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Executive Summary

Overview

The goal of this study was to quantify historiges regimes, climate forcing of
fire events, plant population dynamics, and fuelrafance and distribution patterns in
the Chihuahuan Desert Borderlands. Our resultsigganformation about recent
changes in fire regimes, forest structure and sgezdmposition as a result of fire
exclusion (grazing) and direct fire suppressionsBudy area straddled the US-Mexico
border, and included Big Bend National Park (BIB&t)d The Davis Mountains Preserve
of The Nature Conservancy (DMTNC) in Texas, andMfagleras del Carmen Protected
Area (MCPA) in Coahuila, Mexico (Fig. 1). These ggrves were chosen for this study
because they comprise a regional-scale represamtatthe variation in fire regime
characteristics and forest vegetation types irggrewhere no fire or forest inventory
data existed. Furthermore, they represented unaiest pinyon-juniper and pine-oak
vegetation assemblages in southwestern North Amdgach of the three preserves is
run by a different management agency, which enabkedharing of experiences across
agency boundaries, and provided a large-scale @ergp of fire-climate-vegetation
interactions in this region. Data from this studgwpde critically needed reference
conditions and targets for ecological forest resion to lower the risk of future high
intensity fire.

Figure 1: Location of the three study sitesin the Chihuahuan Desert Borderlands.
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Objectives

The primary objective of this study was to charaztethe relationship between
climate, fire, fuel loads, and vegetation in theibhuan Desert Borderlands to provide
managers from the region with reference conditfonsorest restoration and
management. Specific objectives were to:

1. Assess the range of the historical natural vaiiglof fire regimes at the
landscape and regional scales in Chihuahuan DBseterlands.

2. Determine the extent to which climate influences fegimes (frequency,
magnitude, seasonality, and spatial extent) andtaéign patterns (structure and
composition) in this region.

3. Describe the relationships between environmentlcginditions and tree species
composition and diversity at the local-, landscapad regional-scales

4. Quantify the extent to which fire suppression Héered fire regimes, fuel loads,
and plant population abundances and distributidtepes.

5. Develop reference conditions for historical firgirees and forest stand structure
in BIBE, DMTNC, and MPCA.

6. Use forest inventory data, landscape metrics, pedtgal information to model
vegetation and fuel loads across the landscapi® dhree study areas.

Methods

Extensive fire history and forest inventory dataaveollected using a uniform
sampling design at each study area to enable betsrissecomparisons. Two hundred
fifty fire scar samples were collected across tied sites to reconstruct historical fire
regimes. Fire history data were used in combinatith tree ring indices and direct
measurements of precipitation to quantify fire-@ieninteractions. Vegetation and fuels
data were collected using a gridded sampling demigoss the forested areas of each of
the three sites to quantify overstory stand stmagtiiee species composition, and fuel
loads. Age data from 1387 trees were collecteceterchine the extent to which
contemporary forests date back to the last majereivents in each site. Environmental
data were collected at each vegetation plot ankl the aid of a geographic information
system to relate forest and fuel distribution pateo local environmental variables.
Finally, spectral information from satellite imagavas used along with the
environmental data to generate spatially expli@dptive maps of vegetation and fuels
for each study site.

Key Findings

Fire history

. All three study areas experienced frequent firdereehe onset of fire exclusion.
Mean fire intervals prior to fire exclusion fords scarring 10% or more of
sample trees were: DMTNC 7.2 yrs (rangel-16), BiB&yrs (range 2-34), and
MCPA 7.7 yrs (range 2-24).

. Fire return interval data match the range of histoatural variability of fires in
other regions of the Southwest that were also cheniaed by frequent, low
intensity fire.



Fire return intervals were frequent in all forestsg even in pinyon pine and
juniper dominated vegetation types, a finding th&drms the current debate
about fire periodicity in pinyon-juniper woodlands.

Fires were predominantly small in size; the mayooit fires did not scar 25% of
the sample trees used for the fire history recaoson.

The last major fire dates differed in each sitegaent fires ended after 1926 in
DMTNC and 1937 in BIBE, but continued in MCPA uritB51. These dates
differ from other sites in the Southwest where &@relusion occurred in the late
1880s in response to cattle grazing. While ourystitks also supported large
numbers of cattle during this era, fire exclusiohis region occurred after the
introduction of sheep and goats in the mid-1900sedDfire suppression in BIBE
after the park was founded in 1944 also contribtettie lengthening of the fire
return interval there.

After the introduction of goats to the region, fiegurn intervals increased two-
fold.

Fires occurred predominantly in the early seasapraing to the intra-annual
ring position of fire scars. Fire scars were coti@gad in the dormant (90%) and
earlywood (8%); fewer than 2% of fires occurredha latewood or ring
boundary.

Superposed epoch analysis indicated that fire wears unusually dry. Wet
climatic conditions in years preceding fire evgmtsbably promoted the
accumulation of fine fuels that were subsequenilgddin fire years; however
only the dryness in the year of the fire was sigaiit.

Large fires were synchronous across the threg sitesoccurred on years in the
positive phase of the Southern Oscillation Index Klifia years).

Stand Structure

Age structures of trees in the three sites refleetregeneration response to fire
exclusion. The age structure of trees in MCPA mayehalso been influenced by
logging activities during the early 1900s.

The dates of tree regeneration correspond cloedhetintroduction of sheep in
the early to mid-1900s.

Reverse-J size-class distributions characterizeditte-structure of conifer
species, indicating high numbers of small, potdgtigoung trees in all
vegetation types. Total tree densities were algh,land ranged from 700-3100
trees ha.

Sprouting species including oaks had multi-modeg-silass distributions that
most likely represented the life-history charastiérs of these trees in relation to
fire. Oaks readily regenerate via post-fire sprogitend the high density of
intermediate-sized oaks is probably an artifadheflast major fire events in
each site.

Surprisingly, while MCPA was the least fire-supses site in our study, it had
higher densities of small diameter trees than B#H DMTNC. This suggests
that factors other than the cessation of frequent,ntensity fires may control
tree abundance in this region.



Vegetation Distribution Patterns

Nine dominant vegetation types were identified, tvadr distribution varied in
association with local environmental site condision

Mesic valley bottoms supported vegetation typespmsad of mesophytic tree
species.

Drier sites on steep, upper topographic positioitis igher incident solar
radiation supported sparsely populated vegetayipest composed of more
drought-tolerant tree species.

Species richness (diversity) was highest for mesgetation types (gallery forest,
Arizona cypress-fir, and Graves oak), they represka small fraction of the
landscape.

Total species richness was highest in MCPA, folidwg BIBE and DMTNC.
This species richness pattern follows a latitudgrakdient, and may also be
related to the size, orientation and topographioexity of the different
mountain ranges.

Fuel Distribution Patterns

Ours was the first study in the western Unitedetad quantify fuel distribution
patterns in relation to physiography and topography

This is also the first study to investigate theratance and distribution patterns of
snags in forest types other than Jeffrey and pasdgpine in southwestern North
America.

Five dominant fuel load types were identified ie #tudy area. Fuels distribution
varied with local environment, rather than vegetatype.

Valley bottoms with low incident solar radiationchiaigher productivity and fuel
accumulation. Transport of fuels from upper toppbia positions to lower
topographic positions by gravity and sediment flsas also a probable factor
influencing fuel distribution patterns.

Steep slopes and upper topographic positions vadulel accumulations as a
result of the lower productivity and tree densityhese sites, and the transport of
fuels downslope from these locations.

Shag densities varied widely across the landscape®MTNC, BIBE and

MCPA, suggesting the heterogeneity in sites foitgawesting birds and bats
across a range of forest types.

Snag diameters were smaller in our sites than tegan previous research due to
the dominance of smaller trees including pinyorepinunipers and oaks.

Predictive Mapping of Vegetation and Fuels

The fuels maps differed greatly from the vegetatiaps at all three sites. This
highlights the importance of mapping fuels sepdydtem vegetation in fuels.
The link between the forest inventory data andviégetation and fuels maps can
be used by managers to target locations on thest¢ape for biodiversity
maintenance, wildlife habitat modeling, and fuelductions treatments.

Key Implicationsfor M anagement



The information presented in this study represenesof the only fire scar-based
fire history studies to include pinyon pine andipan woodlands, as well as
better-known fire-scarring species like ponderasa,southwestern white pine,
and Douglas fir. Fire history information in theapon-juniper forest type could
be used as a reference for historical fire behaaiother similar pinyon-juniper
woodlands of the southwestern United States anthear Mexico.

Historical information on fire regimes can inforranagement activities directed
towards restoring forest stand structures to {iesfire exclusion states to reduce
future risk of uncharacteristically high intensiine/

The later onset of fire exclusion in our study aresative to other regions of the
southwest suggests that these forests may be rasitg Bestored through the use
of prescribed fire than other forests in the Sow$twCaution is warranted
because contemporary stand densities and fuel lonagicause future fires to
behave quite differently than historical fires.

The distribution of vegetation (and hence divejsity the landscape suggests that
mesic vegetation types may be of particular intel@smanagement oriented
toward the preservation of rare vegetation assegeblthat contain high species
diversity.

Uplands and valley bottoms are at greater riskigii ntensity fire than other
locations on the landscape because of increasetbauks.

Our snag data for pinyon-juniper and pine-oak wands from represent new
information about wildlife habitat in these undedied forest types.

The vegetation and fuels maps will be useful assd@tsupport tools for a
variety of management activities.
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Chapter 1 Project Justification

Sustaining vegetation characteristics of Natiorsak® and other protected areas
within fire-regulated landscapes requires fundarddatowledge about the role of
climate and fire in developing and maintaining lptandscape, and regional vegetation
patterns. Reference conditions represent the rahlgistoric (or natural) variability in
ecological structures and processes. They refiectecent evolutionary history and the
dynamic interplay of biotic and abiotic conditicgusd disturbance patterns that can be
used to form the basis for comparison with conteragoecosystem processes and
structures (Landres et al. 1999). This frame cénezice is often used as a benchmark for
designing ecological restoration treatments andagament plans (Fulé et al. 1997).
Establishing reference conditions to assist firemaggment activities is difficult.
However, information about the historical controtsfire regimes can generate process
and structural objectives for restoring or maintagnsustainable vegetation patterns
(Stephenson 1999). Predicting and responding teetuand future climate impacts on
disturbance regimes and vegetation patterns denaamatse comprehensive
understanding of the interactions among climate, fiegetation, and fuels.

Reference conditions and knowledge about how céraad fire have shaped
vegetation patterns in the Chihuahuan Desert Blandds is lacking, jeopardizing the
sustainable management of National Parks and peoteceas on both sides of the US -
Mexico border. Current vegetation structures andpmmsitions are strongly influenced
by interannual- to multidecadal-scale climate Jaitity and corresponding variation in
fire regimes (Swetnam and Betancourt 1998). Presasdluencing local and regional
fire regime parameters (frequency, magnitude, sedisp, and spatial extent) include top
down (climate) and bottom up (species compositioel, loads, topography, environment
and human activity) controls. Knowledge about tigividual, let alone synergistic,
contributions of these controls is almost non-existor this region (but see Moir 1982
and Brown et al. 2001).

BIBE and DMTNC are separated from MCPA by only Rie Grande River,
which forms the US- Mexican border between theestaf Texas, Chihuahua, and
Coahuila (Figure 1). Divergent fire and land mamaget histories in the U.S. and
Mexico provide a unique opportunity for compariregetation effects under different
levels of fire exclusion (grazing) and direct faeppression. The proximity of all three
reserves allows for the investigation the effe¢tsatural and anthropogenic fire regime
variability on vegetation dynamics. This study gates new knowledge about
relationships among climate, fire and vegetatioloedl, landscape and regional scales
for the Chihuahuan Desert Borderlands. Results ttomstudy provide a scientific basis
for management decisions within the three resexgesell as in nearby areas with
similar forest types. The scientific quantificatiohforest stand structure in relation to
fire regimes is desperately needed by fire managgtsstify the use of prescribed fire in
this region where resistance to the reintroduatibfire is strong at local and regional
levels.

Project Description
We collected forest inventory data, tree ring date] fire-scar samples from the
three sites in our study to 1) quantify the histakrange of variability of fire regimes in



the Chihuahuan Desert Borderlands, 2) determineniireeexclusion began in the
region, and whether it occurred synchronously acties three sites, 3) quantify the
relationship between extreme climatic events aredccurrence, 4) assess the changes
in forest stand structure and fuel loads resultiom the disruption of frequent, low
intensity fire regimes, 5) quantify species-enniment and diversity-environment
relationships for tree species, and 6) generaiginee maps of vegetation and fuels.
The products from this project provide site-spedind regional-scale information about
the relationship between fire and climate, as aglieference conditions for the
implementation of future forest management acéasiti

Study Area Description

The three reserves are within the “sky island” ntaimranges, a floristically
diverse region of relict mixed conifer forests. Eaange has unique combinations of
topographic extremes with a corresponding divewsitiyabitats. These mountain ranges
are biologically significant because of their hgpecies diversity and large numbers of
endemic taxa. Located on the southeastern eddpe ddsin and Range Geographic
Province in the Trans-Pecos, these mountains $ialagical affinities with Rocky
Mountain and Madrean floras. Chihuahuan Deseristaads exist at lower elevations.
Upper elevations contain post-Pleistocene refugrposed of relict montane conifer
forests. The mountains are volcanic and origin8&@9 million years ago in the same
Eocene to Oligocene orogeny that formed most oftbat Range of the Rocky
Mountains. High elevation forests are composedafjaniper-pinyon and conifer
woodland. Oak-pinyon-juniper woodland occurs aval®ens of 1370-1707m and
consists of evergreen oaRyercus sp.), juniper Juniperus flaccida andJ. deppeana),
and Mexican pinyon pind{nus cembroides). Conifer woodland occurs at elevations
between 1677 and 2287 m, and contains ponderosgimus ponderosa), southwestern
white pine Pinus strobiformis), upland oaks@. hypoleucoides, Q. gravesii, andQ.
sideroxyla), aspenPopulus tremuloides) and other evergreen oak associates.

The modern climate is arid, characterized by caatevs and warm summers.
Annual precipitation ranges from < 200 to > 480 aumdl is distributed bimodally. The
majority of the precipitation falls during late-smmar “monsoons” (mid-July through
mid-September), with moist Pacific and Arctic fremésponsible for precipitation
occurring between December and March. Summer mossa®@ produced by low-level
moisture advection from the eastern tropical Pe€Hulf of California, with upper-level
moisture contributions from the Gulf of Mexico (Ada and Comrie 1997). Moisture
from these two sources is thought to mix over tieer& Madre Occidental in Mexico
prior to being transported northward into the Uthi&ates. Winter storms occurring from
December to March are generally from frontal systemming from the northwest. A
pronounced dry season usually occurs between wstaems that end in March or April
and the onset of the summer monsoon in mid-Juvdling winds are southerly to
southwesterly from October to April and southedgteom May to September.

Climate strongly influences fire seasonality in ima¢ the southwestern US and
northern Mexico, no data exist for west Texasarthrern Coahuila. Most fires occur just
prior to the onset of the North American Monsoost8sn (NAMS) in Arizona and New
Mexico (Swetnam and Betancourt 1998), they ocadrer in the year in much of
northern Mexico (Heyerdahl and Alvarado 2003). Tdre-summer period prior to the



NAMS onset is usually very dry, with low humiditpé high temperatures that reduce
live and dead fuel moisture levels, rendering hidldmmable vegetation and fuels. Fires
also occur during mid-summer monsoons as a resligfhdning ignitions during
rainstorms.

Climate variation affects fundamental ecosystentgsees on local, landscape
and regional scales. Warming climates tend to sdppore frequent disturbance and
changes in forest composition (Overpeck et al. 199@el accumulation and fuel
moisture levels are also highly reactive to changesimatic conditions (Miller and
Urban 1999). Cyclic and synoptic climate patteragsed by the El Nifio Southern
Oscillation (ENSO) may have pronounced effectsi@nffequency, magnitude,
synchrony, and spatial scale (Swetnam and Betan&8@60 and 1998; Grissino-Mayer
and Swetnam 2000). There appears to be a strarapknbetween wet climate cycles
during which fuels accumulate, and dry climate egavhen the accumulated fuels burn
in fire events. However, current knowledge abowehstlimate-fire relationships is
limited to a small number of sites. Understandiow lelimate forcing of fire regimes
affects vegetation patterns over longer tempordivaider spatial scales can help better
predict how recent warming trends in climates nmagact the magnitude and size of
future fires in the western United States.

Top-down and bottom-up processes influence firemeg and vegetation
patterns. Climate is a top-down control that hasomounced effect on vegetation
structure and composition because of its influeorcéree regeneration patterns.
Variations in climate and fire influence forestrstastructure by promoting tree
recruitment during wet periods, and inhibiting testablishment during dry climate
cycles (Mast et al. 1998; Barton et al. 2001). &otup controls that include species
composition, environment and topography have dicamt effects on fire regime
parameters (Heyerdahl et al. 2001, Taylor 2000leMédnd Urban 1999, Camp et al.
1997). Effects of top-down versus bottom-up comstani fire regime and vegetation
structure and composition have been studied in aféw locations. Deciphering these
relationships requires additional research at iplelcales, with a payoff for land
managers that includes a scientific basis for dgrefy management plans to sustain
desired forest ecosystem structure and speciesatian.

Human interactions with fire and vegetation alde@fecosystem processes.
Direct fire suppression, livestock grazing and ioggnteract synergistically with
variations in climate to alter fire regimes, asvasl forest structure and composition
(Savage 1991, Camp 1999, Donnegan et al 2001, Gebat. 2002). Biomass
accumulation, reduction of fine fuels through liteek grazing, and fire suppression can
exacerbate the effects of climatic conditions oa fegimes and vegetation. There is
general consensus that removing fire from forektedscapes in the western United
States has increased the density of young tredtedsforest composition towards shade
tolerant, but fire intolerant tree species, andeased accumulations of live and dead
fuels. In contrast, the montane conifer forestsmthern Mexico exist under a variety of
fire regimes (Fulé and Covington 1997, Heyerdall Alvarado 2003, Stephens et al.
2003, Fulé et al. 2005). Some of these forests hatbeen widely subjected to fire
exclusion and could provide reference conditiomsststainable vegetation patterns.
These reference conditions are invaluable tempfatagstoring National Parks and
other protected areas to more sustainable conditidhile it is difficult to determine the

10



extent to which human-caused changes in disturbagtme affect natural ecosystem
processes, a regional-scale interpretation of ¢émariation, fire regime and land-
management history will provide additional insigito how synchronous and
interrelated agents of disturbance influence edesystructure and function.
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Chapter 2 Fire Regime Characteristics, 20" Century Changein Fire
Frequency and Forest Age Structure

We investigated the historical range of naturaiakality of fire regime
characteristics and recent changes in fire frequaneach of the study areas by
sampling two hundred fifty fire-scarred trees. Atk site, we searched in a 75-m radius
around the center of each vegetation plot (vegetatampling is described in detail in
chapter 4). Full or partial cross-sections werefimrn scarred “catfaces” on trees, snags,
logs, and stumps of conifers that form consistenual growth rings. Trees with
multiple fire scars were preferentially sample@xbend the fire record as far back as
possible. Samples from living trees were colle@ggbartial cross-sections, a method that
does not require felling the tree (Agee 1993). Samimcations were geo-referenced and
were well distributed throughout the three studgss{Fig. 2). Most samples were from
Pinus strobiformis, followed byP. ponderosa, P. cembroides, Pseudotuga menzesii, and
Abies coahuilensis, respectively.

Fig 2. Fire-scar and vegetation plot locationsin a) MCPA, b) BIBE, and c) DMTNC
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Fire-scar samples were aged by sanding them ighgpblish and visually cross-
dating them under a binocular microscope usingdstahdendrochronological techniques
(Stokes and Smiley, 1968). Master chronologies&mh site were used to aid in cross
dating. Master tree-ring chronologies were deveddipe DMTNC and MCPA for use in
cross-dating the tree cores and fire-scar sampies 80 chronology existed for that site
(Villanueva et al., unpublished data). A masteiodotogy for BIBE site was obtained
from the international tree-ring database. Themeas$ fire occurrence (Baisan and
Swetnam 1990) was estimated based on the relatsiign of each fire lesion within the
annual ring according to the following categorieatly earlywood, earlywood, middle
earlywood, late earlywood, latewood, and dormawtniant season scars were assigned
to the year following the earlywood (i.e. springe§), a convention that appears valid for
the spring drought-summer monsoonal climate patierrorthern Mexico (Fulé and
Covington 1997, 1999, Heyerdahl and Alvarado 2003)e season was listed as “not
determined” when it could not be distinguished diea

Fire history data were analyzed with FHX2 softwm@keissino-Mayer 2001).
Analysis at each site began with the first yeahwit adequate sample depth which was
1772 (Grissino-Mayer et al. 1994), defined as ttst fire year recorded by 10% or more
of the total sample size of recording trees at e#eh For our sites this year was 1772.
“Recorder” trees are those with open fire scarstber injuries (e.qg. lightning scars),
leaving them susceptible to repeated scarringrey(8wetnam and Baisan 1996). We
considered fire scars only as proxy evidence feeslaf fire events, and not as a true
representation of burning across the landscaps\s®aker and Ehle 2001). We assumed
that during any fire there were many trees thatfiract their base but did not record a
fire scar that invalidated assessments of prepagad patterns of burning from fire-scar
evidence. However, we assumed that percentagesesf tecording fire years were
representative of the relative spatial scales ofing for those years (Swetnam and
Baisan 2003).
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Fire-return intervals were analyzed statisticallgifferent subcategories or
filters. First, the statistical distribution of diintervals using all fire years, even those
represented by a single scar, was assessed. Thethase fire years were included in
which 10% or more, and 25% or more of the recordemples were scarred,
respectively. In contrast with the all-scarred gatg, these filters captured fires that
were relatively large in size or more intense tthase fires that scarred only one or a
few trees (Swetnam and Baisan 1996). The statistieagysis of fire-return intervals
included the minimum, maximum, and mean fire retatarvals (MFI) and the Weibull
median probability interval (WMPI), used to modsymmetric fire interval distributions
and to express fire-return intervals in probabdistrms (Grissino-Mayer 1995). After
assessing each study site individually, all the detre combined to produce a master fire
chronology for the region using a 10% filter foased samples. A 10% filter was chosen
rather than a 25% filter based on the limited sansfde of fires that scarred 25% of the
samples.

Forest Age Structure

Six hundred 0.03-ha permanent field plots (208aah site) were established
using a systematic sampling grid to stratify sanmbdgs at 250-m intervals at BIBE and
at 600-m intervals across DMTNC and MCPA at thersgction of grid lines. The center
of each plot was marked with rebar and the locatidime plot center was geo-referenced
using a global positioning system (GPS). Age datali trees is presented in this chapter
and species composition and size data are presientbdpter 4.

Stand age was determined by coring a subset (2-8zeclass) of trees in each
plot using an increment borer € 1387).Pinus cembroides, P. strobiformis, P.
ponderosa, andPseudotsuga menziesii were the only species cored, because the majority
of tree species in the region do not produce angnaavth rings (Cook et al. 1999, Floyd
et al. 2000). Three seedlings (< 5 cm dbh) weréraetsvely sampled just outside the
perimeter of each plot. Cross-sections were takemch seedling at the base and at 30
cm high to determine their age and to correcthierrtumber of years lost by coring at of
30 cm. Tree cores and seedling cross-sectionsagae by sanding them to a high polish
and visually cross-dating them under a binocularosicope using standard
dendrochronological techniques (Stokes and Sm@®8)L Additional years to the center
were estimated with a pith locator (concentriclesanatched to the curvature and
density for the inner rings) for cores that mistezlpith (Appelquist 1958).

Results

Fire Regime Characteristics

Two hundred twenty four of the 250 fire-scar saraple collected were cross-
dated and used for analysis. The remainder ofdh#kes could not be cross-dated; and
were therefore eliminated from the study. Of thegies collected, 80% were sampled
from dead trees (mostly downed logs). A total o 5ife scars were dated, and the
season of fire occurrence was estimated on 70%ea$¢ars. The seasonality of the
remaining scars was not able to be determinedadarnage or the small size of the
annual growth ring. Dormant season scarring (pang burning) was the most common
(90%), followed by early-earlywood scarring (8%gwer than 2% of the burns were
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middle earlywood or late earlywood. No scars werefl in the early latewood or
latewood.

Fires were frequent at all three sites from 12 pnset of sufficient sample
depth) (Table 1, Figs. 3-5) until 1913 in BIBE, 838 DMTNC, and 1951 in MCPA.
Fires recurred at mean intervals of 4.4-9.0 yaa#g all scars at all sites. Point fire
return intervals prior to fire exclusion rangednfrd-27 years in DMTNC, 2-19 years in
BIBE, and 1-24 years in MCPA. The filtered datagegjed that fires were
predominantly small in size since most fires ditl sear > 25% of the samples in each
site. Mean fire return intervals for the filteratefdata using the 10% scarred criterion,
averaged 1.5 to 2 times longer than for all firarscand were considered a conservative
estimate of mean fire return interval (MFI) (Bakexd Ehle 2001). The Weibull median
probability interval (WMPI) values were very simil@ MFI values, with all values
being within a 1.0-year difference.

The historical pattern of frequent fire ceasediffiérent times for each site. Major
fires ended in 1937 in DMTNC and BIBE, but contidustil 1951 in MCPA.

Infrequent, smaller fires occurred in the threessiluring the rest of the 2@entury,
mostly at MCPA. Twentieth century MFIs doubled, d&strating a general cessation of
fire (Table 3).
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Table 1. Fireintervals (in years) at DMTNC, BIBE, and MCPA. Analysiswas

carried out from thefirst fire date with a depth of recording samples of 10% of total
sample size until thefinal data. All three sitesrecorded firesin 1937; thereafter only
M CPA recorded fires. Statistical analysiswas carried out in three categories: (1) all
fireyears, including those represented by a singlefireyear; (2) fireyearsin which

10% or more of the recording sampletreeswere scarred; and (3) fireyearsin which
25% or more of therecording sample trees were scarred. Abbreviations correspond

to: MFI = mean fireinterval, and WPMI = Wiebull median probability interval.
WMPI valuesarenot shown (___) wherethe Weibull model did not fit thefire

interval data adequately (K olmogorov-Smirnov test o = 0.05).

Analysis Category No. of Average per-sample Interval since
Site period of analysis intervals ~ MFI Min.  Max. interval WMPI  last fire
TNC 1772-2004 All scars 44 5.0 1.0 27.0 244 4.2 12
10% scarred 24 8.0 1.0 42.0 7.6
25% scarred 11 19.8 3.0 67.0 15.6
TNC 1772-1926 All scars 29 4.4 1.0 12.0 4.0
10% scarred 17 7.2 1.0 16.0 5.6
25% scarred 8 145 3.0 26.0 12.6
TNC 1926-2004 All scars 9 7.3 1.0 27.0 55
10% scarred 4 15.8 4.0 42.0 11.8
25% scarred 0O _ - _
BIBE 1786-2003 All scars 21 9.0 2.0 190 153 9.1 5
10% scarred 15 13.1 2.0 46.0 10.6
25% scarred 7 14.0 3.0 41.0 15.5
BIBE 1786-1900 All scars 11 9.8 2.0 18.0 8.9
10% scarred 10 75 2.0 34.0 8.8
25% scarred 5 14.0 3.0 42.0 16.7
BIBE 1900-2003 All scars 9 9.7 4.0 19.0 9.3
10% scarred 4 20.3 9.0 46.0 17.8
25%scarred 0 - o o
MCPA 1715-2003 All scars 62 4.4 1.0 24.0 247 . 14
10% scarred 33 7.0 2.0 24.0 6.3
25% scarred 14 16.6 5.0 34.0 15.6
MCPA 1715-1900 All scars 35 4.0 1.0 24.0 4.3
10% scarred 24 7.7 2.0 24.0 6.9
25% scarred 12 14.1 5.0 28.0 135
MCPA 1900-2003 All scars 27 3.0 1.0 10.0 3.2
10% scarred 9 5.2 2.0 11.0 3.9
25% scarred O _ - _
All sites  1715-2003 All scars 99 2.0 1.0 240 215 o 14
10% scarred 28 8.0 1.0 24.0 7.2
25% scarred 10 18.7 2.0 40.0 16.9
All sites  1715-1900 All scars 63 2.0 1.0 24.0 _
10% scarred 22 8.1 1.0 24.0 6.8
25% scarred 9 20.0 2.0 40.0 16.7
All sites  1900-2003 All scars 36 2.6 2.4
10% scarred 5 9.0 3.0 11.0 9.1
25% scarred 0
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Figure 3: Master chronology of fire eventsfor 10% or more samples scarred and
corresponding ring width index of climatic variation for DM TNC.
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Figure4: Master chronology of fire eventsfor 10% or more samples scarred and
corresponding ring width index of climatic variation for BIBE.
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Figure5: Master chronology of fire eventsfor 10% or more samples scarred and
corresponding ring width index of climatic variation for MCPA.
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Tree Age Structure

Tree age structures in the three sites showedheegton pulses following
cessation of the historical pattern of frequerd {ffig. 6). The timing of recruitment
pulses differed by site and corresponded withdlserhajor fire event and settlement
dates for each area. The regeneration pulse in M@fArred later than in the other two
sites, in congruence with the later disruptionhaf historical fire regime. The recruitment
pulse in BIBE followed a fire in 1913, while treegeneration in DMTNC closely
corresponded to the introduction of sheep to the Pavis area in the 1930s and their
subsequent removal of the fine fuels necessarfyrorgnition and spread across the
landscape.

Figure 6: Innermost ring dates of mature conifer treesin BIBE (n =508), DMTNC
(n =429), and MCPA (n = 450).
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Discussion

Fire seasonality at all three sites was more tymtMexico than other parts of
the US Southwest. Fires in DMTNC, BIBE, and MCPA&wted predominantly during
the dormant season, or in the spring prior to teebof the North American Monsoon
System. Most historical fires in the southwestemtéd States have been recorded in the
early wood, probably as a result of lightning igmts during summer monsoon
rainstorms (Swetnam et al. 2001). In contrast, maxdern fires in the Sierra Madre
Occidental and Oriental in Mexico burn during thg sporing when lightning is most
common (Mosifio Aleméan and Garcia 1974, Turman atghE1982, SEMARNAP
2000). This pattern of historical early spring bagn reported for the Mexican portion of
the Sierra Madre Occidental by Heyerdahl and Aldarg2003) and Fulé et al. (2005),
and in the southern Sierra Madre Oriental by Fakk @ovington (1997).

The location of our sites south of Arizona and Nédexico may influence the
strength of the NAMS and the seasonality of cloatdptound lightning in the Trans-
Pecos. A phase shift in climate is known to oca&inieen the Southwest and Mexico,
though the exact location of this shift is not kmo{@tahle et al. 1998). The fact that our
study area is located several hundred miles tedhgheast of the center of the NAMS
over Arizona suggests that the Chihuahuan DeseddBlands may experience climatic
conditions that are much more similar to Mexicath@athe rest of the United States.
Future studies that examine the contemporary spatthtemporal variability of lightning
across the southwestern United States and noriiexico would provide information
about the mechanisms behind the observed diffesandae seasonality.

The small, frequent, low-intensity fires that higtally impacted the forests of the
Chihuahuan Desert Borderlands were similar to atiygorted historical fire regimes in
southwestern North America. Historical MFIs wenmaitar in our study sites to other
regions of the Southwest, which ranged from 3.8533 4ears for fires that scarred >
10% of the samples (Kaye and Swetnam 1998, SweamahBaisan 1996, Fulé et al.
2002). Like elsewhere in the Southwest and nortMerico, our sites probably
experienced fire exclusion as a consequence ohtraduction of large numbers of
livestock that preferentially grazed the fine fueéxessary for fire ignition and spread.
However, the date of onset and the historical faatesponsible for the cessation of fire
in our study areas differed from elsewhere. MucthefSouthwest on the US side of the
border was settled by Euro-Americans around 18&0 #fe successful extirpation of
Native American populations (Bahre 1991, Welsh 19%6e completion of the Texas
and Pacific railroads brought the “cattle boomthe southwest in the late 1800s. This
era was characterized by tremendously high stoaldtes ranging from 4.1-12.3
acres/animal unit in west Texas, compared to ptetsgnstocking recommendations of
75-200+ acres/animal unit (Downie 1978, Clayton3)9%his huge infiltration of cattle
to the Southwest generally coincided with the sqbeat reduction in the amount and
continuity of fine fuels from grasslands and fonastlerstories (Leopold 1924), and the
removal of fire throughout the majority of Arizoaad New Mexico in the late 1800s
(Cooper 1960, Swetnam and Baisan 1996).

At our sites, the introduction of cattle did noeseto change the fuel bed
characteristics sufficiently to incur a drop irefirequency. Instead, the introduction of
sheep and goats to the region in the 1920s andsl&@80cided with and may have been
responsible for the onset of fire exclusion. Draugyhd subsequent cattle starvation
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caused major losses of livestock between 1885 888 ih the west Texas, leaving
ranchers looking for hardier livestock that cowtetate the harsh conditions (Carlson
1982). Sheep and goats were subsequently introdndache numbers to the region in
the early 1900s and local residents in the Big Beadion recall high numbers of sheep
in forest uplands during the 1930s and 1940s (#ilDodson, personal
communication). Grazing habits of sheep and gaatsn@re damaging to grasses than
those of cattle, and this was likely a key factothie drop in fire frequency in DMTNC
and BIBE since the early 1900s.

Fire exclusion dates in MCPA in the mid‘-’2®entury corresponded to other fire-
suppressed sites in Mexico (Heyerdahl and Alvag2@@8, Matthews 2003, Fulé et al.
2005). Fire exclusion dates ranged from the 1938@se 1950s in most sites in the Sierra
Madres, though it occurred somewhat later in th#0$9n the Sierra San Pedro Martir in
Baja California (Stephens 2003), and did not oedwll in several locations of the La
Michilia Protected Area in the southern Sierra Ma@riental (Fulé and Covington
1996). The 1940s and 1950s corresponded to thetribdtion of lands to ejidos by
Lazaro Cardenas between 1934 and 1940 (Lopez amédBleno Mata 1992). The
formation of the ejidos, literally the redistribeni of lands to community landowner
groups, caused the overexploitation of the majaritgrid Mexico because ejidos were
generally given unproductive lands located in resmregions. People from lowlands were
relocated to uplands of the Sierra Madres Oriaatdl Occidental by ejido formation.
Their relocation resulted in the introduction efstock to mountainous regions of
Mexico that were probably not utilized previousty firazing. Increases in livestock
(especially in goats and sheep) in MCPA as a reddjido occupation probably played
a major role in the cessation of fire in the midoliehe 28" century.

Commercial logging was prevalent between 1950 &7@ In MCPA, and may
have also played a role in fire exclusion by chagdhe live and dead fuel bed
characteristics (SEMARNAP 1997). Prior to the fotima of the ejidos, roads were
limited to a few small mining roads in the loweewtions of MCPA. Logging during the
mid-to-late 1900s resulted in an extensive roategyshat still scars the landscape today.
We speculate that roading in MCPA disrupted fuel bentinuity and limited fire spread
throughout the mountain range. The synergisticceéfiéintense livestock grazing due to
the formation of the ejidos and logging was mdstli responsible for the exclusion of
frequent, low intensity fire in MCPA after 1953.

A key finding in our study was that pinyon pinedsts experienced frequent, low
intensity fire. The fire scar samples from BIBE d06TNC were predominantly from
pinyon pines, a species not thought to readily pcedire scars because of its intolerance
to fire (Floyd et al. 2000, Floyd et al. 2004). Quimyon pine fire scar samples contained
between 1 and 4 fire scars each, suggesting tbatittyon pines in our study area were
able to survive multiple fire events. Baker andrf@leman (2004) suggested that the use
of frequent, low intensity prescribed fire in pimguniper woodlands of the West is
misguided, a contention based solely on the laccbfal fire history data that quantifies
the historical range of variability of fires in geforests. Floyd et al. (2000 and 2004)
used stand age data from pinyon pine to quantéfitle history of this species in Mesa
Verde, Colorado. Their results suggested that firgenyon pine woodlands were
infrequent; with fire return intervals between 2000 years. Absence of fire scar data
from Floyd et al. (2000 and 2004) may explain tinégh fire return intervals, but that

22



they were working in a mesa system, rather thantopographically dissected landscape,
may also explain the dramatic differences betwheir tesults and ours.

Our results represent the second pinyon pine gty study based on
dendrochronologically dated fire scars in the westénited States. Our study suggests
that fires occurred much more frequently in thise&s type than believed by Baker and
Shinneman (2004) and Floyd et al. (2000 and 2Q0%),are similar to Brown et al.
(2001) who also documented frequent historicakfirepinyon-juniper woodlands in the
nearby Sacramento Mountains in New Mexico. Thesdirfigs indicate that pinyon-
juniper woodlands in the southeastern portion efSbuthwest probably sustained
frequent, low intensity fires similar to other véaf@on types of the Southwest.

The age structure of the trees in our study sisgported the contention that fire
exclusion resulted in extensive tree recruitmemhil8r tree regeneration responses have
been observed throughout the southwestern UnitesSand parts of Mexico in
response to the disruption of frequent fire reiatarvals as a result of fire exclusion
from grazing and direct fire suppression (Savag#19avage 1991, Swetnam and
Betancourt 1998, Fulé and Covington 1997, Fulé.&x092).
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Chapter 3 Climate as a Fire-Forcing Mechanism on Fire

We determined the strength of the relationshigvben climatic fluctuations and
fire occurrence using superposed epoch analysi&:(Stwetnam and Baisan 1993) with
FHX2 (Grissino-Mayer 2001). At each site, we usszhlly developed tree-ring
chronologies as proxies for climate. SEA was usezbtnpare average annual climate
conditions for the set of fire years recorded o#d.0r more of the fire-scar samples.
SEA uses a moving window to compare climatic cood# 6 years prior to and after a
fire event. Significant climate conditions wereetetined using bootstrapped confidence
intervals based on average annual climate valugstihhe same number of climate years
as the fire year datasets. A principal componemasyais of the tree-ring chronologies
explained 67% of the winter-spring (October-Mayg@qpitation variance of the climatic
station in the Chisos Basin in BIBE from 1944-20@8jch is centrally located relative
to the other two sites.

The regional-scale relationship between climdtictbiations and fire occurrence
was evaluated by performing an SEA of the masterchronology (10% scarred filter)
with independently derived tree-ring reconstructionthe Southern Oscillation Index
(SOI; Stahle et al. 1998) and the Southwestern D8AIght Index Reconstruction
(SWDI) (Cook 2000). SOl is a commonly used measititel Nifio Southern Oscillation
(ENSO), and is the difference in surface air presetween Darwin, Australia and
Tahiti. The SOI is measured as the difference insseface temperatures between Tahiti
and Darwin so that an extremely negative (neaiS€ll) constitutes an ENSO year (wet
year in southwestern North America), and a posiinear +1) SOI is associated with a
La Nifia event (dry year in southwestern North Aregri(Diaz and Kiladis 1992).

Results

Large fires (fires that scarred > 10% of the sas)dbeirned across multiple sites
during significantly dry years (outside 95% bodapfred confidence intervals) according
to the Southwestern Drought Index (SWDI) and thetBern Oscillation Index (SOI)
(Fig. 7). Years preceding fire events were wetugtoour results did not show a
significant trend for pre-fire climate years. Elavige years coincided with positive
extremes of the SOI (La Nifia years), as recongdurom tree rings in the Sierra Madre
Occidental (Stahle et al. 1998), indicating thegsiburned during cool, dry conditions.
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Figure 7: Superposed epoch analyses of ENSO anomalies and hydroclimate for fire
yearsscarring > 10% of fire-scar samplesin the master chronology of the three sites
for (a) the Southwestern Drought Index (SWDI) and (b) the Southern oscillation
index (SOI) (Stahle et al. 1998). SOI isreversed in terms of moisturerelativeto
other proxies (dry yearsare high SOI). Dark gray barsmark significant departures
(P < 0.05) above and below the mean based on bootstrapped confidence intervals.
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Figure 8: Compiled master chronology of fire eventsfor thethree study sites
including firesthat scarred 10% of the samplesin each location.
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Unique fire dates were assessed by comparing\eete between sites (Fig 8).
Of the 55 fire dates, 27 fires were unique to dipaar site, with 16 unique fires at
MCPA, 7 at TNC, and 4 at BIBE. Nineteen of thedi(80%) occurred at 2 sites, and 5
(9%) occurred at all three sites. The synchronoasyears across the three study areas
(1798, 1802, 1884, 1902, and 1937) correspondedtteme positives of the SOI.

Discussion

A pattern of wet years preceding fire eventsofottd by dry fire years is typical
for southwestern North America (Swetnam and Betaricdd®98, Heyerdahl and
Alvarado 2003, Fulé et al. 2005, Brown and Wu 20@&ewhere in the western United
States (Veblen et al. 2000, Donegan et al. 200¢ekdahl et al. 2002, Norman and
Taylor 2003, Floyd et al. 2004) and south Ameri€azperger et al. 1997, Veblen et al.
2000). While our data don’t completely support thegtern (wet years were not
statistically significant), neither to they refuteContinental-scale teleconnections are
known to drive climatic variation at the regionaeake throughout the United States and
Mexico, and they can potentially explain the lirdtween regionally synchronous fire
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events and climate anomalies like the EI Nifio SewrttOscillation (ENSO) (Stahle and
Cleaveland 1993, Lough 1992, Meko 1992, Cleave&ral. 1992).

The current year’s climate affects fuel moisturd &rel availability, while a
combination of wet years followed by dry years tzad to regionally synchronous fires
(Swetnam and Betancourt 1998). Fine fuels suchdsrstory grasses are key
components of fire ignition and spread; they arevkmto be particularly sensitive to
seasonal and annual variation in moisture avaitghi the Southwest (Cable 1975,
McClaran and VanDevender 1995). Winter precipitapoobably affects fire by
influencing soil moisture and the correspondentuinoof live surface fuels. Subsequent
dry years typical of the positive phase of SOI lida year) lower the moisture of fine
fuels and larger woody debris, rendering thesestsrkighly susceptible to regionally
synchronous fire events. Persistent drought irSikera Madres Oriental and Occidental
has been linked to La Nifa episodes. The tropaiafall index correlates well with
instrumental and reconstructed winter precipitagtguggesting strong ENSO modulation
of cool season climate over the Southwest and eorthlexico during La Nifia years
(Cleaveland et al. 2003).

While the process of fine fuel accumulation duriidNifio years and the
subsequent drying of fine and coarse woody fuelsailNifia years is considered the
major mechanism controlling large-scale climaticihog of fire events (i.e. Swetnam and
Betancourt 1998, Heyerdahl and Alvarado 2003, Euld. 2005, Brown and Wu 2005,
Veblen et al. 2000, Donegan et al. 2001, Heyerdal. 2002, Norman and Taylor 2003,
Floyd et al. 2004, Kitzberger et al. 1997, Vebléale2000), no quantitative comparisons
exist to determine whether fine fuel accumulatiod &uel moisture during El Nifio/La
Nifia years differ dramatically from mean climatanditions. Nor is there any
information that quantifies potential variationdloud-to-ground lightning frequency
during El Nifio/La Nifia cycles, which could also &ip why more fires are observed
during these climate anomalies. Future researchrihestigates the mechanisms that
drive the climate forcing of fire events could ldaccausational, rather than correlational,
explanations of the fire-climate relationship.
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Chapter 4 Vegetation Types, Forest Size Structure, and Species-
Environment relationshipsin the Chihuahuan Desert Borderlands

We quantified the dominant vegetation types andsibe-structure of vegetation
in the three study sites using nested, circulaediarea plots. Trees5cm diameter at
breast height (dbh) were measured in 10 m radots,nd the species, dbh, total height,
live crown height, and the live crown ratio werearled for each tree. Seedlings were
tallied by species on 5 m radius plots. Percenecof grass, shrubs, and bare soil were
recorded in six cover classes (<1 %, 2-5%, 6-25845@%0, 51-75%, and 76-100%). Plot
areas were corrected for slope. Species importeaioces were calculated for each tree
species within each plot as the sum of the relatasmsity and the relative basal area (BA)
of each species (0-200 range). Forest size strugtas quantified using size, height, live
crown height, and live crown ratio measurementseTtensity (H4) was calculated in 5
cm size-classes for each species in each plotresaaure of stand structure.

Plots with similar woody plant composition werentiBed using cluster analysis.
We clustered species’ importance values using VBar#thod, and relative Euclidean
distance as the similarity measure with PC-Ordvgarié (McCune and Mefford 1999).
Differences in species composition in each grougewletermined using indicator
species analysis (Dufréne and Legendre 1997).

The strength of species-environment relationshigevanalyzed using non-
metric multidimensional scaling ordination techreqyKruskal and Wish 1978) and PC-
Ord software (McCune and Mefford 1999). The potrdontribution of site in
explaining variation in species abundance was ifieditoy correlating (Pearson product
moment) NMDS axis scores with environmental vagabDifferences in species
importance values and environmental variables @apklmong groups were compared
using a multiple response permutation procedureFMR
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Table 2: Environmental variables used for quantifying tree species-environment
and fuels-environment relationships using non-metric multidimensional scaling.

Variable code Definition

Landscape Metrics

elevation elevation (m)

N aspect Cosine transformation of aspect (degrees) (Beers et al. 1966)
1.0 (southwest) to -1.0 northeast

E aspect Sine transformation of aspect (degrees) (Beers et al. 1966)
1.0 (southwest) to -1.0 northeast

slope lope (degrees)

ISF incident sky factor calculated from hemispherical photographs using Hemiview
Canopy analysis software, Version 2.1

DSF diffuse sky factor calculated from hemispherical photographs using Hemiview
Canopy analysis software, Version 2.1

TRMI topogrpahic relative moisture index calculated as the slope aspect and pitch, slope position, (mesic)
configuration that ranges from 0 (xeric) to 60 Parker (1982)

PRR cumulative potentail relative radiation based on hourly solar position,
topography and topographic shading (Pierce et al. 2005)

topopos 150 topographic position, calculated as the difference between a cell's elevation
and the mean elevation of cells within a 150 m radius

topopos 450 topographic position, calculated as the difference between a cell's elevation

and the mean elevation of cells within a 450 m radius

topo configuration topographic configuration ranging from concave to convex
calculated using the spatial analyst function in ArcMap 9.1

Landform landform type derived from Terrain Analysis System software (Lindsay 2005)
based on Pennock et al. (1987). Landform types include (1) convergent
footslope, (2) divergent footslope, (3) convergent shoulder, (4) divergent shoulder,
(5) convergent backslope, (6) divergent backslope, and (7) level

sediment transport sediment transport capacity index = (As/ 22.13) ~ 0.6 x (Sin S/0.0896) ~ 1.3
where As = the specific catchment area and S = the local slope

wetness index wetness index (Beven and Kirkby 1979) derived from Terrain Analysis System

software (Lindsay 2005) defined as WI = In(As/tanS).
network index minimum wetness index value encountered along a flowpath (Lane et al. 2004).

This value defines when a cell with a zero or negative saturation deficit is connected to the drainage network
flow direction flow direction from ArcHydro extension in ArcMap 9.1 and 30-m DEM

flow accumulation flow accumulation from ArcHydro extension in ArcMap 9.1 and 30-m DEM

Results

Our data suggested nine dominant forest vegetatpas across the three study
sites: gray oak, gallery forest, graves oak, ensaily; pinyon pine, oak-pinyon-juniper,
ponderosa-sw white pine, Arizona cypress-fir, afigador juniper. Species composition
differed significantly by vegetation type, and tiemes of the vegetation cover types
were assigned using the names of species withihdytator values from indicator
species analysis.

The vegetation types varied significantly by spg@emposition and structure
(MRPPP < 0.001) (Tables 3 and 4). The spatial distributbthe vegetation types
varied by environment (Tables 5 and 6, Fig. 9). INCThad only four vegetation types:
pinyon pine, oak-pinyon-juniper, alligator junipand ponderosa-sw white pine forest.
BIBE had six major vegetation types with severd waodland types not found
elsewhere in the study area. These included: gry®raves oak, Emory oak, pinyon
pine, oak-pinyon-juniper, and alligator juniper.ellargest variety of vegetation types
occurred in MCPA: gray oak, gallery, pinyon pinakeinyon-juniper, alligator juniper,
ponderosa-sw white pine, and Arizona cypress-fiyetation types. The Arizona cypress-
fir vegetation type was unique to MCPA.
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Table 3. Descriptions of dominant species and environmental characteristicsfor
forested vegetation typesin the study area.

Vegetation Type

Dominant Species

Environmental Setting

Gray oak

Quercusgrisea, Q. arizonica, Pinus
cembroides

Dry sites
Middle elevations
Southerly aspects

Gallery forest

Q. laceyi, Q. gravesii, Q. gracilliformis,
Q. mohrinana, Acer grandidenta, Tilia
Americana,

Low to middle elevations
Mesic sites

Valley bottoms

Low incident solar radiation

Graves oak

Q. gravesii, Arbutus xalapensis, Acer
grandidentata, Juniperus flaccida

Middle elevations

Mesic sites

Valley bottoms

Low incident solar radiation

Emory oak

Q. emoryi

Low elevations

Mesic sites

Valley bottoms

Low incident solar radiation
Gentle slopes

Pinyon pine

P. cembroides, Q. grisea

Middle elevations

Dry sites

Convex slopes

High incident solar radiation
Upper topographic positions

Oak-pinyon-juniper

Q. grisea, P. cembroides, J. deppeana

Middle elevations

Dry sites

Convex slopes

High incident solar radiation
Middle topographic positions

Ponderosa-sw white pine

P. ponderosa, P. strobiformis, Q.
sideroxyla

High elevations
Mesic sites
Low incident solar radiation

Arizona cypress-fir

Cupressus arizonica, Abies coahuilensis,
Pseudotsuga menziesii. P. strobiformis

High elevations
Most mesic sites
Lowest incident solar radiation

Alligator juniper

J. deppeana

Middle elevations
Gentle slopes
High incident solar radiation
High grass cover

Within a vegetation type, overall species compositliffered among sites. Gray
oak, pinyon pine, and oak-pinyon-juniper forest8IBE contained a juniper complex
(Juniperus deppeana, J. flaccida, andJ. pinchotii) not found in the other two sites. While
these juniper species also occurred to some extdmCPA, J. flaccida andJ. pinchotii
primarily occurred at BIBE. The pinyon pine, oakwygn-juniper, and alligator juniper
forests in MCPA had a greater incidence of oakiggdban did the other two sites. In
MCPA, these forest types contained mixtureQuoércus grisea, Q. arizonica, Q.
mohriana, and Q. laceyi. The primary oak species in these vegetation tgpesher two

sites wagQ. grisea.

The distribution of vegetation was dependent oalleavironment (Table 5, Fig.
9). The ordination of species composition and emritental variables identified
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elevation, soil moisture (TRMI), incident solar raibn, slope, and topographic position
as major factors driving species composition astritution. Grey oak forests were
found on dry sites at middle elevations on soutlaspects. Gallery, Graves, and Emory
oak forests were all found on sites with low incitlsolar radiation (mesic valley
bottoms), but each dominated different elevatigmatiients. Emory oak forests were
found at low elevations and on less steep slogasttie other two valley bottom forest
types, and had higher shrub cover. Pinyon pinecakepinyon-juniper forests were
found at low to intermediate elevations on dry,y@nslopes with high incident solar
radiation. Pinyon pine and oak-pinyon-juniper fotgpes were differentiated by their
distributions on upper (pinyon pine) versus midaiak-pinyon-juniper) topographic
positions and oak-pinyon-juniper forests had higyaae soil, grass and shrub cover.
Ponderosa-sw white pine and Arizona cypress-fedts existed at upper elevations on
mesic sites with low incident solar radiation. Tiwe forest types were differentiated by
moisture and insolation, with Ponderosa-sw whiteegorests occupying wetter sites,
with higher incident and potential relative radiatiPRR) than Arizona-cypress fir.
Finally, Alligator juniper forests were found onngle slopes at middle elevations, and
were characterized by high incident solar radiatind low flow accumulation. This
forest type also had high grass cover mixed witbhgs of bare soil.
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Table4: Basal area and density by speciesfor each vegetation typein BIBE, MCPA, and DM TNC (n = 600).

yetation type gray oak gallery forest graves nak emory oak pinyon pine
BIBE MCPA, MCPA BIBE BIBE BIBE MCPA, DMTNC
Site n=33 n=22 n =58 n=18 n=20 h=k5 n=14 n =53
SPECIES BA DENS BA DENS BA DENS BA DENS EA DENS EA DENS EA DENS EA DENS
Ables coahuliensia 0o 0o 0o 0.0 0.0 1.1 0o 0o 0o 0o 0o 0o 0.0 0.0 0.0 0.0
Acer grandidentata oo 0o 0o 36.4 1.1 254.0 06 2531 oo oo oo oo 0.0 0.0 0.0 0.0
Arbuius xalapensis 0o 4.2 05 1.4 0.2 16.9 0g9 48.4 0o 13.3 01 10.8 01 10.3 0.0 1.9
Calliandra confarta oo 0o 0o 0. 0. 0. oo 32 oo oo oo oo 0.0 0.0 0.0 0.0
Cellis lasvigala 0o 201 0o 3001 0.0 287 0o 15.0 0o 42 0o 0o 0.0 0.0 0.0 0.0
Crelagous fraceyi oo 0o 0o 182 0. 79.2 oo 250 oo oo oo oo 0.0 45 0.0 0.0
Cupressus arlzonica 03 5.0 01 5.8 1.1 30.2 45 39.8 0o 0o 0o 2.4 02 4.3 0.0 0.0
Alnus acuminata oo 0o 0o 0. 0. 149 oo oo oo oo oo oo 0.0 0.0 0.0 0.0
Fraxinus cuspidata 0o 0o 0o 0.0 0.0 05 0.1 49.5 0o 67 0o 16.9 0o 0.0 0.0 0.0
Fraxinus gragi! oo 6.9 0o 1581 IR 47.5 0.1 1689 oo 6.4 oo 6.2 0.0 0.0 0.0 0.0
Fraxinus velulina 0o 0o 0o 39.3 0.2 147 0o 0o 0o 0o 0o 15 0.0 1.4 0.0 0.0
Juhiperus deppeana 1.1 445 06 36.2 09 41.2 0.5 353 0.4 91.5 38 1181 24 107 .1 18 1419
Juniperus fiaccida 15 371 01 756 0.1 1258.2 1.3 48.4 08 437 25 343 06 2430 0.0 0.0
Juniperus pinchofil 08 109 D4 267 0.0 0.0 0o 0o 0z a8 01 38 0o 45 0.0 0.0
Osirva virginiana 0o 0o 0o 0.0 0.1 100 0o 0o 0o 0o 0o 0o 0.0 0.0 0.0 0.0
Pinus cambroides 50 197.8 1.3 2203 0.z 2745 1.8 65.9 21 164.9 a7 4057 g1 821.3 B.5 5365
Pinus ponderosa oo oo 04 58 04 BB 5 16 746 0o 0o 0o 0o 03 58 00 24
Pinus sfrobiformis oo 0o 0o 0. IR 388 oo oo oo oo oo oo 0.0 0.0 0.0 0.0
Fopuius angushiolia on 158 oo [alli] 01 11 nn nn nn nn nn 4/ nn nn nn nn
Populus fremontil 0o 0o 0o 0.0 0.1 0.5 0o 0o 0o 0o 0o 0o 0.0 0.0 0.0 0.0
Prunus seroling oo oo oo 136 0.0 514 0o 146 0o 200 0o 10 0o 00 00 00
Pseudofsuga menzesil 0o 0o 0o 0.0 0.2 51.2 0.1 32 0o 0o 0o 0o 0o 0o 0o 0o
Quercus anizonica oo 1579 09 1436 16 183.2 0o 730 0o B57 0o 1359 02 295 00 00
Quercus emaoryl 0.1 218 0o 4.5 0.0 18.3 03 259 BB 4431 0o 6.9 0.0 0.0 02 BB.5
Quercus gambeali oo oo oo 0.0 0.0 0.0 0o 0o 0o 0o 0o 0o 0o 00 00 00
Quercus graciliformis 0o 0o 03 7.2 06 2389 oo oo oo oo 0o 0o 0o 0o 0o 09
Qeurcus gravesl 03 251 10 179.2 21 356.0 109 7896 93 B7 B 10 554 0o 209 00 00
Qeurcus grisea G.4 470.2 5.3 5498 16 136.1 20 721 05 321 38 219.0 1.7 166.0 43 302.3
Quercus hypoleucoldes 0o 0o 01 103 0.2 738 0o 0o 0o 0o 0o 0o 0o 74 0.0 82
Quercus facey! 0o 0o 0.4 0.8 19 406.4 0o 1811 0o 67 0o 0o 02 53.2 0.0 0.0
Quercus mohriana oo oo 04 42 8 2.4 196.3 0o 50 0o 200 0o 0o 04 517 00 00
Quercus meuhisgmbergil 0o 0o 0o 0.0 0.1 205 03 1.6 oo oo 0o 0o 0o 0o 0o 0o
Quercus oblongifolia 0o 0o 0& 16.3 05 11 0o 32 0o 0o 0o 0o 02 43 0.1 19
Quercus pungens 0o 17 0o 0.0 0.0 1.7 0o 0o 0o 0o 0o 1.0 0.0 0.0 0.0 0.0
Quercus rugasa oo oo oo 0.0 0.8 108 0o 0o 0o 0o 0o 0o 0o 150 00 00
Quercus shumardil 0o 0o 0o 0.0 0.0 0.0 0o 0o 0o 0o 0o 0o 0.0 0.0 0.0 0.0
Quercus sideroxyla 0o 0o 0o 0.0 0B 0.0 no no no no 0o 185 0o 0.0 0.0 37
Quercus fardifolia 0o 0o 0o 213 0.0 0.0 0o 0o 0o 0o 0o 0o 0.0 1.4 0.0 0.0
Quercus turbinalla oo 0o 0o 0. 0. 0. oo oo oo oo oo 15 0.0 0.0 0.0 0.0
Quercus vaseyana 0o 0o 0o 0.0 0.0 0.0 0o 0o 0o 0o 0o 0o 0.0 0.0 0.0 0.0
Salix nigra oo 0o 0o 0. 0. 1.1 oo oo oo oo oo oo 0.0 0.0 0.0 0.0
Slryax youngiae 0o 0o 0o 0.0 0.0 0.0 0o 0o 0o 0o 0o 0o 0.0 0.0 0.0 0.0
Tila amearicana 0.0 0.0 0.0 9.1 0.8 282 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 15.2 1019.0 15,1 1849.5 18.6 2519.6 25.1 1545.6 20.0 995.7 21.2 1045.6 14.3 1562.0 13.0 10563




Table4: Continued.

ee

vegetation type oak-pinyonjuniper ponderosa-sw white pine Arizona cypress-fir alligator juniper
BIEE MCPA DMTNC WCPA DMTRIC MCPA BIBE WCPA DMTRIC
site n=14 n=14 n=78 n=45 n=14 n=21 n=13 n=12 n=72

SPECIES BA DENS BA DEMNS BA DENS BA DEMS BA DENS BA DEMS BA DENS BA DEMS BA DENS

Abies coahullensis 00 0.0 0.0 0.0 0.0 0.0 0.5 2124 0.0 0.0 2.6 427.0 0.0 0.0 0.0 0.0 0.0 0.0
Acer grandidentata 00 0.0 0.2 35 0.0 0.0 0.0 0o 0.0 0.0 0.2 30 0.0 0.0 0s 27 0.0 0.0
Arbutus xalapensis 0.1 0.0 0.7 28.3 0.0 1.4 01 96.4 0.1 133.0 0.0 126.8 0.0 0.0 0.0 11.0 0.0 0.4
Calliandra confaria 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Celtis laevigata 00 0.0 0.0 0.0 0.0 0.0 0.0 89 0.0 0.0 0.0 143 0.0 0.0 0.0 167 0.0 0.0
Cratagous traceyl 00 0.0 0.0 0.0 0.0 0.0 0.0 124.4 0.0 0.0 0.0 5905 0.0 0.0 0.0 0.0 0.0 0.0
Cupressug arizonica 00 0.0 0.0 35 0.0 0.0 12 63.7 0.0 0.0 14.0 4656 0.0 0.0 0.0 27 0.0 0.0
Alnus acuminala 00 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0
Fraxinus cuspidata 00 21.4 0.0 0.0 0.0 0.0 0.0 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0
Fraxinusg gragil 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fraxinus velutina 00 0.0 0.1 108 0.0 0.0 0.0 00 0.0 0.0 0.0 15 0.0 a1 0.0 00 0.0 0.0
Juniperus deppeana 75 369.4 7.0 180.5 46 2857 0.8 32.6 06 738 0.1 3.0 59 2953 107 347 7 95 7005
Juniperus fiaccida 14 341 0.0 122.2 0.0 0.0 0.0 80.0 0.0 0.0 0.0 0.0 1.2 521 0.0 166.7 0.0 0.0
Juniperus pinchotii 01 91 0.0 0.0 alls} 0.0 00 uls} ili} 00 0.0 0.0 01 232 00 uls} ili} 00
Ostryva virginiana 00 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0
Finus cembroides 1.9 4.9 0.9 152.6 31 4215 04 8.8 0.1 131.8 0.2 153.7 5.4 194,0 37 4221 23 334.4
Finus ponderosa 00 0.0 0.8 217 0.5 256 77 4258 9.3 3740 14 40.9 0.0 0.0 0.0 24.6 0.1 425
Finus strobiformis 00 0.0 0.0 44.4 0.0 29 75 1169.9 27 3411 38 268 8 0.0 0.0 0.0 0o 0.0 0.0
Populus angusiifolia oo 0o 0.0 0.0 [alls} 0.0 0.0 00 0o 0o 0.0 0.0 [alls} 0.0 0.0 16.7 0o 0o
Fopulus fremontii 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Prunus seroting 00 0.0 0.0 0.0 0.0 0.0 0.0 12.4 0.0 0.0 0.0 15 0.0 0.0 0.0 0o 0.0 0.0
Fsaudatsugsa menzesi 00 0.0 0.0 0.0 0.0 0.0 12 535 0.0 0.0 2.3 3246 0.0 0.0 0.0 8.3 0.0 0.0
Quercus arizonica 00 185.7 0.3 359 0.0 0.0 0.3 43.9 0.0 0.0 0.4 101.8 0.0 273 0.2 40.9 0.0 0.0
Quercus emary 02 387 0.0 0.0 0.0 404 0.0 35 0.0 50.0 0.0 0.0 041 145 0.0 0o 03 162.3
Quarcus gambelii 00 0.0 0.0 0.0 0.0 7.2 0.0 0.0 09 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Quercus gracilliformis 0.1 45 0.0 0.0 [alls} 0.0 0.0 07 04 3.0 0.1 1.5 [alls} 0.0 0.0 1.0 0o 04
Qeurcus gravesi] 0s 205 0.2 108 01 156 05 £3.4 14 3.0 0.1 236 01 16 10 77.3 0.0 0.4
Qsuircus grisea 109 5118 7.9 4119 9.1 5317 07 50.5 02 165.9 0.9 161.5 15 60.8 22 117.9 26 2292
Quercus hypolaucoides 00 0.0 0.1 18.2 0.8 157 0.0 3212 11 308.9 0.0 333 0.0 0.0 0.0 0.0 0.0 485
Quercus laceyi 00 0.0 0.4 9.2 0.0 0.0 02 250 0.0 0.0 0.3 581 0.0 0.0 0.0 00 0.0 0.0
Quercus mohriana 00 0.0 0.3 359 0.0 0.0 06 104.3 0.0 0.0 0.2 45 0.0 0.0 19 198.2 0.0 0.0
Quarcus meuhlembergii ula] 00 0.0 0.0 [alls} 0.0 02 2.0 00 iy} 0.1 76 [alls} 0.0 0.0 00 0o 0.0
Quercus ablonglifolia 00 0.0 0.2 182 0.0 0.0 0.0 14 07 159 0.0 6.1 0.0 0.0 0.9 31.8 0.0 0.0
Quercus pungens [ihi] 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0
Quearcus rugosa 00 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Quercus shumardii 00 0.0 0.0 0.0 0.0 0.0 0.0 2107 0.0 0.0 0.0 2847 0.0 0.0 0.0 0.0 0.0 0.0
Quercus sideroxyla 00 0.0 0.0 0.0 0.0 0.0 73 0o 0.0 0.0 2.4 0.0 0.0 0.0 0.0 0o 0.0 0.0
Quarcus tardifolia oo 0o 0.0 144.4 0.0 26 00 00 0o 0o 0.0 3977 0.0 0.0 0.0 0.0 0o 0o
Quercus furhinella 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 143 0.0 0.0 0.0 0.0
Quercus vasayana 00 0.0 0.0 0.0 0.0 0.0 01 28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0
Salix nigra 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sinvax younglag 00 0.0 0.0 0.0 0.0 0.0 0.0 07 0.0 0.0 0.0 15 0.0 0.0 0.0 0.0 0.0 0.0
Tila americana 00 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0o 0.0 0.0
Total 32.7 1540.2 19.1 13117 1583 1446.4 252 3633.2 13.1 16423 298 34832 142 7027 212 14952 14.8 15191




Figure 9: Non-metric multidimensional scaling of vegetation samples (h=600) based
on speciesimportance values. Different symbols represent species composition

groupsidentified by cluster analysis.

0O Gray oak
m Mesic woodland
A Graves oak

o Emory oak

AX 2

X Pinyon pine

<© Oak-pinyon-juniper

+ Ponderosa-sw white
pine

A Arizona cypress-fir

X Alligator juniper

Table5: Pearson product moment coefficients (n = 600) of environmental variables

for NMDS axes 1, 2, and 3 from vegetation plotsin DMTNC, BIBE, and MCPA.

Values greater than 0.0877 are significant to p < 0.05.

variable axis 1 axis 2 axis 3
elevation (m) -0.094 -0.024 -0.327
slope (degrees) 0.29 -0.188 -0.045
ISF -0.165 0.16 0.468
DSF -0.135 0.147 0.422
n aspect 0.03 -0.027 -0.093
e aspect -0.01 0.099 -0.009
TRMI 0.07 -0.085 -0.31
PRR -0.27 -0.019 0.164
convexity -0.067 0 0.118
downslope neighbors -0.142 -0.109 -0.014
downslope elevation 0.043 -0.214 -0.161
flow accumulation 0.115 0.072 -0.037
flow direction 0.035 0.087 -0.048
sediment transport 0.017 -0.164 -0.107
network index 0.005 0.223 0.15
relative elevation 0.137 0.2 0.037
shade relief -0.009 0.123 0.036
topopos 450 -0.158 0.078 0.175
topopos 150 0.209 0.035 -0.073
wetness index 0.022 0.116 -0.015
grass cover (%) -0.373 0.006 0.267
shrub cover (%) 0.154 0.043 0.31
bare soil (%) -0.117 0.119 0.164
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Table 6: Mean environmental attributesfor each vegetation typein sample plotsin DMTNC, BIBE, and MCPA (n = 600).

ge

gray gallery graves emorypinyon oak - ponderosa pine -Arizona alligator

oak forest oak oak pine pinyon - sw white pinecypress - fir juniper

n =60 n=72 n=18 n =20 n = 147 n =106 n =59 n=21 n =97
elevation (m) 1917 1906 1834 1657 2037 2021 2364 2376 1924
slope (degrees) 20 23 22 12 20 17 18 19 12
ISF 0.573 0.333 0.381 0.585 0.555 0.568 0.349 0.282 0.597
DSF 0.625 0.367 0.406 0.632 0.589 0.597 0.399 0.312 0.620
e aspect 0.071 -0.194 0.224 0.157 0.072 0.010 0.149 0.156 0.074
n aspect 0.035 0.145 0.282 0.219 -0.101 0.048 0.065 -0.009 0.080
TRMI 29 34 39 34 25 29 34 31 31
PRR 18158 18266 15689 17963 18652 19417 18018 17771 19718
network 5.3 4.1 7.0 7.4 5.4 5.2 4.1 4.7 5.6
relative elevation 96.9 93.9 98.2 97.3 97.1 96.2 97.3 97.5 95.3
shade relief 0.48 0.45 0.48 0.49 0.52 0.48 0.51 0.54 0.49
topo pos 450 1.7 -16.6  -52.3 -22.3 119 -0.9 3.0 -4.6 -0.7
topo pos 150 -1.0 -0.7 16.2 4.7 -0.9 -1.0 -0.4 2.5 -1.2
wetness index 6.47 5.89 7.15 7.54 6.05 5.87 6.07 5.95 6.48
topo config 0.55 -0.37  -1.98 -0.54 041 0.22 -0.16 0.41 -0.05
downslope neighbor 3 4 3 2 4 4 4 4 4
down elev 8 16 5 4 10 12 13 13 7
flow accumulation 48 48 62 337 14 32 13 25 36
flow direction 30 23 53 38 31 27 36 32 31
sediment transport 13.5 24.3 9.6 6.4 13.8 16.3 21.6 16.3 115
grass (% 45 41 26 50 52 59 37 32 66
shrub (% 34 16 26 46 23 26 5 11 21
soil (% 33 34 40 45 41 49 26 38 49




Figure 10: Mean size-class distributions (#/ha) in 5-cm classes of treesin the 6 vegetation typesin DMTNC.
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Figure 10: Continued. M ean size-class distributions (#/ha) in 5-cm classes of treesin the 6 vegetation typesin MCPA.
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Figure 10: Continued. M ean size-class distributions (#/ha) in 5-cm classes of treesin the 6 vegetation typesin BIBE.
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All vegetation types in all three sites had highgiges of young, small diameter
trees (Table 4, Fig. 10). Reverse-J size distrimstiof conifers suggested a multi-aged
population, while the size distributions of mosk @pecies showed a peak at intermediate
size classes. The high densities of small-dianeateifers £10 cm DBH) in all
vegetation types was consistent with the age dathsuggested that the majority of trees
in the three study areas regenerated after fireewelsided as a disturbance process.

Discussion

Species Sorting Patterns

Environmental variation across landscapes is akvalvn influence on tree
species composition and forest stand structure r€uults are similar to prior research in
Southwestern mountain ranges that identified elenatnd soil moisture as the dominant
influences on species sorting patterns (WhittakelrMiering 1965 and 1968, and 1975,
Wentworth 1981, Heubner et al. 1999, Barton 19@4|é> et al. in press). In addition to
elevation and soil moisture, our results sugget$tatisolar radiation and topographic
position were also important factors influencingetdistribution patterns in our study
region.

Elevation affects vegetation by decreasing tempegatith increasing elevation
according to the environmental lapse rate, gemeyddiwer temperatures and higher soil
moisture at high elevations (Tranquillini 1964).its why more mesic vegetation types
such as Arizona cypress-fir forests and ponderosafprests occurred at higher
elevations, and xeric forest types with pinyon panel juniper dominated lower
elevations.

Topographic position also affects forest microckesadbecause incident solar
radiation varies across the surface of a slope.drdaapographic positions experience the
least amount of solar radiation because it is ofédlected upwards to mid-slopes, and
because they receive shade relief from surrourslmges. This further explains the
occurrence of mesic vegetation types like gallerg$ts and Graves oak woodlands on
lower topographic positions and valley bottoms. Midpes have the highest incident
solar radiation due to direct incoming radiationl aeflection of radiation off other
topographic positions. Drought tolerant vegetatiygpes dominated these hotter and drier
sites.

The tree species’ distribution patterns we idegdifin our study were probably
the result of the physiological ecology of treesalation to drought and temperature
tolerance. Junipers are known to be some of the droaght tolerant tree species in the
Southwest (Padien and Lajtha 1992), which may éxp¥&y Juniperus deppeana
dominated lower elevations that were charactergeldw soil moisture and high solar
radiation. Species such Bsus ponderosa andP. strobiformis were restricted to upland
valley bottoms because of their competitive advg@tan wetter sites, but inability to
survive and grow on the harshest sites in DMTNQt@a1993, Barton and Teeri 1993).
Site generalists lik. cembroides spanned a wide range of site conditions due tio the
adaptability to a variety of moisture and radiatiegimes (Poulos and Berlyn, in
review).
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Forest Stand Structure

The high density of small diameter trees acrosssites corresponds to the recent
recruitment patterns observed in other fire-sug@eésites in the southwestern United
States (Fulé et al. 1997, Fulé et al. 2002, Méleal. 2003, Moore et al. 2004, Heinlein et
al. 2005). Stand densities in BIBE, DMTNC, and MCWwére high, and they
corresponded most closely to work by Sakulich aaddr (n review), who reported tree
densities of over 1500 stems per ha for pinyonjangher-dominated portions of the
Guadalupe Mountains, only 250 km to the north. Whniée densities were similar in dry
forest types, our study sites had much higherdesssities than the Guadalupe Mountains
in mesic vegetation types dominated by ponderasa, gouthwestern white pine,
Arizona cypress, and fir. Tree densities in DMTNErg/similar to the fire-suppressed
mixed conifer forests in the Camp Navajo Army Na#bGuard Base and in the San
Francisco Peaks of Arizona, which averaged 1438ste and 1613 stems Ha
respectively (Fulé et al. 1997, Heinlein et al. 200

Differences between conifer and oak diameter thistions in our sites are likely
related to species life history. Ponderosa pinethseestern white pine, pinyon pine and
alligator juniper all regenerate readily from s&athin 10-20 years after fire (Krugman
et al. 1974, Moir et al. 1979, Evans 1988, Eadle1996). This suggests that the pulse in
tree recruitment beginning in the early 1900s iBBband DMTNC, and in the mid-
1900s in MCPA may have occurred following the fastevents, which has persisted
because of continued fire exclusion. In contrastjomoak recruitment events occur
through post-fire sprouting in the western Unitedt&s, with some seedling regeneration
during fire free intervals (McClaran and Bartolof®#89, Nyandiga and McPherson
1992, Keeley 1992, McClaran and McPherson 19990B&l999). The high densities of
intermediate sized oaks in BIBE, DMTNC, and MCPAyrba the remnant of post-fire
sprouting after the last major fires in these sites

Surprisingly, tree densities in MCPA were highartithe other two sites in all
vegetation types but alligator juniper, suggestivag factors other than fire history may
play an important role in determining forest staedsity. While higher elevation areas
comprised of ponderosa pine, southwestern white, ginizona cypresJurpressus
arizonica), Coahuila fir Abies coahuilensis), and Douglas fir were logged during the
1950s and 1960s, lower elevation pinyon pine, jenipnd gray oak forests were never
harvested. The higher density of trees acrossegktation types in MCPA relative to the
other two sites suggests that historical loggingi¢w occurred in only some vegetation
types) is also not a probable cause for the difiegs in stand density in MCPA versus
BIBE and DMTNC.

Environmental factors are the most likely explaomfior the higher tree densities
in MCPA. Variations in climate exist between theethmountain ranges because of the
“Massenerhebungseffect,” (Schroter 1908 and 1926&)auntain mass buffering effect
discussed by Barry (1992). The mountain mass baoffexffect indicates that larger
mountains have more stable climatic conditions graaller mountains because of their
size. The Sierra del Carmen is the largest anelstadif the three mountain ranges, which
may equate to slower warming or cooling of this mtain range relative to the other
sites. The greater climatic stability of the Siedeh Carmen may foster higher tree

40



regeneration and survival compared to the otheflenmaountains that may be exposed
to greater climatic variability.

Larger mountains have greater wet and dry adiabsgige rates and cloud cover
than smaller mountains. Because of this, MCPA gbblaas greater precipitation and
receives less incident solar radiation. Cloud caret summer storms are often seen in
MCPA from across the border in BIBE when BIBE, simeallest of the three mountain
ranges, is experiencing clear sky conditions (Poylersonal observation). The longer
elevational gradient in MCPA could be responsibletfiese observations and could have
the effect of stimulating greater thermal formatioloud cover, and subsequently higher
tree densities.

Lastly, mountain range orientation can influendmatic conditions. DMTNC
and BIBE are east to west facing mountains, whil@MA is oriented north to south.
Aspect effects on vegetation are well understood,can be quite pronounced in the
Southwest (Barry 1992). The orientation of mountaimges modifies the regimes of
temperature, evaporation, convection, and thermiadlyced wind circulations as a result
of the augmentation (reduction) of solar radiatieceipts on equatorward- (poleward)
facing slopes. Plant species composition and deaait change in response to such
environmental variability. The fact that MCPA hasath-south orientation means that it
receives reduced solar radiation relative to tihewotwo mountain ranges. The reduced
solar radiation could foster tree establishmentgnoavth, explaining the higher tree
densities in this site.
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Chapter 5 Tree Species Diversity

We assessed variation in species diversity aetbecales: within vegetation types
(o), among vegetation typeB)( and across the landscapg Species’ count data for
each plot were used in the diversity analysis (Vskér 1972). Species richne&s),
Simpson diversityd), Shannon diversity (H’), were used as measuredpbia diversity
(o), along with two non-parametric incidence-baseetsgs richness estimators, Chao
and Jack(e.g. Whittaker 1972, Magurran 2004). We consaddample-based
rarefaction curves (species accumulation as aifumof occurrence) with 95%
confidence intervals (Colwell et al. 2004) to asssmmpling completeness and to
compare differences in species richness among atgetypes usingstimateS software
(Version 7.5, Colwell 2005). Variation in Bet@) diversity (the degree to which different
vegetation types shared species) was identifietulaccard and Sgrenson similarity
indices that were modified and scaled by Céaal. (2005) to accommodate for sample
size differences among vegetation types. Gamindandscape diversity) was estimated
and compared between sites using all of the plataeh site to quantify landscape-scale
species richness. Gamma diversity was calculatembbsgtructing a rarefaction curve for
all samples and all species in DMTNC, BIBE, and MCRespectively.

Results

Alpha Diversity

Vegetation types associated with mesic sites hglteispecies richness (more
individual species) than vegetation types assatmaith dry sites (Figs. 11). Gallery
forests had much greater species richness thathalt vegetation types, while Emory
oak and alligator juniper forests had the lowestsgs richness (Fig. 11).

Figure 11: Sample-based rarefaction curvefor richness of woody plant size
structurefor each vegetation typein the study. Numbers correspond to vegetation
typesasfollows: 1 =gallery forest, 2 = Arizona cypress-fir, 3= Graves oak, 4 =
ponder osa-sw white pine, 5 = gray oak, 6 = pinyon pine, 7 = oak-pinyon-juniper, 8 =
Emory oak, 9 = alligator juniper.

45 -
40 A
35 1
30 A
25 1

Sobs

20 A
15 A
10

T T T T T T
1 26 51 76 101 126 151

# Samples

42



Beta Diversity

Chao-Jaccard and Chao-Sorenson similarity indieesaled that dry site forests
had low beta diversity (more species in common)lemlietter forest types had higher
beta diversity (more distinct species assembladed)le 7). Gallery forests were an
exception to this generality as they shared speuitbsadjacent forest types including
oak-pinyon-juniper, ponderosa-sw white pine, anadwa cypress-fir forests.
Ponderosa-sw white pine and Arizona cypress-fedts had species in common, but
shared few species with other vegetation types.

Table 7: Chao-Jaccard and Chao-Sorenson similarity in woody plant species
composition between vegetation typesin the study region.

CHAO-JACCARD

gray oak mesic woodland graves oak emory oak pinyon pine oak-pinyon-juniper ponderosa-sw white pine cypress-fir alligator juniper

gray oak X
gallery forest 0.772 X
graves oak 0.84 0.66 X
emory oak 0.90 0.31 0.75 X
pinyon pine 0.96 0.81 0.87 0.95 X
oak-pinyon-juniper 0.99 0.82 0.94 0.90 0.99 X
ponderosa-sw white pine  0.64 0.89 0.34 0.06 0.83 0.57 X
Arizona cypress-fir 0.56 0.93 0.59 0.06 0.61 0.91 0.98 X
alligator juniper 0.98 0.79 0.98 0.95 0.98 1.00 0.67 0.72 X

CHAO-SORENSON

gray oak mesic woodland graves oak emory oak pinyon pine oak-pinyon-juniper ponderosa-sw white pine cypress-fir alligator juniper

gray oak X

gallery forst 0.87 X
graves oak 0.91 0.79 X
emory oak 0.95 0.47 0.86 X
pinyon pine 0.98 0.89 0.93 0.97 X

oak-pinyon-juniper 0.99 0.90 0.97 0.95 0.99 X

ponderosa-sw white pine  0.78 0.94 0.50 0.12 0.91 0.73 X
Arizona cypress-fir 0.72 0.96 0.74 0.12 0.76 0.95 0.99 X
alligator juniper 0.99 0.88 0.99 0.97 0.99 1.00 0.80 0.84 X

Gamma Diversity

Landscape-scale species richness was highest PAVIfollowed in order by
BIBE, and DMTNC (Fig. 12). MCPA had significantlygher species richness than the
other two sites. H' andwere also higher in MCPA than the other two sigamnpling
efficiency was adequate for the three sites, suggethat an ample sample size was used
for diversity estimation.
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Figure 12: Gamma diversity comparisons between thethree sites. Thin lines
represent 95% confidenceintervalsof rarefied speciesrichness.
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Discussion

Species Richness

Species richness was highest in mesic vegetatpmstthat comprised a relatively
small proportion of the forested landscape. Thggssts that these more rare vegetation
types are important for sustaining biodiversitghis region. The high tree densities and
basal area in mesic vegetation types also suggeset forests are also highly productive.
Targeting these forest types for conservation élp ensure the maintenance of Sky
Island biodiversity in an otherwise desert landscap

The incidence of high biodiversity in mesic vegetatypes in our study sites
similar to that found in the Rocky Mountains (P£878 and 1981), where species
richness is tied to moisture regimes. In the régh® Southwest, species richness has
been correlated to topographic complexity and topagsiognomy (Whittaker and
Neiring 1975, Poulos et al. in press). Similar tw study sites, wetter sites in the Rockies
had the highest species richness (Peet 1978)el8dthwest, species richness was
highest in short-stature vegetation types (pinyiole and juniper) that spanned a wide
range of elevations and topographic settings ith&@stern Arizona. The variability of
species richness across landscapes of the Soutbwggststs the need for site-specific
management to assure the protection of biodivehgitgpots.

Species Turnover

Beta diversity (species turnover among vegetaipaes) highlighted that mesic
vegetation types contained unique assemblages@tpecies. Not only did mesic
vegetation types have high biodiversity, but thisp @ppeared to contain tree species
that were found nowhere else on the landscape.
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Regional Diversity Patterns

Gamma diversity (landscape-scale diversity), campas suggested that the
largest, most southerly preserve had the highestiesprichness in this eco-region. While
our sample size was small, four potential explamatiexist for this pattern; 1)the effect
of larger mountain ranges on species richnes$ie2¢tfect of topographic complexity; 3)
the presence of a latitudinal gradient in sped@®ess; and 4) the northward migration
of species following the recession of the Laurenfidd Cordilleran continental glaciers
in the mid-Pleistocene (VanDevender 1977).

Larger mountains provide a wider range of poterizditats for species
colonization, which may explain the higher specielsness in MCPA. This explanation
is based on the species-area relationship whemespechness increases as a function of
area (MacArthur and Wilson 1963). Larger presepasexpect greater diversity in
species composition, while smaller preserves cargadbistically expect to encapsulate all
of the species diversity that exists in a region.

Mountains with more broken topography may also {g®wa wider diversity of
habitats for plant colonization. Gamma diversitp@gred to increase with topographic
complexity in our sites. DMTNC had the lowest spsaichness and was the least
topographically complex mountain range in our sttBiBE was intermediate in both
gamma diversity and topographic complexity. Gammardity was highest in MCPA,
which contained the most broken topography, cangjshainly of incised towers and
steep canyons. Poulos et al. (in press) foundahegattern in the Chiricahua National
Monument, where species richness was highest ietaggn types on topographically-
complex sites.

The latitudinal gradient in species richness ingiudy area suggests that
mountain size and topography are the only explapgtatterns for species richness.
BIBE is the smallest mountain range in our study,dontains more species than larger
DMTNC. Our sites appear to follow “Rappaport’s fuler the mid-domain effect, which
postulates the trend of increasing species richwébksdecreasing latitude (Colwell and
Lees 2000). This pattern is most likely relatethi® northward migration of species from
southern latitudes during the late Wisconsin (13,%€ars ago) and early Holocene
(8,000 ~ 10,000 years ago) (VanDevender 1977, Vaabssr and Spaulding 1979,
Lanner and VanDevender 1981, and Elias and VanRkrel992). The climates of the
Southwest originated in the late Wisconsin eranaogiting in conditions suitable for
species migrations from equatorial latitudes. Tepadiperate species richness of
DMTNC is potentially a result of being the most therly mountain range in our study.
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Chapter 6 Fuel Distribution Patterns

The fuel loading of the forest canopy was quasdifoy taking a hemispherical
photograph at the center point of each vegetation iiemispherical photographs were
taken with a Nikon Coolpix 900 digital camera walCoolpix 900 fish-eye lens mounted
on a self-leveling tripod that was positioned 1o\ the ground. Pictures were taken
under cloudy sky conditions in the morning. Thd br@a index (LAI) of each plot was
calculated using HemiView canopy analysis softwemesion 2.1 (Delta-T Devices
1999). LAI data were converted to crown bulk dgn@BD) following Keane et al.
(2005). Live fuel structure was determined by clatng the total BA (ha), biomass (kg
m), and density (Y of trees in 5 cm size-classes in each sample $tanding dead
tree structure was summarized by the total standéragl BA (hd) and density (H§) in 5
cm size-classes. Dead and down fuels were sampird the point relascope method for
guantifying coarse woody debris (CWD) developeddoye et al. (2001). Fine fuels
were not sampled in this study. Instead, we cho$edus on quantifying potential fire
intensity by sampling CWD to investigate the fasttirat drive interactions between
larger fuels and climate.

Fuels Analysis
Fuel types and distribution patterns were quatifising cluster analysis and
non-metric multidimensional scaling in the same naaras the vegetation data.

Results

We identified five fuel load types across the ¢hséudy areas that differed by fuel
load characteristics and local environment (Fig.Tlsbles 8-12) (MRPP < 0.0001).
While vegetation type influenced the accumulatibfuels, it was not the dominant
influence on fuel accumulation. Environmental fastancluding elevation, slope,
topographic position, and incident solar radiatere the dominant influences on fuel
loadings. In general, the amount of CWD was lowhwi05 of the 600 sample plots
(34.2%) having no dead and down fuel. Fuel typed and 5 were found in DMTNC,;
fuel types 1, 3, and 4 were found in BIBE; and Rypés 1-4 were found in MCPA. Fuel
loads increased with elevation and soil moistune, @ecreased in relation to slope,
topographic position and incident solar radiatidspect was not a significant factor
related to the distribution of fuels

Differences among fuel load types were evident ftbenmean fuel load
characteristics, and their distribution was depahde the variation in local environment
across the landscape (MRPP < 0.001) (Tables &riD11). Fuel load type 1 was
characterized by low live and dead coarse woodlg faied high fine fuel cover (% grass
cover). Type 1 fuel loads were found at middle atens on steep, upper topographic
positions (i.e. ridgetops). These sites were ginyeand exposed (low shade relief). Fuel
type 2 was characterized by high crown bulk dereity high numbers of small
seedlings. This fuel type dominated steep mesieyalottoms at low elevations that had
a high capacity for transporting sediment. Fuektghad low crown bulk density, live
trees, and standing dead fuels. CWD volume CWDmeland 1000-hr fuels were
intermediate for this group. This fuel type existedstraight slopes on lower topographic

46



positions having high incident solar radiation. Rype 4 had the highest amount of live,
standing dead, and dead and down fuels. This tgp@raited high elevation mesic valley
bottoms that had high sediment accumulation. Ryed & had low canopy and dead and
down fuels, but high fine fuel cover (i.e. grassd dtter). Fuel type 5 was found on
straight, gentle slopes at high elevations and higbunts of solar radiation.

Live and standing dead fuels were highest at MCBlgwed in order by BIBE,
and DMTNC, a pattern similar to live tree densifalfle 12). Dead and down CWD
volume was highest in BIBE, followed by MCPA and DMC. One hundred hour fuels
were highest at DMTNC, and 1000-hr fuels were hstjla¢ BIBE. Fine fuels including
grass and litter were highest at DMTNC.

Table 8: Fud load characteristicsfor each fuel load typein the Chihuahuan Desert

Borderlands.

Fuel Load Type

Fuel Load Characteristics

Environmental Characteristics

(2]

1 Low live fuels Middle elevations
Low standing dead fuel Steep slopes
Low dead and downed fuel Exposed sites
High grass cover Upper topographic position
Low snhag density Dry sites
2 High CBD Low elevation, valley
High seedling density bottoms
High 100 hr fuels Steep, convex slopes
Low grass, shrub and litter Mesic sites
cover
Low shag density
3 Low live and standing dead Middle elevations
tree density Lower topographic
Low snag density positions
High solar radiation
4 High live fuels High elevation valley
High snag density bottoms
Abundant large dead and Mesic sites
downed fuels High sediment
High intermediate-sized accumulation
(20-25 cm) snag density
5 Low coarse fuel loads High elevations

High grass and litter cover
High snag density

Ridgetops
High solar radiation
Gentle slopes
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Table9: Mean summary statisticsfor fuel load types derived from cluster analysis of fuel characteristics of sample plots (n =

600) in the study area. Environmental variables differ significantly by fuel type according to MRPP (P < 0.001).

8y

fuel characteristics 1 2 3 4 5
crown bulk density (kg m™®) 0.093 0.068 0.055 0.147 | 0.083 0.075 0.065 | 0.125 0.112 0.090 | 0.082
100-hour (kg ha™) 10.6 0.0 0.0 240.9 70.4 1510.3 0.0 350.3 1170.3 340.7 46.1
1000-hour (kg ha™) 2490.4 5120.5 7800.6 | 6340.8 | 9070.9 13640.2 2880.9 |[17010.7 8370.5 29350.7| 596.6
logs (ha™)* 16.9 44.8 37.3 48.8 88.6 206.3 66.0 1343 4125  315.0 119.1
volume (m?® ha™) 631.7 4329 2028.4 | 1719.6 | 2162.4 1216.8 729.7 | 4830.2 762.7 7789.4 | 534.3
live BA (m? ha™) 11.6 7.3 5.1 19.3 10.4 11.7 6.9 25.0 27.0 19.8 16.6
standing dead BA (m? ha™) 0.6 1.2 0.0 15 1.0 2.2 0.3 4.6 4.3 3.5 2.0
grass cover (%) 72 52 39 19 24 58 38 47 57 47 62
shrub cover (%) 18 19 26 21 32 27 60 5 26 23 20
litter cover (%) 13 33 20 25 62 55 38 24 57 43 55
standing dead trees (ha™)
5-10 cm 24.4 5.7 3.1 36.7 18.3 0.0 7.0 38.6 0.0 19.5 5.6
10-15cm 15.6 1.9 0.0 10.1 28.3 1.9 4.7 24.0 0.0 35.0 3.0
15-20 cm 8.9 0.2 2.5 6.7 5.0 0.4 5.0 16.3 0.0 35.6 1.3
20-25cm 2.2 3.0 0.0 4.4 6.7 16.3 8.0 12.2 14.7 23.0 58.2
25-30 cm 3.7 0.1 0.0 5.6 17 0.0 0.0 6.1 1.6 17.1 1.7
30-35cm 4.4 1.5 0.0 11 3.3 0.0 0.0 4.1 0.0 10.9 0.0
>35cm 7.4 0.9 0.0 7.8 15.0 0.0 0.0 10.6 0.0 35.5 0.8
live trees (ha™)
0-5cm 885.0 197.9 209.8 | 4121.2 | 720.2 5157 4713 | 1917.3 1316.7 1877.4| 723.1
5-10 cm 229.1 68.1 126.2 84.0 74.6 99.7 156.0 | 693.2 678.1 282.4 | 293.2
10-15cm 126.7 89.8 84.9 44.4 73.7 132.5 138.1 375.0 4717 323.7 | 346.0
15-20 cm 66.8 63.9 44.2 28.7 47.0 89.3 71.6 158.0 157.6 251.5 197.4
20-25 cm 40.0 37.3 16.1 13.2 26.3 56.9 67.3 70.9 61.7 180.3 68.3
25-30 cm 28.3 14.0 15.7 16.1 19.2 26.7 57.9 46.7 313 132.4 21.7
30-35cm 8.0 8.8 33.7 8.4 6.7 16.1 26.3 23.0 13.1 60.0 10.1
> 35 cm 9.1 10.1 47.6 4.6 8.1 14.1 15.2 34.5 34.3 107.6 10.3




Table 10: Mean values of environmental variablesfor fuel load typesidentified by
cluster analysisfor the study area (n = 600). Environmental variables differ

significantly by fuel type according to MRPP (P < 0.001).

Environmental variable 1 2 3 4 5
elevation (m) 1946 1808 1943 2121 2000
slope (degrees) 20 23 16 19 15
ISF 0.577 0.239 0.622 0.430 0.573
DSF 0.624 0.267 0.650 0.471 0.584
e aspect -0.070 -0.365 0.099 0.104 0.140
n aspect 0.119 0.334 0.003 -0.043 -0.006
TRMI 27.4 39.5 29.1 29.6 29.3
PRR 18935 19308 18929 18056 19566
network 4.7 4.7 5.2 55 5.4
relative elevation 95 93 96 98 96
shade relief 0.487 0.402 0.503 0.501 0.509
topo pos 450 6.8 -8.4 -1.0 -2.6 25
topo pos 150 -0.4 1.7 -15 -0.3 0.6
wetness index 5.9 5.9 6.1 6.5 6.0
topo config 0.34 0.55 0.06 -0.05 0.07
downslope neighbor 35 4.0 35 3.3 4.0
down elev 12.9 16.2 10.2 7.8 11.1
flow accumulation 23.7 28.0 56.9 39.4 21.7
flow direction 29 17 30 31 36
sediment transport 17.4 26.1 17.7 11.3 14.8

Figure 13: Non-metric multidimensional scaling of CWD samples (h=600) based on

fuel characteristics. Different symbolsrepresent fuel load groupsidentified by

cluster analysis.

AX1
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Table 11: Pearson product moment coefficients (n = 600) of environmental variables
for NMDS axes 1, 2, and 3 from CWD plotsin DMTNC, BIBE, and MCPA. Values
greater than 0.0877 are significant to p < 0.05.

Environmental variable Axis 1 AXis 2 Axis 3
elevation 0.359 0.037 0.063
topopos_450 0.036 -0.202 -0.037
topopos_150 -0.040 0.119 0.071
slope -0.009 0.164 0.183
N aspect 0.010 -0.058 -0.071
S aspect 0.002 0.086 0.065
ISF -0.423 -0.415 -0.165
DSF -0.372 -0.388 -0.119
TRMI 0.124 0.220 0.014
PRR** 0.005 -0.067 -0.145
flow_dir 0.012 -0.006 -0.080
flow accum -0.064 0.088 -0.029
topographic configuration -0.020 -0.057 -0.041
downslope neighbors 0.109 0.066 -0.180
downslope elevation change 0.041 0.241 -0.091
landform 0.005 0.169 -0.052
network -0.143 -0.047 0.058
relative elevation 0.047 -0.188 0.257
shade releif 0.000 -0.112 -0.050
wetness index -0.021 -0.035 0.046

Table 12: Mean fuedl characteristicsfor DM TNC, BIBE and M CPA

fuel characteristics DMTNC BIBE MCPA
crown bulk density (kg m'3) 0.08 0.08 0.12
100-hour (kg ha™) 790.7 230.7 210.8
1000-hour (kgha™) 8790.1 21640.3 11210.3
logs (ha™)* 158.1 2327 83.3
volume (m*"a’) 3.8 27.8 14.5
live BA (m” ha™) 13.7 15.8 19.0
standing dead BA (m2 ha'l) 21 2.6 2.6
grass cover (%) 58.0 445 46.0
shrub cover (%) 22.6 30.8 14.0
litter cover (%) 50.8 39.8 26.6
standing dead trees (ha®)

5-10 cm 0.0 15.0 32.7
10-15cm 0.4 24.8 20.9
15-20 cm 0.2 26.2 11.1
20-25cm 31.0 17.3 7.1
25-30 cm 0.1 12.2 51
30-35cm 0.0 8.7 35
>35cm 0.1 25.4 9.3
live trees (ha™)

0-5cm 655.0 1401.3 1905.7
5-10 cm 207.8 240.1 401.1
10-15cm 223.4 259.3 2247
15-20 cm 126.1 193.6 101.0
20-25cm 56.8 140.6 47.7
25-30 cm 22.8 104.6 33.2
30-35cm 12.3 52.8 14.5
>35cm 13.9 85.9 19.7
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Discussion

To our knowledge, this is the first study investigg the distribution of fuels in
relation to topography in the western United Staaétbough Rubino and McCarthy
(2003) and Graham and McCarthy (2006) investigdtedistribution of CWD at the
landscape-scale in Ohio. Our results suggestedhbatistribution of larger fuels across
dissected landscapes was associated with some se#the factors controlling the
distribution of vegetation, but that the factorsl amechanisms responsible for these
patterns were not identical. Elevation and incidstar radiation influenced site
productivity for the reasons mentioned in chaptewrith higher elevations having lower
temperatures, greater cloud cover, and potentigtyeased amounts of incident solar
radiation under cloudy conditions. Higher produityisites existed at high elevations in
response to more favorable moisture and temperedgmmes. This pattern of high fuel
accumulation in high productivity sites is consmsteith research from other parts of the
western United States, where forests on high pitodtycsites averaged more pieces and
volume per ha of down wood than low productivitesi(Harmon et al. 1986, Spies et al.
1988, Spetich et al. 1999).

Topographic effects on fuel distribution patterrergvsimilar to those for
vegetation, but the relationship between topograpbsition and gravity was responsible
for the heavier fuel loads in valley bottoms thannaid-slopes and ridge tops. That mesic
valley bottoms are more productive than mid-sldpas receive high amounts of incident
solar radiation partially explains the trend oftieg fuel loads on lower topographic
positions (Hariston and Grigal 1991). Valley botwaiso receive sedimentation from
upland areas during rainstorms, and fuels oftettesatlower topographic positions by
rolling down hill from middle and upper topograplpigsitions. Steeper slopes exhibit
lower amounts of fuel because it washes downwafidtier areas.

Differences in fuel loads and environmental sitedibons among the fuel types
in our study indicated that fires could burn witieater variability across the three
landscapes. The incidence of fine fuels that prenfiog ignition and spread (grasses,
litter and 100 hr fuels) were consistently highenoas all fuel load types in DMTNC than
the other two sites, suggesting that fire spreadlavbe faster at this site. These factors
would contribute to a regime of frequent, low irgéy fire. BIBE and MCPA had higher
CWD and live fuel components that were probablyrdsailt of fuel buildup after fire
exclusion. The higher fuel loads in BIBE and DMTN@ygest that these reserves may be
more prone to higher intensity burns that are uradtaristic of historical fire regimes.

Different fuel load types might burn differentlyrthg extreme climatic
anomalies. Fire ignition and spread are closely tiethe presence of fine fuels
(McClaran and VanDevender 1995). El Nino/La Nifaleg could have a greater impact
on forests in DMTNC due to the higher coveragerd fuels in this site. In BIBE and
MCPA higher amounts of live, standing dead and dbvefs are available and could
burn under extremely dry conditions that occur fesguently, at a much higher
intensity.

Topographic variability and site productivity drreefor fuel distribution patterns
in our three study areas indicates that upper gtes valley bottoms, and lower
topographic positions may be primary foci for fuedductions treatments. Because of
their lower fuel loads, lowlands and mid-to-uppmvdgraphic positions may be less
critical areas for fuel treatments.
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Snag Dynamics

This study represents the first research quantifyihe abundance and distribution
patterns of snags in the Southwest for forest typlesr than ponderosa pine and fir. No
other information exists that describes the snagl@nce for pinyon pine, juniper, or
mixed pine-oak forests, snag inventories by GaralyVojta (2004) in the Coconino and
Kaibab National forests in Arizona included a femyon pine and juniper snags.

The density of live trees, snags and dead and diogla was high in MCPA
compared to other sites in Mexico such as the &&an Pedro Martir (SSPM) in Baja
California where fire exclusion has not occurreteffBens et al. 2003, Stephens and Gil
2005). However, snag densities on our sites wenéagito those reported for other fire-
suppressed areas in western North America (Barstoalr 2002, Ganey 1999, Ganey and
Vojta 2004). Snag densities for fuel load typesuede similar to those found in the
SSPM, and ranged from 2-8 snagd.Hanags in our sites were generally much smaller in
diameter than in SSPM and other parts of the SceghyGaney 1999, Ganey and Vojta
2004). Fuel load types 4 and 5 had high snag desisélative to SSPM, perhaps a result
of heavy tree mortality during the 1950s drougtay(or, unpublished data) or from
western pine beetle infestations (Everitt et a@7E9 Everitt et al. 1997b) in west Texas.

Differences in the dominant vegetation types anghéxmanagement history of
our study area probably explain the larger diansetétrees in other sites relative to ours.
All prior research on snag dynamics in the Southwaed northern Mexico has been
conducted in Jeffrey and ponderosa pine dominatex$ts that generally have larger
trees. Forests in our sites were mainly composetnadler pinyon pines, oaks, and
junipers. Fuel load types 4 and 5 contained laimgexs including ponderosa pine,
southwestern white pine, Douglas fir, Coahuiladind Arizona cypress; snags in these
forests were more similar in size to those desdribgrevious studies.

Snags and large woody debris have high ecosystira bacause they provide
nesting, foraging, and resting habitat for manydisfi species in North America (Balda
1975, Harmon et al. 1986, Bull et al. 1997, Rab&.€1998, Laudenslayer 2002). In the
southwestern United States, a rich assemblageds s largely dependent on snags for
nesting sites (Balda 1975, Cunningham et al. 19800derosa pine cavity nesters such
as the Mexican spotted owiltfix occidentalis lucida Nelson), northern flickerJol apetes
auratus Linneaeus) and hairy woodpeck&icoides villosus Linnaeus) are known to
inhabit our sites, highlighting the importance adintaining snags in ponderosa-sw white
pine forests types, especially if fire is reintrodd to these landscapes. Pinyon, juniper,
and oak dominated woodlands host several otherespetcavity nesting birds including
the Gray Vireo Yireo vicinior Coues), the tufted titmousBdelophus bicolor Linnaeus),
the whiskered screech ovius trichopsis Wagler), and the Strickland's woodpecker
(Picoides stricklandi Malherbe). The dearth of knowledge about the gawsting
requirements of these species underscores theforeedure studies that investigate
cavity use and tree species preferences of birggyon-juniper woodlands of the
Southwest and Mexico.
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Chapter 7 Predictive Mapping of Vegetation and Fuels

Landscape Metrics

A set of 15 raster-based topographic, landforrd, solar radiation variables were
derived using the National Elevation Dataset (NED)Xhe study area at a 30 x 30 m
spatial resolution (USGS 2005) (Table 2). We fdteeach of these grids usinga 3 x 3
pixel window assigning the mean value to the cepitezl to reduce fine scale noise in
the dataset, and to improve prediction accuradgwoehg Gregory and Ohmann (2002).
Raster values for the landscape metrics were assigneach plot by intersecting the
spatial location of the sample plot with each layage data layer using ArcMap 9.2
software (ESRI 2005).

Landsat 7 ETM+

A cloudless Landsat enhanced Thematic Mapper (ElTiMage from June 18,
2002 was used to develop 11 data layers from batdand 7. A June scene from 2002
was chosen because it coincided with the timinigetd sampling of vegetation and
fuels, and because the scene was taken duringtdesdmmer drought just prior to the
onset of the summer monsoon. All tree speciesarstiidy area are evergreen, and
therefore a scene taken outside of the growingoseass chosen to reduce the noise in
the spectral signature from perennial grasses arithbeous vegetation. We transformed
the image into tasseled cap brightness, greenaedsyetness indices (Kauth and
Thomas 1976), computed a soil adjusted vegetatidexi (SAVI Gilabert 2002) and an
Enhanced Vegetation Index (EVI; Huete et al. 200@%sseled cap transformations were
made based on their good performance in mappingtaggn cover (Jensen 1996). SAVI
and EVI were chosen over the more widespread NazethDifference Vegetation Index
(NDVI) because of the poor performance of NDVI mdaegions (Gilabert 1988). The
raster grids were filtered in the same manner esathdscape grids, and ETM+ derived
values were assigned to vegetation and fuel plptatbrsecting the spatial location of
the plots with each of the successive satellita tgters.

Vegetation and Fuels Mapping

We used classification trees (Breiman et al. 1384yedict the vegetation and
fuel load types obtained from our cluster analyssilts across the landscapes of
DMTNC, BIBE, and MCPA. Vegetation and fuel decistoees were constructed for
each site using the rpart package in the statiséinguage R (R Development Core
Team, 2005). Landscape and spectral characteristiesach plot were used as predictor
variables; vegetation or fuel type served as respoariables. The fit of the vegetation
and fuel models was evaluated by examining the @msiplexity parameter which
measures how well the explanatory landscape matdd_andsat ETM+ derived
variables separate the data. Percent misclassificand the Kappa statistic (Congalton
and Green 1999) were used to assess classifiGatouracy. Predictive vegetation and
fuel maps were developed using Decision Tree in ENYhote sensing software, version
4.2 (Research Systems Inc. 2005). Field validaticthe models is being undertaken to
assess map accuracies=(200); validation points have been stratifiedha field by
vegetation type and fuel type.
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Table 13: Landscape metrics and spectral data used for predicting vegetation and
fuel types using classification and regression trees.

Variable code

Definition

Landscape Metrics
Elevation
N Aspect
S Aspect

Slope
PRR

Topopos 150
Topopos 450
Topo configuration
topo configuration

Landform

sediment transport
wetness index
network index
flow direction

flow accumulation

Landsat ETM+
Band 1

Elevation (m), from 30-m digital elevation model (DEM)

Cosine transformation of aspect (degrees) (Beers et al. 1966)

1.0 (southwest) to -1.0 northeast

Sine transformation of aspect (degrees) (Beers et al. 1966)

1.0 (southwest) to -1.0 northeast

Slope (degrees), from 30-m DEM

Cumulative potentail relative radiation based on hourly solar position,
topography and topographic shading (Pierce et al. 2005)

topographic position, calculated as the difference between a cell's elevation
and the mean elevation of cells within a 150 m radius

topographic position, calculated as the difference between a cell's elevation
and the mean elevation of cells within a 450 m radius

Topographic configuration ranging from concave to convex

calculated using the spatial analyst function in ArcMap 9.1

topographic configuration ranging from concave to convex

calculated using the spatial analyst function in ArcMap 9.1

landform type derived from Terrain Analysis System software (Lindsay 2005)
based on Pennock et al. (1987). Landform types include (1) convergent
footslope, (2) divergent footslope, (3) convergent shoulder, (4) divergent shoulder,
(5) convergent backslope, (6) divergent backslope, and (7) level

sediment transport capacity index = (As/ 22.13) * 0.6 x (Sin S/0.0896) * 1.3
where As = the specific catchment area and S = the local slope

wetness index (Beven and Kirkby 1979) derived from Terrain Analysis System
software (Lindsay 2005) defined as WI = In(As/tanS).

minimum wetness index value encountered along a flowpath (Lane et al. 2004).
This value defines when a cell with a zero or negative saturation

deficit is connected to the drainage network

flow direction from ArcHydro extension in ArcMap 9.1 and 30-m DEM

flow accumulation from ArcHydro extension in ArcMap 9.1 and 30-m DEM

Band 1 (blue)

Band 2 Band 2 (green)

Band 3 Band 3 (red)

Band 4 Band 4 (near-infrared)

Band 5 Band 5 (mid-infrared)

Band 7 Band 7 (mid-infrared)

Brightness Soil brightness index from tasseled cap transformation
Greeness Green vegtation index from tasseled cap transformation
Wetness Wetness index from tasseled cap transformation

EVI Enhanced Vegetation Index (Huete et al. 2000)

SAVI Soil Adjusted Vegetation Index (Gilabert et al. 2002)
Results

The environmental and spectral predictors of ik&idutions of vegetation and

fuels differed by study area (Tables 13 and 14jividual models were built for each site

using independent CART algorithms in light of thi#edentiation of the spectral and
environmental characteristics across sites (Fijs. 1
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Vegetation and fuel load types were differentidigdpectral signature (MRHP
< 0.0001) (Tables 12 and 13). The overall misclasgion accuracy for the vegetation
maps was 29.9% for DMTNC, 26.4% for BIBE, and 31%%MCPA (Table 15). The
classification accuracy was lower for vegetatigmety containing species that occurred in
multiple vegetation types (i.e. gray oak, alliggtoriper, and oak-pinyon-juniper
vegetation types)jQuercus grisea, Juniperus deppeana, andPinus cembroides dominated
specific vegetation types, but were also found sseorange of different sites. The
overlap in species composition most likely caugeetsal confusion that resulted in the
misclassification of these vegetation types. Otlegretation types such as gallery forest
also contained a wide mixture of species, makirrgecd classification more difficult.

Classification accuracy for the fuels maps wasigrethan for the vegetation
maps: 28.8% for DMTNC, 17.0% for BIBE, and 13.3% K&CPA. Spectral confusion
was also a probable cause for any misclassificatidnel load types since there was
some overlap in fuel load characteristics and spEries composition. The kappa statistic
for the vegetation map was 0.50 for DMTNC, 0.69BtBE and 0.66 for MCPA. Kappa
values were similar for the fuels maps with valae8.52 for DMTNC, 0.54 for BIBE,
and 0.61 for MCPA.
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Figure 14: Vegetation (top) and fuels (bottom) mapsfor a) BIBE, b) DMTNC, and c) MCPA
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Table 13: Mean spectral characteristics of the vegetation typesfor each of thethree study sites. Spectral characteristics differ
significantly by vegetation type according to MRPP (P < 0.001).

ponderosa pine - Arizona alligator
gray oak gallery forest graves oak emory oak pinyon pine  oak-pinyon-juniper sw white pine  cypress - fir  juniper
band 1 122 113 102 123 94 89 47 48 93
band 2 129 125 112 126 102 99 67 65 102
band 3 127 131 108 120 94 89 66 58 92
band 4 177 180 173 176 152 158 162 148 147
band 5 166 149 175 171 129 123 85 78 127
band 6L 135 133 153 167 101 112 59 54 139
band 6H 133 135 148 163 101 114 61 55 140
band 7 129 130 125 130 99 93 63 61 101
EVI 0.200 0.471 -0.068 0.200 0.158 0.419 -0.371 -0.377 0.571
SAVI -0.096 -0.203 0.193 0.017 0.117 0.235 0.395 0.381 0.087
brightness 0.078 0.121 -0.076 0.200 -0.167 0.200 -0.426 -0.503 -0.060
greenness 0.020 -0.045 0.319 0.088 0.201 0.257 0.560 0.540 0.136
wetness -0.110 -0.214 -0.201 -0.184 0.157 0.149 0.372 0.429 0.049

Table 14: Mean spectral characteristics of thefuel typesfor each of thethree study sites. Spectral characteristics differ
significantly by vegetation type according to MRPP (P < 0.001).

1 2 3 4 5
band 1 111 105 75 85 93
band 2 117 119 90 95 102
band 3 111 121 89 84 94
band 4 158 176 164 149 162
band 5 137 138 111 115 157
band 6L 130 127 92 125 98
band 6h 131 129 93 127 94
band 7 115 120 87 91 104
SAVI 121 114 146 154 161
EVI -0.051 -0.104 0.148 0.204 0.265

greenness  0.435 0.353 0.069 0.584 -0.209
wetness -0.011 0.039 0.310 0.211 0.411
brightness  -0.026 -0.103 0.176 0.124 0.154
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Discussion

Results from this study provide spatially explab#cision support tools for
mitigating fire hazards and restoring forest vetyetato less fire prone conditions. The
integrated classification tree approach provedetar effective tool for quantifying
vegetation and fuel abundance and distributiorepagtand for predicting their occurance
across the landscapes of DMTNC, BIBE and MCPA. \&leele that the methods we
used are potentially useful in other regions of$loeithwest where detailed forest
vegetation and fuels inventory data are lacking.

Our misclassification rates of approximately 30% tgpical of other vegetation
mapping projects based on decision tree classif@itser misclassification rates for
predicting vegetation and fuels using classificati@e and biophysical gradient models
ranged from 67 % to 89% (Franklin 1998 and 2002levet al. 2003, Brown de
Colstoun et al. 2003, Falkowski et al. 2005). Ouisatassification rates reflect the
difficulty of reducing ecological processes likeespes distribution and fuel accumulation
patterns to numerical models. Moreover, we mapp&ithdt vegetation assemblages at
the species level; the majority of vegetation magtudies assigned vegetation types to
much broader categories such as oak, grasslacdnder cover types. Spectral
confusion from the overlap in species compositimmag vegetation types probably
accounts for much of the error rates in our stgthge species like juniper and pinyon
pine were distributed throughout multiple vegetatigpes.

The vegetation and fuels maps we produced havel laoplication for informing
forest, wildlife, and fire management. Vegetatioap® can be used to identify potential
habitats for wildlife and our vegetation maps dreaaly being used by managers in
conjunction with Montezuma quail and Mexican spaibevl projects in DMTNC.
Because the vegetation maps are linked to forastitructures and diversity patterns,
managers can use them to identify locations otetfgscape that are of particular
interest for biodiversity management. For examplanagers often strive to maintain a
diversity forest stand structures across a lanastaprovide a range of successional
habitats for wildlife. Our results suggest that ¢ineatest biological diversity in this
region is found in mesic valley bottoms that cors@ia relatively small proportion of the
landscape. Our vegetation maps can be used tofiddrgse biodiversity hotspots.

The fuels maps produced as a result of our studyeaused to identify locations
on the landscape where fuel loads are out of spmghwith inherent disturbance regimes
and may require active management to restore thanote sustainable conditions. In
large protected areas such as DMTNC, BIBE, and MGBRA impossible to treat the
entire landscape to reduce the risk of catastropigt intensity fire. Spatially explicit
maps linked to detailed fuel survey data can hagymtify locations on the landscape that
will benefit from fuels treatments.
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Chapter 8 Conclusions and Management I mplications

Frequent low intensity fire was a dominant forcepshg the Sky Island forests of
the Chihuahuan Desert Borderlands. The disruptighi® inherent fire regime in the mid
20" century altered forest stand structure and fuad$o Knowledge derived from our
research can guide managers toward developinggieatfor restoring forests to
sustainable stand structures and fuel loads. Oderstanding of the interplay between
vegetation patterns and topography will help marsageidentify key locations to
concentrate their biodiversity protection and resion efforts.

We identified two major differences between oudgtarea and other portions of
the Southwest with respect to historical fire seatity and the onset and causes of fire
exclusion. Fires occurred earlier in the growingsam in the Chihuahuan Desert
Borderlands than in much of Arizona and New Mexeattern that corresponds to fire
seasonality and lightning ignition patterns in Mex{Mosifio Aleman and Garcia 1974,
Turman and Edgar 1982, SEMARNAP 2000). From a mamant perspective this
implies that prescribed burns that take place indlavill most closely resemble
historical fire seasonality. It is well known tHat seasonality has a strong effect on
vegetation response (Agee 1993), but managerdtarerestricted to burning outside
historical burning seasons. March fires may appeaianagers wanting to implement
prescribed fires during times of the year othentiammer when high temperatures and
low fuel moisture can cause escaped fires to bocontrollably.

Fire exclusion in our study region occurred 50-8@rg later than the majority of
previously studied sites in Arizona and New Mex®saggesting that forests in the
Chihuahuan Desert Borderlands may have stand staescthat are less-altered from fire
exclusion than in other regions. Therefore, it haypossible to more easily restore these
forests using natural and prescribed fire and thopriittle is known about vegetation
response to fire in the Chihuahuan Desert Borddda@nly through experimentation
will managers be able to determine the effectiverdsestoration treatments designed to
restore ecosystem structure and function.

Another important component of this study thatidguishes it from much prior
fire history research is that we analyzed histbmedural variability of fire in pinyon pine
forests. While the historical frequency of firegmyon-juniper woodlands remains a
point of debate (i.e. Floyd et al. 2000 and 200&ké8 and Shinneman 2004), our data
represent only the second fire scar-based firetyistudy in this forest type. Moreover,
our results imply that fires were historically fresnt in these woodlands, with changes in
forest stand structure occurring in response talitription of this disturbance process.
Based on our findings, prescribed fire is indeedlad management tool for this forest
type, although the fire regime characteristicsiofpn-juniper woodlands may vary
considerably from region to region.

Climate change forecasts for northern Mexico aresistent in suggesting that
future conditions will be warmer and drier (Magaial. 1997, Villers-Ruiz and Trejo-
Vazquez 1998). This may cause further elevationgtations of vegetation and increase
the frequency and severity of extreme drought yeaush changes in climate may cause
shifts in the types of vegetation most prone te.fiforests with heavy live, dead and
down fuel loads may become especially vulnerabladb intensity fires. Gallery,
ponderosa pine-sw white pine, and Arizona cypresgefetation types that have high
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tree densities and basal areas may be especiatigtible to fire under drier conditions.
The higher susceptibility of these forest typealé&sming considering that they contain
the greatest- andp- diversity on the landscape. Upper elevations\ati@y bottoms

with high live and dead fuel accumulations may dleanore susceptible to high intensity
fire in under future climate change scenarios.

While reference conditions that characterize hisabfire regimes and forest
stand structures reflect a “snapshot” in time, saébrmation can be used by managers
to understand the range of historical natural \wlits of fire regime parameters (size,
seasonality, and frequency), fire-climate relatiops, and recent changes in forest stand
structure and fuel loads resulting from the cessatif frequent, low intensity fire.
Historical information such as the fire regime istats presented in this report should be
interpreted in the context of modern managementsgoal shifting mosaics of forest
stand structures and species composition undearagaig climatic regime. A historical
mean fire return interval of 8-10 years does natssarily mean that managers should
emulate this pattern. Sustainable forest standtsires may be better maintained using
prescribed fire on a more or less frequent basis Failé et al. 2003). Just as Baker and
Ehle (2001) argued that historical fires did notrbthe entire landscape, our data suggest
that fires in our study area were predominantlylsmaize. The small size of historical
fires in this region suggests that similarly snsatled prescribed fires might be an
effective method of mimicking natural fire regimes.

Results from our study highlight the close relasioip between landscape
structure and the distribution of fuels, vegetatimmd tree diversity in DMTNC, BIBE,
and MCPA. Tree distribution patterns follow simit@rvironmental gradients reported for
other Southwestern mountain ranges, although diyetstribution patterns in our sites
differ. The Sky Island evergreen woodlands of tier& Madres are thought to be
biodiversity hotspots in an otherwise desert lanadeqdeBano et al. 2995, Gotfried et al.
2004). Until now, little data exist to quantify bliwersity in these ecosystems (but see
Whittaker and Niering 1975, Poulos in press). Bhigly fills knowledge gaps about the
species richness and distribution of biodiversityilittle-studied part of the Sierra Madre
Oriental. Biodiversity is highest in mesic vegeaiatiypes that comprise a relatively small
proportion of the landscape. The vegetation mapdymred in this study highlight the
spatial distribution of species richness on thel$é@ape. Managers can use both the
diversity distribution patterns and the vegetatioaps to target these communities for
conservation.

The fuel distribution patterns in our study areggest upper elevations and
valley bottoms have the highest fuel loads in DMTBIBE, and MCPA. Identifying
locations in need of fuel reduction treatments #ratalso accessible is often difficult.
Our analysis of the distribution of fuels and opatsally explicit fuel prediction maps are
potentially valuable decision support tools to stssianagers in understanding how fuels
are distributed across the landscape, and wheré&réagments using fire and fire
surrogates are most needed or could be most e#ecti

Information about the composition and distributarsnags across the landscapes
of DMTNC, BIBE, and MCPA provide new informationalt wildlife habitat in pinyon-
juniper and pine-oak woodlands. This informatios heoad application for a variety of
forest management activities including fire scieand wildlife management. Since this
work represents the first research that quantifiesoccurrence of snags in pinyon-

60



juniper and pine-oak woodlands, our results magg@icable to snag management in
other locations with similar forest types.

Conclusion

Results from this study provide managers with ikégrmation that can be used
to guide forest, fuels, and wildlife managemerthatlocal-, landscape-, and regional-
scales. Our work highlights the interactions amfrgg climate, topography, and
vegetation and fuel distribution patterns. Furthemmwe discovered that our study sites
are different in some key respects to other regafriee Southwest. Our results indicate
that fire and vegetation patterns in the Chihualdesert Borderlands are more similar
to parts of Mexico than to other parts of the Sauatbt. This work presents new
information about forest ecosystem dynamics in sdwenderstudied forest types.
Pinyon-juniper and pine-oak woodlands cover ovér, 320 square kilometers in North
America, from southern Idaho in the United Stats (N Lat.) to southern Puebla,
Mexico (18° N Lat.) (Aldon and Springfield 1973,i8ar and Ffolliot 1972). However,
little is known about the relationships between,ftlimate and vegetation dynamics in
these forest types. Future studies that investifj@®e relationships in other similar
forested areas would provide valuable points of gamson for our work.

Ddliverables

Technology Transfer

Information about the role of climate in shaping fiegimes and shaping
vegetation patterns is being shared with land mersagnd independent stakeholders in
the following ways: 1) submission of manuscriptpéer-reviewed scientific journals; 2)
dissemination of research findings to fire and nese management staff in Big Bend
National Park, The Nature Conservancy, The ChihaatResert Fire Ecology Group and
Maderas del Carmen; 3) paper and poster presemgaiiaegional conferences and
symposia; and 4) incorporation of key findingsnterpretative displays being developed
at the environmental education center in DMTNC t#advisitors center at BIBE

This study has also enhanced the recently establisister parks" relationship
between BIBE and MCPA. Sharing research initiativas helped strengthen the
relationship between the two parks. Informatiomfriis study will also be shared with a
Mexican protected area adjacent to BIBE and MCPa#n{& Elena Canyon Protected
Area), since this preserve shares many of the smwlegical and anthropogenically-
induced processes.

Our deliverables for this project exceed thoseimed in our initial proposal
Electronic versions of all reports and articled wé submitted to the Joint Fire Science
Program Office.

Final reports (completed by the end of March 2G07ihe participating agencies will
include:
» Data, maps, and reports will be shared with then@dttiuan Desert Network. Data
include: raw .xls data files, and fire history ddtee-climate interaction data, and
vegetation stand structure and diversity dataenféihm of digital figure and table

61



files that they can incorporate into subsequendgrations of their own. ArcGis
shapefiles of the vegetation and fuel maps wilsbared with each management
agency so that they may use them for future plapamd management.

Raw data files will be provided following acceptaraf corresponding
manuscripts submitted to peer-reviewed journals.

Publications

Poulos, H. M. In press. The Physiological Ecolo§Pme-Oak Forests of the
American Southwesflournal of Sustainable forestry.

Poulos, H. M., A. E. Camp, R. G. Gatewood, and dorhis. In press. A
hierarchical approach for scaling forest inventang fuels data from local to
landscape scales in the Davis Mountains, Texas,. B8rest Ecology and
Management.

H. M. Poulos, U. Manage Goodale, and G.P. Berlgneliew. Drought response
of two Mexican oak specieQuercus laceyi andQuercus sideroxyla (Fagaceae)

in relation to elevational positioAmerican Journal of Botany.

Poulos, H. M., and G. P. Berlyn. In review. Phepatyplasticity in needle
morphology and water status Riinus cembroides across an elevational gradient
in the Davis Mountains of west Texas, USlAurnal of the Torrey Botanical
Society.

Poulos, H. M, A. E. Camp, J. Villanueva-Diaz, Jabe, and R. G. Gatewood. In
preparation. Fire regimes and fire-climate intaoat of the Chihuahuan Desert
Borderlands. To be submittedEoological Applications.

Poulos, H. M., and A. E. Camp. In preparation. Emvnental controls on
dominance and diversity of woody plant specieh@ex@hihuahuan Desert
Borderlands. To be submitted Rbant Ecology.

Poulos, H. M., and A. E. Camp. In preparation. Emvnental controls on the
distribution of coarse woody debris in relict margaonifer forests of west
Texas, USA and northern Coahuila, Mexico. To barstibd toForest Ecology
and Management.

Poulos, H. M. In preparation. Snag dynamics of pmjuniper woodlands and
pine-oak forests of the Sky Islands of the Chiha@ahiDesert Borderlands. To be
submitted td~orest Ecology and Managment

Poulos, H. M., A. E. Camp, and R. G. Gatewood.reppration. Predictive
mapping of vegetation and fuel loads in the Chiluma@hDesert Borderlands using
a classification and regression tree approach.efsubmitted tdremote Sensing

of Environment

Villanueva-Diaz, J., J. Serano, and H. M. Poulo808-year record of climate for
the Davis Mountains, Texas, USA. To be submitteth®Tree Ring Bulletin
Poulos, H. M., and G. P. Berlyn In preparation.flaa@atomical variability and
photosynthetic capacity of three specieQuércus (Fagaceae). To be submitted
to Tree Physiology.

Poulos, H. M., and G. P. Berlyn. In preparationoiyht tolerance and
physiological response Qluercus sideroxyla to biostimulants. To be submitted to
Journal of Sustainable Forestry.
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Symposium Proceedings
* Poulos, H.M., and A.E. Camp. 2005. Vegetation-enuinent relations of the
Chisos Mountains, Big Bend National Park, TexasdBiersity and Management
of the Madrean Archipelago I, May 11152004.

Research Presentations
Finished
* Mills, H.R., and A.E. Camp. 200#abitat Modeling and Vegetation dynamics of
the Chisos Mountains, Big Bend National Park. Association of American
Geographers, Annual Meeting, Philadelphia, Penasya:

Upcoming
* Poulos, H. M. October 2008 edictive mapping of vegetation and fuel loadsin
the Chihuahuan Desert Borderlands using a classification and regression tree
approach. Northeastern Mensurationists Annual Meeting, Grewars,
Pennsylvania.
* Final presentations to the managers of each dhtiee study sites, scheduled for
spring 2007.

Interactive Displays
» Interactive displays about fire-climate-vegetatioteractions are under
construction in BIBE and DMTNC, and will be finishéy December 2006.

Dissertation Theses
* H. M. Poulos. Landscape- and regional-scale cantnlfire regimes and
vegetation abundance, distribution and diversitygpas in the Chihuahuan
Desert Borderlands. To be completed in January 2007

Additional Deliverables

» Vegetation and fuels maps were developed for etacly site using field data,
landscape metrics derived from digital elevatiordels, and spectral information
from a Landsat ETM+ scene. The maps were produsied @& flexible, non-
parametric classification and regression tree aqgro

» Ground truthing of the vegetation and fuels mapsigerway, and will be
completed by December 2006.

* In addition to our analysis of vegetation-envirominelationships, we also
performed a comprehensive analysis how tree spduiessity is distributed
across the landscape, and determined which enveotahfactors promote the
highest tree species diversity.

* We also performed a suite of greenhouse experinoentgater relations to
provide a mechanistic explanation for the specisiilution patterns we
quantified in this study.

Lessons Learned

Conducting this research across multiple studgsaadlowed us to quantify and
compare fire, climate, and vegetation interactimosy local to regional scales. Selecting
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three mountain ranges that differed in elevatigmatiient and size allowed us to
determine how the species composition, diversitydistribution patternes varied
according to the size, location, and topographthefindividual mountain ranges.

Working with three distinct management agenciesites that straddle an
international boundary posed several logisticdidifties. The closing of the border
crossing in BIBE after September™. 2001 increased our trips between BIBE and
MCPA from one to 16 hours. Getting the necessamnjie to work in Mexico also
proved challenging, taking more than a year frobexdubmission of the paperwork to
actually obtaining documents. The new Homeland ftycict made moving across the
border with our tree core and fire-scar sampleicdif, even with the appropriate
permits for collection and transport of these mater

The director of the dendrochronology lab at theita® Nacional de
Investigacion Forestal y Agropecuaria (INIFAP),&a8llanueva-Diaz,and professors at
the Universidad Nacional Autonoma Antonio Narro AAN), sponsored us toward
obtaining permits for working in MCPA and processieel tree core and fire-scar samples
we were unable to transport back to the UnitedeStathis has been a mutually
beneficial relationship.

In addition to the originally proposed study, wediur dataset to develop
vegetation and fuels maps for each site usinglangidlata derived from digital elevation
models and satellite imagery. This product is auttyebeing used for forest and fire
management applications, and the vegetation mapshedped identify potential
Mexican spotted owl and Montezuma quail habitahanDavis Mountains. The fuels
maps are being used to identify areas at riskifgit Imtensity fire. The maps have also
assisted managers in identifying locations for ptiéd fuels treatments.

64



References

Adams, D.K., and A.C. Comrie. 1997. The North Aroan monsoon. Bulletin of the
American Meteorological Society 78(10): 2197-2213

Allen, C. D., M. Savage, D. A Falk, K. F. Suckling, W. Swetnam, T. Schulke, P. B.
Stacey, P. Morgan, M. Hoffman, and J. T. Kling€l02. Ecological restoration of
Southwestern ponderosa pine ecosystems: A broaggmdive. Ecol. Apps. 12(5): 1418-
1433.

Appelquist, M.B. 1958. A simple pith locator foraugith off-centered increment cores.
Journal of Forestry 56: 141.

Agee, J.K. 1993. Fire ecology of Pacific Northwiestests. Washington, D.C.: Island
Press. pp. 114-115.

Baker, W. L., and D. Ehle. 2001. Uncertainty infage-fire history: the case of
ponderosa pine forests in the western United St&@sadian Journal of Forest Research
31: 1205-1226.

Baker, W. L., and D. J. Shinneman. Fire and reitoraf pinfion-juniper woodlands in
the western United States: a review. Forest Ecotogymanagement 189: 1-21.

Baisan, C. H. 1990. Fire history on a desert manntnge: Rincon Mountain
Wilderness, Arizona, USA. Canadian Journal of RoResearch 20: 1559-1569.

Barton, A.M., T.W. Swetnam, and C.H. Baisan. 208zona pine Pinus arizonica)
stand dynamics: local and regional factors inefirone Madrean gallery forest of
Southeast Arizona, USA. Landscape Ecology 16: 3#.-3

Barton, A.M. 1993. Factors controlling plant dibtriions: drought competition and fire
in montane pines in Arizona. Ecological MonograpB&): 367-397

Barton, A. M. and Teeri, J.A. 1993. The ecologglgvational positions in plants:
drought resistance in five montane pine species®utheastern Arizona. American
Journal of Botany 80(1): 15-25

Barton, A. M. 1994. Gradient analysis of relatiopshamong fire, environment and
vegetation in a southwestern USA mountain rangalleBn of the Torrey Botanical Club
121(3): 251-265.

Barry, R. B. 1992. Mountain Weather and Climateitheen, London.

Beers, T.W, P.E. Dress, and L.C. Wensel. 1966. étdpansformation in site
productivity research. Journal of Forestry 64:692-6

65



Beven, K. J., and M. J. Kirkby, 1979. A physicdiigsed, variable source area model of
basin hydrology. Hydrological Science Bulletin. 28—69.

Breiman, L., J.H. Freidman, Olshen, R.A. and St@hd, 1984. Classification and
Regression Tree8Vadsworth, Belomont, CA.

Brisette, J.C., M.J. Ducey, and J.H. Gove. 2008eMl test of point relascope sampling
of down coarse woody material in managed stantiseiicadian forest. Journal of the
Torrey Botanical Society 130(2): 79-88.

Brown, J.K. 1974. Handbook for inventorying dowmealody material. USDA For. Ser.,
Intermountain Res. Stn., Ogden, UT, Gen. Tech. R¢p-16.

Brown, J.K., R.D. Oberheu, and C.M. Johnston. 18&hdbook for inventorying
surface fuels and biomass in the Interior West. A$0r. Ser., Intermountain Research
Station, Ogden, UT, Gen. Tech. Rep. INT -129.

Brown, P.M., M. W. Kaye, and L. S. Huckaby. 200itefistory along environmental
gradients in the Sacramento Mountains, New Mexidtuences of local patterns and
regional processes. Ecoscience 8: 115-126

Brown de Colstoun, E.C., M. H. Story, C. ThompgénCommisso, T. G. Smith, and J.
R. Irons. 2003. National park vegetation mappinggishultitmporal Landsat 7 data and
a decision tree classifier. Remote Sensing of Bmwrent85:316-327.

Byram, G.M. 1963. An analysis of the drying procesforest fuel materials.
International Symposium on Humidity and Moisturea$fington, DC. Pp. 38.

Camp, A.E., .C.D.Oliver, P.F. Hessburg,, and R\ergtt. 1997. Predicting late
successional fire refugia pre-dating Europeanesattht in the Wenatchee Mountains.
Forest Ecology and Management 95: 63-77.

Camp, A.E. 1999. Age structure and species composesulting from altered
disturbance regimes on the eastern slopes of tekea@as Range, Washington. Journal of
Sustainable Forestry 9(3/4): 39-67.

Chao, A., Chazdon, R. L., Colwell, R. K. and SHEQ, 2005. A new statistical approach
for assessing compositional similarity based ormderece and abundance data. Ecology
Letters 8: 148-159.

Clayton, L. 1993. Historic Ranches of Texas. Ursugrof Texas, Austin.

66



Cleaveland, M.K., E.R. Cook, and D.W. Stahle. 1%®2cular variability of the Southern
Oscillation detected in tree-ring data from Mex&al the southern United Statbs. El
Nifio: Historical and Paleoclimatic Aspects of trmuhern Oscillation. H.F. Diaz and V.
Markgraf (eds.). Cambridge University Press: Cadd®i

Cleaveland, M.K., D.W. Stahle, M.D. Therrell, Jll&ihueva-Diaz, and B.T. Burns. 2003.
Tree-ring reconstructed winter precipitation arapical teleconnections in Durango,
Mexico. Climatic Change 59, 369-388.

Colwell, R.K. 2005 statistical estimation of species richness andestecies form
samples. Version 7. User’s Guide and applicatidvliphied at:
http://viceroy.eeb.uconn.edu/estimatf@®ersistent URLhttp://prul.oclc.org/estimatds

Collwell, R.K., and D.C. Lees. 2000. The mid-domeifect: geometric constraints on
the geography of species richness. Trends in Egaad Evolution 15(2): 70-76.

Colwell, R.K., Mao, C.X. and Chang, J. 2004. Inéapiag, extrapolating, and comparing
incidence-based species accumulation curves. Eg86Q717-2727.

Conard, S.G., A.l. Sukhinin, B.J. Stocks, D.R. Gahd.P. Davidenko, and G.A.
lvanova. Determining effects of area burned areldaverity on carbon cycling and
emissions in Siberia. Climatic Change 55: 197-211

Congalton, R.G., and K. Green. 1999. Assessind\titeiracy of Remotely Sensed Data:
Principles and Practies. Lewis, New York.

Cook, E.R., 2000. Southwestern USA Drought IndegdRstruction. International
Tree-Ring Data Bank. IGBP PAGES/World Data CefdaePaleoclimatology. Data
Contribution Series #2000-053. NOAA/NGDC Paleodialogy Program, Boulder CO,
USA.

Delta-T Devices. 1999. HemiView Canopy Analysigt®are Version 2.1.

Diaz, H.F., and G.N. Kiladis. 1992. Atmospheriet@nnections associated with the
extreme phases of the Southern OscillatiarEl Nifio: Historical and Paleoclimatic
Aspects of the Southern Oscillation. H.F. Diaz &hdAarkgraf (eds.). Cambridge
University Press: Cambridge.

Donnegan, J.A., T.T. Veblen, and J.S. Sibold. 2@imatic and human influences on
fire history in Pike National Forest, central C@ldo. Canadian Journal of Forest
Research 31: 1526-1539.

Downey, A. E. 1978. Terrell County, Texas, its péastpeople. Rangel Printing. San
Angelo, Texas.

ESRI ArcMap version 9.1. 2005. ESRI Inc. Redlar@hs,

67



Earl, R, A., and D. L. Bash. 1996. Response ofailtr juniper Juniperus deppeana
Pinaceae) to historic environmental variabilityuBavestern Naturalist 41(3): 227-238

Elias, S.A., and T.R. VanDevender. 1990. Fossikdhsvidence for late Quaternary
climatic change in the Big Bend Region, ChihuahDasert, Texas. Quaternary Research
34:249-261.

Evans, Raymond A. 1988. Management of pinyon-junip@odlands. USDA For. Ser.,
Intermountain Research Station, Ogden, UT, Genh.TRRep. INT-249.

Everitt, J. H., J. V. Richerson, J. P. Karges, MDRvis. 1997a. Using remote sensing to
detect and monitor a western pine beetle infestatiavest Texas. Southwestern
Entomologist 22(3): 285-292.

Everitt, J. H., J. V. Richerson, J. Karges, M. Aariz, M. R. Davis, and A. Gomez
1997b. Detecting and mapping western pine bedistations with airborne
videography, global positioning system and geograjpifiormation system technologies.
Southwestern Entomologist 22(3): 293-300.

Falkowski, M.J., P.E. Gessler , P. Morgan, A. Tdelk, A. M. S. Smith. 2005.
Characterizing and mapping forest fire fuels ugv&J ER imagery and gradient
modeling. For. Ecol. Manag. 217:129-146.

Floyd, M.L., W.H. Romme, and D.D. Hanna. 2000. Figtory and vegetation pattern in
Mesa Verde National Park, Colorado, USA. Ecologhigaplications 10(6): 1666-1680.

Floyd, M.L., D.D. Hanna, and W.H. Romme. 2004. bligtal and recent fire regimes in
pifion-juniper woodlands on Mesa Verde, ColoradoAlUSorest Ecology and
Management 198:269-289.

Franklin, J. 1998. Predicting the distribution bfig species in southern California from
climate and terrain-derived variables. Journal ef®tation Science 9:733-748.

Franklin, J. 2002.Enhancing a regional vegetatiap mith predictive models of
dominant plant species in chaparral. Journal ofétagon Science 5: 135-146.

Fulé, P.Z., and W.W. Covington. 1996. Changing fi@g@imes in Mexican pine forests:
ecological and management implications. Journ&looéstry 94:33-38

Fulé, P.Z., and W.W. 1997. Covingtion. Spatial @ai$ of Mexican pine-oak forests
under different recent fire regimes. Plant Ecol@8y: 197-209

Fulé, P.Z., W.W. Covington, M. .M. Moore, and T.Heinlein. 2002. Natural variability
in forests of the Grand Canyon, USA. Journal ofg@mgraphy 29:31-47.

68



Fulé, P. Z., J. Villanueva-Diaz, and M. Ramos-G6or2€95. Fire regime in a
conservation reserve in Chihuahua, Mexico. Canaitimmnal of Forest Research 35:
320-330.

Ganey, J. L. 1999. Snag density and compositioanafy populations on two National
Forests in northern Arizona. Forest Ecology and &¢@ment 117: 169-178.

Ganey, J. L., and S. C. Vojta. 2004. Charactessti€ snags containing excavated
cavities in northern Arizona mixed-conifer and perasa pine forests. Forest Ecology
and Management 199:323-332.

Graham, J. B., and B. C. McCarthy. 2006. Forestrffael dynamics in mixed-oak
forests of south-eastern Ohio. International Jdwh®ildland Fire 15: 1-10.

Gilabert, M.A. J. Gonzalez-Piqueras, F. J. Garcaaieiand J. Melia. 2002. A
generalized soil-adjusted vegetation index. RerBetgsing of Environment 82(2-3):
303-310.

Gove, J.H., M.J. Ducey, G. Stahl, and A.RingvallO2. Point relascope sampling: a new
way to assess downed coarse woody debris. Joofriabrestry 99(4): 4-11.

Gregory, M. J., and J. L. Ohmann. 2002. Prediatna@ping of forest composition and
structure with direct gradient analysis and nearesighbor imputation in coastal
Oregon, U.S.A. Canadian Journal Forest Researel):3225-741.

Graham, J. B., and B. C. McCarthy. 2006. Forestrffael dynamics in mixed-oak
forests of south-eastern Ohio. International Jduwh¥®ildland Fire 15: 1-10.

Grissino-Mayer, H. D., C. H. Baisan, and T.W. Sveetn 1994. Fire history and age
structure analyses in the mixed conifer and spfuiderests of Mount Graham. Final
Report, Mount Graham Red Squirrel Study Committ&e Fish and Wildlife Service,
Phoenix, AZ.

Grissino-Mayer, H. D. 1995. The climate and firstbry of El Malpais National
Monument, New Mexico. Ph.D. dissertation, The Ursitg of Arizona, Tucson. 407 pp.

Grissino-Mayer, H. D. 2001. FHX2-software for armihg temporal and spatial patterns
in fire regimes from tree rings. Tree-ring reseazh115-124.

Grissino-Mayer, and T.W. Swetnam. 2000. Centuryesclmate forcing of fire regimes
in the American Southwest. The Holocene.10: 213-220

Hairston, A.B., and D.F. Grigal. 1991. Topographituences on soils and trees within

single mapping units on a sandy outwash unit. E&eslogy and Management 43:35-
45.

69



Harmon, M.E., Franklin, J.F., Swanson, F.J., Sslll., Gregory, S.V., Lattin, J.D.,
Anderson, N.H., Cline, S.P., Aumen, N.G., SedeR, JLienkaemper, G.W., Cromack
Jr., K., Cummins, K.W., 1986. Ecology of coarse dypdebris in temperate ecosystems.
Advances Ecological Research 15: 133-302.

Heinlein, T.A., M.M. Moore, P.Z. Fulé, and W. W. Gogton. 2005. Fire history and
stand structure of two ponderosa pine-mixed comsitess: San Francisco Peaks, Arizona,
USA. International Journal of Wildland Fire 14: 38Z20.

Heyerdahl, E.K, L.B. Brubaker, and J.K. Agee. 208fatial controls of historical fire
regimes: a multiscale example from the Interior WESA. Ecology 82: 660-678

Heyerdahl, E.K., and E. Alvarado. 2003. Influen€elmnate and land use on historical
surface fires in pine-oak forests, Sierra Madrei@atal, Mexicoln Fire and Climatic
Change in Temperate Ecosystems of the Western gaserl.T. Veblen, W.L. Baker, G.
Montenegro and T.W. Swetnam (Eds.). New York; SprAVerlag. Pp. 196-217.

Huebner, C.D., Vankat, J.L. and Renwick, R.H. 1998ange in the vegetation mosaic of
central Arizona USA between 1940 and 1989. Plantdfy 144:83-91.

Huete, A., K. Didan, T. Miura, H. Yoshioka. 2000p@ication of Enhanced Vegetation
Indices for Tropical Forest Monitoring. presentédh® Second International Conference
on Geospatial Information in Agriculture and ForgsERIM, Lake Buena Vista,

Florida, January 10-12.

Jensen, J.R. 1996. Introductory Digital Image Pssitey: A Remote Sensing Perspective.
Prentice Hall, New Jersey. Pp. 182-184.

Jordan, G.J., M.J. Ducey, and J.H. Gove. 2004. Goimgp line-intersect, fixed-area, and
point relascope sampling for dead and downed coeosely material in a managed
northern hardwood forest. Canadian Journal of E&esearch 34: 1766-1775.

Kauth, R.J., and G.S. Thomas. 1976. The tassefed eagraphic description of the
spectral-temporal development of agricultural cre@sn by Landsaitn Proccedings of
the Symposium on Machine Processing of Remotelg&eData. Perdue University,
West Lafayette, Indiana. Pp. 4B-41-4B-50.

Kaye, M. W., and T. W. Swetnam. 1999. An assessoiiinte, climate, and Apache
history in the Sacramento Mountains, New Mexicoydital Geography 20: 305-330.

Keane, R. E., E. D. Reinhardt, J. Scott, K. Graygl & Reardon. 2005. Estimating forest
canopy bulk density using six indirect methods. &kan Journal of Forest Research 35:
724-739.

Keeley, J.E. 1992. Recruitment of seedlings anetatiye sprouts in unburned
chaparral. Ecology 73(4): 1194-1208

70



Kitzberger, T., T. T. Veblen, and R. Villalba. 199limatic influences on fire regimes
along a rain forest-to-xeric woodland gradient orthern Patagonia, Argentina. Journal
of Biogeography 10: 315-326.

Kitzberger, T., T. W. Swetnam, and T. T. VeblenO20Inter-hemispheric synchrony of
forest fires and the El Niflo Southern Oscillati@tobal Ecology and Biogeography 10:
315-326.

Krugman, S. L., and J. L. Jenkinson. 1974. Pinupihe.In: C. S. Schopmeyer, , tech.
coord. Seeds of woody plants in the United Statsgricultural Handbook 450.
Washington, D.C.: USDA, For. Serv. Pp. 598-638.

Kruskal, J. B. and M. Wish. 197Blultidimensional Scaling. Sage Publications, Beverly
Hills, California.

Landres, P., P. Morgan, and F. J. Swanson. 199@rvi@w of the use of natural
variability concepts in managing ecological systeisological Applications 9: 1179-
1188.

Lane, S. N., C. J. Brokes, M. J. Kirkby, and J.dd¢wl. 2004. A network-index-based
version of TOPMODEL for use with high-resolutiorgiial topographic data.
Hydrological Processes 18: 191 — 201.

Lanner, R.M., and T.R. VanDevender. 1981. Late sRleene pinon pines in the
Chihuahuan Desert. Quaternary Research 15: 278-290.

Laudenslayer, W. L., Jr., P. J. Shea, B. Valentthe?. Weatherspoon, and T. E. Lisle.
2002. Proceedings of the Symposium on the EcolagyManagement of Dead Wood in
Western Forests. USDA Forest Service, Pacific Seesh Research Station Gen. Tech.
Rep. PSW-GTR-181.

Leopold, A. 1924. Grass, brush, timber and fireanthern Arizona. Journal of Forestry
22: 1-10

Lindsay JB. 2005. The Terrain Analysis System: @l for hydro-geomorphic
applications. Hydrological Processes, 19: 1123-1130

Linton, M.J., Sperry, J.S. and Williams, D.G.. 1998mits to water trensport in
Juniperus osteosperma and Pinus edulis: implications for drought tolerance and
regulation of transipiration. Functional Ecology. 96-911.

Lépez, E, and G. Bernardino Mata. 1992. Analisigi€r de la Nueva Reforma Agraria.
Chapingo, Mexico; Universidad Autonoma Chapingo.

71



Lough, J.M. 1992. An index of the Southern Osadlatreconstructed from western
North American tree-ring chronologids: El Nifio: Historical and Paleoclimatic Aspects
of the Southern Oscillation. H.F. Diaz and V. Maikgeds.). Cambridge University
Press: Cambridge.

Magurran, A.E. 2004. Measuring Biological DiversiBtackwell Publishing, Malden,
Massachusettes.

Maingi, J.K., and P.F. Ffolliot. 1992. Specific gity and estimated physical properties
of emory oak in woutheastern Arizona: P.F.Ffolliot, G.J. Gottfried, D.A. Bennett,
V.M. Hernandez, and A. Ortega-Rubio (EDS.) Ecolaggd Management of Oak and
Associated Woodlands: Perspectives in the Soutmvét® and Northern Mexico.
USDA For. Ser., Fort Collins, RM-218.

Mast, J.N., T.T. Veblen, and Y.B. Linhart. 1998sfrbance and climatic influences on
age structure of ponderosa pine at the pine/graggeotone, Colorado Front Range.
Journal of Biogeography 25: 743-755

Mast, J. N., P. Z. Fulé, M. M. Moore, W. W. Wallaead A.E. M. Waltz. 1999.
Restoration of presettlement age structure of anoie ponderosa pine forest.
Ecological Applications 9(1): 228-239.

Martens, S.N., Breshears, D.D. and Barnes, F.J.1.2@evelopment of species
dominance along an elevational gradient: populatignamics ofPinus edulis and
Juniperus monosperma. International Journal of Plant Science 162(4):-733.

Mathews, A. S. 2003. Suppressing Fire and Memonyir&nmental Degradation and
Political Restoration in the Sierra Juarez of Oaxd887-2001. Environmental History
8.1: 59 pars. 7 Nov. 2006 available online:
<http://www.historycooperative.org/journals/eh/@athews.html>.

McClaran, M.P., and J.W. Bartolome. 1989. Firetedlaecruitment in stagnaQuercus
douglasii populations. Canadian Journal of Forest Rese@th8D-583.

McClaran, M.P. and G.R. McPherson. 1999. Oak savanthe American Southwesit:
Savannas, Barrens and Rock outcrop plant commsmfiBlorth America. R.C.
McCune, B. and Mefford, M.J. 1999. PC-ORD. Multrade Analysis of Ecological
Data, Version 4. MJM Software Design, Gleneden Bedaregon.

McClaran, M.P., and T.R. VanDevender. 1995. TheeigSrassland. Tucson, AZ:
University of Arizona Press.

McCune, B. and Grace, J.B. 20@halysis of Ecological Communities. MJM Software
Designs; Glenden Beach, Oregon.

72



Miller, C., and D.L. Urban. 1999. A model of surggfire, climate and forest pattern in
the Sierra Nevada, California. Ecological Modellitit: 113-135

Miller, J.D., S. R. Danzer, J. M. Watts, S. Staaag S. R. Yool. 2003. Cluster analysis
of structural stage classes to map wildland fueks Madrean ecosystem. Journal of
Environmental Management 68:239-252.

Meko, D.M. 1992. Spectral properties of tree-riragadin the United States Southwest as
related to El Niflo/Southern Oscillatiadm: El Nifio: Historical and Paleoclimatic Aspects
of the Southern Oscillation. H.F. Diaz and V. Maikigeds.). Cambridge University
Press: Cambridge.

Moir, W. H., and J. A. Ludwig. 1979. A classificati of spruce-fir and mixed conifer
habitat types of Arizona and New Mexico. USDA F8er., Intermountain Research
Station, Fort Collins, CO, Res. Pap. RM-207.

Moir, W.H. 1982. A fire history of the high ChisdBig Ben National Park, Texas. The
Southwestern Naturalist 27(1): 87-89

Moore, M. M., D. W. Huffman, P.Z. Fulé , W. W. Cogton, and J. E. Crouse. 2004.
Comparison of historical and contemporary forestcstire and composition on
permanent plots in Southwestern ponderosa pinstireorest Science 50(2): 162-176.

Mosifio Aleman, P. A., and E. Garcia. 1974. The @tarof Mexicoln World Survey of
Climatology. Vol 11: Climates of North America, €. A. Bryson, and F. K. Hare (Eds.)
Elsevier; new York. Pp. 345-404.

Niering, W.A. and Lowe, C.H. 1984. Vegetation oktlsanta Catalina Mountains:
Community types and dynamics. Vegetatio 58: 3-28.

Norman, S. P. and A. H. Taylor. 2003. Tropical anth Pacific teleconnections
influence fire regimes in pine-dominated forestsafth-eastern Calfornia, USA. Journal
of Biogeography 30: 1081-1092.

Nyandiga, C.O., and G.R. McPherson. 1992. Gernanadf two warm-temperate oaks,
Quercus emoryi and Quercus arizonica. Canadian Journal of Forest Resea2@hl 395-
1400.

O’Brien, E.M., Field, R. and Whittaker, R.J. 20@imatic gradients in woody plant
(tree and shrub) diversity: water-energy dynanmesidual variation, and topography.
Oikos 89(3): 588-600.

Overpeck, J.T., D. Rind, and R. Goldberg. Climatgdiced changes in forest disturbance
and vegetation. Nature 343: 51-53

73



Padien, D.J. and Lajtha, K. 1992. Plant spatigkpatand nutrient distribution in pinyon-
juniper woodlands along an elevational gradiemtarthern New Mexico. International
Journal of Plant Science 153(3): 425-433.

Parker, A.J. 1982. The topographic relative moestandex: an approach to soil moisture
assessment in mountain terrain. Physical Geograph@0-168.

Peet, R.K. 1978. Latitudinal variation in south®wocky Mountain Forests. Journal of
Biogeography 5:275-289.

Peet, R.K. 1981. Forest vegetation of the Colofadmt Range. Vegetatio 45:3-77

Pennock, D.J., B.J. Zebarth, and E. de Jong. 198Wform classification and soil
distribution in hummocky terrain, Saskatchewan, &t 40: 297-315.

Pierce, K.B., T. Lookingbill, and D. Urban. 2005 sAnple method for estimating
potential relative radiation (PRR) for landscapalswegetation analysis. Lanscape
Ecology 20:137-147.

Poulos, H. M., A. H. Taylor, and R. M. Beaty. Ireps. Environmental controls on
dominance and diversity of woody plant species Maarean, Sky Island ecosystem,
Arizona, USA. Plant Ecology.

R Development Core Team. 2005. A language and @mwvient for statistical computing.
R Foundation for Statistical Computing, Vienna, #ias Available [online] at: http:
www.r-project.org Accessed 10/10/05.

Research Systems Inc.2005. ENVI version 4.2. Bould®.

Rubino, D. L., and B. C. McCarthy. 2003. Evaluatajrcoarse woody debris and forest
vegetation across topographic gradients in a soutDaio forest. Forest Ecology and
Management 183:221-238.

Saculich, J, and A. H. Taylor. In review. Fire megis and forest structure in a sky island
mixed conifer forest, Guadalupe Mountains NatidPalk, Texas, USA. Forest Ecology
Management.

Stahle, D.W., R.D. D'Arrigo, P.J. Krusic, M.K. Cledand, E.R. Cook, R.J. Allan, J.E.
Cole, R.B. Dunbar, M.D. Therrell, D.A. Gay, M.D. M@, M.A. Stokes, B.T. Burns,
J.Villanueva-Diaz, and L.G. Thompson. 1998. Soutl@scillation Index
Reconstruction. International Tree-Ring Data BalGBP PAGES/World Data Center-
A for Paleoclimatology. Data Contribution Serie998-038. NOAA/NGDC
Paleoclimatology Program, Boulder CO, USA.

Savage, M. 1991. Structural dynamics of a Soutrevegiine forest under chronic
human influence. Annals of the Association of Aroan Geographers 81(2): 271-289.

74



Savage, M., and T. W. Swetnam. 1990. Early 19thwegriire decline following sheep
pasturing in a Navajo ponderosa pine forest. Egoltdg6): 2374-2378.

Secretaria de Medio Ambiente, Recursos Naturaleegs Protegidas (SEMARNAP).
2000. Programa Nacional de Proteccion contra losndios forestales. Resultados 1995-
2000. México, D. F.

Schroter, C. 1908/1926. Das Planzenleben der Alpee Schilderund der
Hochgebirgsflora. Raustein, Zurich.

Spetich, M.A., Shifley, S.R., Parker, G.R., 199@8gRnal distribution and dynamics of
coarse woody debris in Midwestern old-growth faseBbrest Science 45: 302-313.

Stephens, S. L. 2004. Fuel loads, snag abundandesnag recruitment in an unmanaged
Jeffrey pine-mixed conifer forest in northwesterexito. Forest Ecology and
Management 199: 103-113.

Stephens, S. L., C. N. Skinner, and S. J. Gill.22@endrochronology-based fire history
of Jeffrey pine-mixed conifer forests in the Sie®@n Pedro Martir, Mexico. 2003.
Canadian Journal of Forest Research 33: 1090-1101.

Stephens, S. L., and S. J. Gill. 2005. Forest &tra@nd mortality in an old-growth
Jeffrey pine-mixed conifer forest in north-westétaxico. Forest Ecology and
Management 205: 15-28.

Stephenson, N.L. 1990. Climatic control of vegetatlistribution: The role of the water
balance. The American Naturalist 135(5); 649-670.

Stephenson, N. L. 1999. Reference conditions famtggequoia forest restoration:
structure, process and precision. Ecological Appions 9: 1253-1265

Stokes, M. A, and T.A. Smiley. 1968. An Introductito Tree Ring Dating. University of
Chicago Press, Chicago.

Swetnam, T.T., and J.L. Betancourt. 1990. Fire-Baut Oscillation relations in the
southwestern United States. Science 249: 1017-1020

Swetnam, T. W., and C. H. Baisan. 1993. Fire hyséord climate change in giant
sequoia groves. Science 262: 885-889.

Swetnam, T. W., and C. H. Baisan. 1996. Histofficalregime patterns in the
southwestern United States since AD 17@Mroceedings of th€'®La Mesa Fire
Symposium. C. D. Allen (Ed.). USDA For. Ser. Gerch. Rep. RM-GTR-286. pp. 11-
32.

75



Swetnam, T. W., and J. L. Betancourt. 1999. Medestiaturbance and ecological
response to decadal climatic variability in the Aiten Southwest. Journal of Climate:
3128-3147.

Swetnam, T. W., and C. H. Baisan. 2003. Tree-raapnstructions of fire and climate
history in the Sierra Nevada and Southwestern drgtates. Pp. 158-195In T. T.
Veblen, W. Baker, G. Montenegro, and T. W. Swetiigds.). Fire and climatic change
in temperate ecosystems of the western Americadogical Studies. Volume 160.
Springer; New York.

Tabachnick, B. G., and L. S. Fidell. 200%ing Multivariate Satistics 4™ Edition. Allyn
and Bacon; Boston.

Turman, B. N., and B. C. Edgar. 1982. Global lighgdistributions at dawn and dusk.
Journal of Geophysical Research. 87: 1191-1206.

US Geological Survey. 2005. National Elevation BataUS Geological Survey, Sioux
Falls, South Dakota.

VanDevender, T.R., and W.G. Spaulding. 1979. Deweknt of vegetation and climate
in the Southwestern United States. Science 2-470d1

Veblen, T. T., T. Kitzberger, and J. Donnegan. 2@ldnate and human influences on
fire regimes in ponderosa pine forests in the GalorFront Range. Ecological
Applications 10: 1178-1195.

Welsh, M. 1996. A Special Place, A Sacred TrustsBving the fort Davis Story.
Professional Paper No. 58. National Park Servi¢esidn of History. Intermountain
Cultural Resources Center; Santa Fe, NM.

Wentworth, T.R. 1981. Vegetation on limestone arahige in the Mule Moutnains,
Arizona. Ecology 62: 469-482.

Whittaker, R.H. 1972. Evolution and measuremersipafcies diversity. Taxon 21: 213-
251.

Whittaker, R.H. and Niering, W.A. 1965. Vegetatmithe Santa Catalina Mountains,
Arizona: Il. A gradient analysis of the south slogeology 46: 429-452.

Whittaker, R.H. and Niering, W.A. 1968. Vegetatwithe Santa Catalina Mountains,
Arizona: IV. Limestone and acid soils. Journal cblbgy 56(2):523-544.

Whittaker, R.H. and Niering, W.A. 1975. Vegetatmithe Santa Catalina Mountains,

Arizona. V. Biomass, production, and diversity ajdhe elevation gradient. Ecology
56:771-790.

76



White, A.S., 1985. Presettlement regenration pagter a southwestern ponderosa pine
stand. Ecology 71:2060-2068.

77



