuels. Cable (1975) and Bond & van Wilgen (1996) found that fuel accumulation in 



84 

 

grass-dominated systems is a consequence of the systemsô sensitivity to short-term 

changes in climate since grass responds quickly to variations in climate at seasonal and 

annual scales.  

Large, widespread fires in the VCNP showed a strong and significant relationship 

(p <0.001) to dry conditions preceded by three years of wet conditions (Figure 2.10 A). 

Simply put, major fire years tended to occur during years where conditions were 

extremely dry, while wet periods recorded little fire activity (Figure 2.10). Widespread 

fires typically occurred with a 2-year lag after significantly greater wet/cool conditions 

than average during the spring and early summer months. The fire years 1684, 1693, 

1748, 1757, 1789, 1795, 1818, 1841, 1851, and 1870 typify this pattern (Figure 2.9). This 

evidence suggests that the interaction of climate and the production of fine fuels in the 

ecotone are important in the occurrence of fires in the VCNP. Moist/cool conditions for 

several years, which hinder fire activity, may promote production of fine fuels, thus 

preconditioning the landscape for the subsequent fire seasons (Swetnam and Baisan 1996, 

Swetnam and Betancourt 1998; Brown et al. 2001). These results are consistent with fire-

climate relationships inferred in other ponderosa pine sites in the Southwest (Baisan and 

Swetnam 1990; Swetnam and Baisan 1996; Swetnam and Betancourt 1998; Grissino-

Mayer and Swetnam 2000), including the Jemez Mountains (Touchan et al. 1996; Falk 

2004; Allen et al. 2008).  

The pattern of wet/cool conditions in years prior to widespread fires in the VCNP 

suggests that the accumulation of fine fuels in the forest-grassland ecotone is necessary 

for fires to become widespread. This short-term variation in fuel dynamics may explain 
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why there are relatively few years separating many of the widespread fires (Allen 2002). 

For example, there are only three years separating two of the most widespread fires in the 

VCNP; 1748 and 1752. Interestingly, years of widespread burning in the VCNP (i.e. 

1716, 1725, 1729, 1748, 1752, 1806, 1842, 1847, 1851, 1870, and 1879) are identical to 

widespread burning in other ponderosa pine/mixed-conifer forests in the northern Jemez 

Mountains (Touchan et al. 1996), the southern Jemez Mountains (Foxx and Potter 1978; 

Allen et al. 2008), the Sangre de Cristo Mountains (Margolis and Balmat 2009) and 

southeast Arizona (Baisan and Swetnam 1990, Grissino-Mayer et al. 1995). This 

indicates that climate variations, and drought in particular, were an influential regional 

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

In the VCNP, most years of widespread burning were associated with low 

moisture availability and drought. Close examination of our results indicate that PDSI is a 

constraint on fire in the VCNP, but not an absolute driver (Figure 2.7). Our results 

illustrate that in a high PDSI year, widespread fires were rare because conditions 

inhibited fire spread; in contrast, in a low PDSI year, fire can be local to widespread.  

Widespread fires occurred in some but not all valles during years with low PDSI (drought 

conditions). In fact, non-fire years (0 valles recording fire) occurred across the full range 

of PDSI (-4.2 to +4.5) as did years when fire occurred in a single valle. PDSI graphed as 

a function of the number of valles recording fire shows that fire is generally contingent 

upon drought conditions, but these conditions alone are not sufficient for widespread fire 

to occur (Figure 2.7). 
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Non-fire years were often associated with wet conditions (Figure 2.10 D), and 

were often both preceded and followed by unusually dry conditions. Thus, fires were 

inhibited by cool and wet conditions in the potential fire year and by an insufficient fuel 

base for an extensive fire in the preceding years. By contrast, fires that were widespread 

may have reduced accumulated fuels throughout that widespread area, thereby 

commencing uniform fuel accumulation, which could increase the possibility that the 

next fire would again spread across the same area (Baisan and Swetnam 1990). For 

example, this appeared to have happened in 1752 when widespread fire occurred after the 

extensive fire of 1748. 

An almost entirely fire-free period occurred in the 1830ôs in all sites and valles in 

the VCNP (Figure 2.5). Reduced fire frequency at approximately the same time period 

has been documented in other fire history studies in the Jemez Mountains (Touchan et al. 

1996) and even in the Southwest (Swetnam and Baisan 1990; Grissino-Mayer 1995). 

Work by Swetnam and Dieterich (1985) suggest that this decrease in fires is possibly a 

response to regional climate shifts as documented by Fritts (1991) through the 

reconstruction of regional precipitation which showed that the 1830ôs experienced 

unusually large amounts of precipitation. The reconstruction of PDSI for the Jemez 

Mountains shows significantly drier conditions than normal from 1818-1825, followed by 

the wet period during the 1830ôs (Figure 2.9).  These conditions, coupled with moderate 

consecutive fires in the VNCP in 1928 and 1928 may provide a plausible explanation for 

this fire-free period. 
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Consecutive Fire Years 

The collection of samples for this study focused on the grassland-forest ecotone.  

Generally, it might be expected that the mean fire intervals would be shorter for 

grasslands than for forest, as the perennial grasses and herbaceous plants recover much 

more quickly after a fire than do woody plants and trees. According to Allen (2002), 

ponderosa pines may rebuild a surface litter cover of pine needles within 3 to 7 years, 

providing fuel for frequent surface fires.  However, Baisan and Swetnam (1990) indicate 

that along the edges of open areas or meadows where conditions encourage herbaceous 

growth, samples have revealed even shorter fire intervals of 1 to 2 years.  In addition, 

other studies have shown that while fire intervals this short have been found in the 

ponderosa pine stands of northern Arizona, they are uncommon in pre-settlement fire 

regimes of coniferous forests of the Southwest (Swetnam, 1990). 

Samples collected in the VNCP confirmed numerous consecutive fire years 

during the period of record. In this study, we examined 21 of the most significant 

consecutive fire years in which at least one year of the two years recorded fire in three or 

more of the nine valles. When SEA results for the consecutive fire years were examined, 

we had expected that wet conditions would have prevailed for several years prior to the 

consecutive fire years. Instead, we found that the conditions preceding fire occurrence 

were neither drier nor wetter than normal (Figure 2.32 A). However, when consecutive 

fire years in which there was at least one widespread fire year were analyzed as a group, 

the SEA results did in fact show several antecedent, though non-statistically significant, 

wet years (Figure 2.32 B). Examination of the consecutive years in which there was at 
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least one moderate fire year revealed several antecedent years of non-statistically 

significant years of drought (Figure 2.32 C). This appears to indicate that while the 

climatic conditions would favor fires in these years, there were insufficient fine fuels to 

feed widespread fires. What is notable is that the VCNP almost inevitably experienced 

significantly lower PDSI values in the second year of the consecutive fire year. Thus, 

even though the conditions were significantly more favorable for burning in the second 

year, the spread of fires appear to be limited by the fuel quantities available. 

In five of the 21 consecutive fire year pairs, almost all fire-scarred trees sampled 

recorded a fire in one of the two years (1684-85, 1715-16, 1805-06, 1841-42, and 1860-

61). In these particular consecutive fire years, not only did significant portions of the 

VCNP burn, but there was some general overlap of the areas burned, particularly in the 

centrally located Valle Jaramillo. However, only one of the 239 trees sampled exhibited 

consecutive fire scars (1879-80). This was to be expected, as even the grasses and 

herbaceous plants would have had little time to recover between fires, and would not 

have provided the fuels necessary for the same to burn in two consecutive years at the 

tree scale (Allen 2002). 

 

Management Implications 

 Healthy, thriving ecosystems are less vulnerable to catastrophic fires that can do 

irreversible damage to watersheds and wildlife habitats. Unfortunately, the removal of 

wildland fire from many ecosystems, particularly in the Southwest, has left forests and 

grasslands overly dense with flammable vegetation. Ecologists and managers are 
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increasingly recognizing the loss of the variability in natural processes, such as fire, from 

our landscapes with unexpected and equally undesirable consequences to biodiversity and 

sustainable ecosystems. For example the high montane grasslands that occur on upper 

mountain south-facing slopes of the caldera rim and resurgent domes in the VCNP are 

estimated to have decreased by 55% between 1935 and 1981 as a result of intensive 

grazing and active fire suppression efforts since the 1800ôs (Allen 1984; Swetnam et al. 

1999). 

In the forest-grassland ecotones of the VCNP, surface fires burned frequently 

prior to Euro-American establishment of permanent settlements in and around the Jemez 

Mountains. These frequent, low intensity fires promoted the growth of grasses and 

herbaceous plants in the understory and enabled large, open ponderosa pine stands to 

exist by effectively preventing the development of higher densities of ponderosa pine 

seedlings and other species of the mixed-conifer communities. These recurrent fires thus 

helped to maintain the ecotonal boundary between forests and grasslands through the 

prevention of the spread of woody species into the adjacent grassland ecosystems (Coop 

and Givnish 2007b, Conver 2011). 

Our reconstruction of historical fire regimes along the grassland-forest ecotone 

provides a useful ecological benchmark for land managers in planning restorative actions 

plans for forest and grasslands, by using pre-fire-suppression fire regimes as a benchmark 

for prescribed and natural fire management. A century of fire suppression and grazing in 

the VCNP has significantly decreased the incidence of low-intensity surface fires. The 

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

under conditions specified and approved through a management plan. Prescribed burning 

alone could reduce surface fuel loads, stimulate nitrogen availability, increase herbaceous 

productivity and cause the mortality of ponderosa pine and mixed-conifer seedlings 

(Harrington and Sackett 1990). However, it is likely that some combination of thinning, 

manual fuel removal and prescribed burning will be necessary to restore the grasslands 

and ponderosa pine/mixed-conifer forests in the ecotone to the historical conditions of 

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

Our research shows that fires occurred within valles at intervals on the order of 

5.5 to 22.5 years, and that widespread fires extending through ecotones throughout the 

VCNP occurred every 2.7 to 10 years; and fire occurred somewhere in the VCNP 

ecotonal zone every 1-2 years (Table 2.3, Figures B.1-B.6). While these intervals are not 

necessarily a prescription for ecologically-based fire management, they do provide a 

guide for fire frequency that would approximate the natural background process (Falk 

2006). 

 Unfortunately, any management plan will be constrained by the size of the budget 

allocated to forest and grassland restoration projects. But time is of the essence, as the 

young saplings, many of which historically would have been killed by the frequent low-

intensity surface fires, are growing larger and more fire-tolerant as time goes on. The use 

of prescribed burns will therefore become less and less effective for the thinning of the 

understory and the removal of ladder fuels. Before long, this management tool will 

become less controllable and more dangerous to use as it may lead to crown fires. If the 
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process of prescribed burning can no longer be utilized, land managers will be faced with 

the use of more expensive restoration methods such as mechanical thinning (Harrington 

and Sackett 1990). Restoring fire as an ecosystem process will bring many benefits to 

management of the VCNP. 

 

Conclusion 

 Our work in this area highlights the importance of fire as a landscape process in 

ponderosa pine forests and grasslands at high elevations. Dendrochronological dating 

techniques permitted the use of remnant wood to document the presence of fire in order 

to derive a fire history of the forest-grassland ecotone extending back to 1418 C.E. We 

evaluated temporal and spatial fire patterns for the best replicated period of analysis, 

1601-1902. Our research demonstrates that in the VCNP landscape as a whole prior to 

1900, fire occurred approximately two in every three years (MFI 1.6 year). Widespread 

fires occurred at decadal intervals, and fires occurred within valles every 5.5 to 22.5 

years. Past fire occurrence took place predominately during the early season (May to 

early July) when lightning strikes peak before the onset of the summer monsoon. 

Mapping the extent of fire in the VCNP enabled us to quantify a general pattern of fire 

that may be utilized in developing long-term management strategies for the restoration of 

the historical extent of the montane grasslands in our study area. 

 Fire frequency in the VCNP grassland-forest ecotones probably reflects fires in 

the adjacent grassland ecosystems to some extent. Our research indicates that the MFIôs 

for the ecotone are one and half times shorter than intervals in nearby interior ponderosa 
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pine-mixed conifer forests of the Jemez Mountains. This finding has important 

implications for management in the VCNP and with respect to the reintroduction of fire 

to restore this keystone process in the montane grasslands of the VCNP and the Jemez 

Mountains. In the future, more precise comparisons of fire intervals for the grassland-

forest ecotone with those of the interior ponderosa pine-mixed conifer forests, including 

standardization of the size of the study areas, sample sizes, and other variables would 

help to clarify the spatial and temporal properties of the VCNP fire regimes.  

 Climate variability played an important role in the fire regimes of ponderosa pine 

and mixed-conifer forests along the boundary of the expansive montane grasslands in the 

VCNP. Our research emphasizes the importance of the relationship between fire and the 

onset of drought conditions during large fire years, as well as its significance in 

consecutive fire years. Antecedent conditions in the previous four years played a large 

role in the occurrence of widespread fires in the ecotone. Significantly wetter than 

average conditions two years prior to fire occurrence appear to predispose the landscape 

to widespread fire events during subsequent years of drought. This climatic linkage 

suggests that even when significant drought conditions are present, it is the quantity of 

available fine fuels that is the limiting factor in the extent of fire spread in this ecotone. 

 Back to back fire years were a regular and relatively frequent occurrence in the 

historic fire regime of the VCNP. Almost invariably the PDSI for the second year in a 

consecutive-year pair was considerably lower than that of the first year, whether the fires 

were widespread or localized. In some consecutive fire year pairs, the two years burned 

over different areas of the VCNP landscape, whereas in other pairs of fire years, fire 
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spread across the VCNP landscape in a patchy manner. In both cases, fires appeared to 

leave fuels available to burn in the subsequent year, particularly when it was drier and 

warmer. The factor determining these patterns appears to be the climactic variation in the 

antecedent conditions, which probably functions by modifying the quantity of available 

fuels.  As these fine fuels may be replenished relatively quickly under the right climatic 

conditions, this may account in part for relatively short MFIôs and the persistent 

repetition of consecutive fire years within the montane grasslands. 
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APPENDIX A: FIRE HISTORY CHARTS 

 

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

analysis1601-1902 for the Valles Caldera National Preserve. Each horizontal line represents the length of record for the fire composite 

from individual valles. Dashed horizontal lines indicate years that preceded the formation of the first fire scar on sample from that valle. 

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

least one fire scar. 

 


