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Key Findings

Fire History

Mixed conifer forests in Guadalupe Mountains National Park experienced
frequent fire before the onset of livestock grazing. Median and mean return
intervals for fires that scarred 10% or more of the fire scar samples were 10 years
and 11.9 years (range 1-44 years), respectively. Median and mean fire return
intervals for larger fires that scarred 25% or more of samples were longer at 22
years and 20.3 years (range 12-30 years), respectively. The median and mean
point fire return intervals were 22 years and 27.1 years (range 9-87 years).

The position of fire scars within tree rings was mainly in early (60.4%) and
middle (25.4%) earlywood indicating that fires burned predominantly in the
beginning of the growing season.

Mixed conifer forests experienced a dramatic decrease in the occurrence and
extent of fire with the introduction of livestock in 1922. Fire frequency was
similar during the pre-Euro American and settlement period.

There was little spatial variation in fire frequency on forested sites. Fires burned
with similar frequency on different slope aspects and in forests with different
composition. This suggests that grass fuels were ubiquitous and the predominant
source of fuel on forested sites throughout the study area.

Fire extent varied among years and both small and widespread fires were recorded
in the study area. Moreover, fire frequency and extent varied over time. Prior to
1800 fires were frequent and small but this pattern was not stable over time. After
1800 there were fewer small fires and fires became larger and more synchronized
across the landscape.

Fire severity was inferred from forest age structure and the size of trees when they
were first scarred. Forests where multi-aged and trees were often small (<10 cm
dbh) in diameter when they were first scarred. There was no evidence of high
severity fire during the reference period in the age structure of forests. Burns were
either low or moderate in severity.

During the last 65 years input of coarse woody fuel and tree mortality was
associated with drought. Periods of high tree mortality occurred between 1948-
1957 and 1998-2003.



Tree mortality was not simply associated with drought. Tree mortality was only
associated with drought when they persisted for multi-year periods.

Stand Structure

Contemporary forest structure was different than the reconstructed reference
forest (AD 1922) due mainly to fire exclusion after the onset of livestock grazing.
Overall, the contemporary forest has more trees, more basal area, and trees with
smaller quadratic mean diameters.

Average density of the same species of trees >5 cm dbh in the contemporary
forest (923 ha™', range 0-1750 ha™') was higher than in the reference forest (463
ha™, range 0-1000 ha™).

Average basal area of the same species of trees >5 cm dbh in the contemporary
forest (22.4 m” ha!, range 0-45.2 m? ha™) was higher than in the reference forest
(14.3 m* ha'. range 0-36.5 m* ha™).

Quadratic mean diameter of the same species of trees >5 cm dbh in the
contemporary forest (15.7 cm, range 8.5-33.3 cm) was smaller than in the
reference forest ( 17.2 cm, range 5-31 cm).

Average structural diversity of the same species of trees >5 (mean Shannon’s
Diversity Index) was higher in the reference than contemporary forests (1.5 vs.
1.4)

Much of the forest change was caused by an increase in establishment of trees
after the onset of fire exclusion in 1922, especially by Douglas-fir.

Forest changes since 1922 altered the shape of the tree diameter distribution of
pinyon pine, Southwestern white pine and Douglas-fir in the contemporary forest.
There were more trees in smaller size classes. The shapes of the size-class
distributions for ponderosa pine and Gambel oak were similar in the
contemporary and reference period.

Overall, forests where multi-aged and there was no evidence that even-aged
forests were widespread in the study area prior to fire exclusion.

Implications for Management

® (uantitative data on reference forest structure and fire regimes prior to livestock

grazing are sound information for developing restoration plans, management
treatments, and evaluation metrics to judge success of fire and resource
management programs for mixed conifer forests.

Reference forest structure data indicate that restoration objectives should
emphasize: 1) density and basal area reduction, mainly of small diameter trees.
This should increase structural heterogeneity within stands and across the forest
landscape.



® There was considerable spatial variability in reference forest structure within the
study area. Management activities should emphasize variability in outcome
across the landscape rather than achieving an average landscape condition.

® Reference fire regime data indicate that re-introducing frequent fire is essential
for restoring the functional relationships between fire and forest structure that
regulated mixed conifer forests prior to fire exclusion.

® Baring other constraints, burn prescriptions should include a mixture of small
and large fires early in the growing season over a period of several decades to
be consistent with historical burn patterns.



INTRODUCTION

A federal policy of suppressing wildland fire has been in place since 1905 in the
United States (Pyne 1982). Removal of fire has caused considerable change in the
structure, composition, and spatial patterns of fire-prone forests, including those in the
Southwestern United States (Covington and Moore 1994 Kaufmann et al. 1998).

Fire-prone mixed conifer forests in Guadalupe Mountains National Park (GMNP)
occupy a high elevation sky-island environment above the Chihuahua desert. Like other
fire prone forests in the Southwest, they have undergone change (Ahlstrand 1980).
However, these mixed conifer forests are isolated and have a different land use history
making extrapolation about the timing and cause of forest change from studies elsewhere
in the Southwest problematic. A critical need for knowledge of reference conditions on
forest structure and fire regimes for mixed conifer forests was identified by fire and
resource managers in developing the GMNP Fire Management Plan (USDI 2005). A
thick understory of relatively shade tolerant tree species that are fire sensitive when
young appear to be set to replace large diameter overstory Southwestern white pine,
Douglas-fir, and ponderosa pine. The quantity and continuity of fuels in today’s forests
represent a persistent threat of high severity fire. Three recent wildfires (1990, 1993,
1994) in mountaintop mixed conifer forests in GMNP burned >1000 ha of the sky island
mixed conifer forest. Most of the area burned was high severity. The multi-sized nature
of the contemporary forest overstory suggests that such high severity fires were
historically unusual.

Quantitative reference conditions for fire regimes and forest structure are needed
by fire and resource managers in GMNP to both evaluate how existing conditions deviate
from those in the pre fire exclusion period and to develop process (fire) and structural
objectives for restoration of highly altered mixed conifer forests. Research on fire
regimes and forest structure in Southwestern mixed conifer forests suggests that frequent
(e.g. 3-20 years) low intensity surface fires maintained relatively open forests with a fine-
grained multi-aged forest structure (Ahlstrand 1980; Kaufman et al. 1998, 2000; Brown
et al. 2001; Fule et al. 2003). Yet, these studies provide few quantitative reference data on
forest structure (species composition, basal area, density) that could be used by managers
as a foundation for restoration plans or for developing metrics to evaluate the success of
management treatments. Quantitative data on reference fire regimes and forest structure
for mixed conifer forests are needed by both GMNP fire and resource managers, and
managers in the Lincoln National Forest, for development of cross-agency objectives for
prescribed fire use on lands adjacent to GMNP. Knowledge of reference conditions is
also essential for building a flexible fire program that can shift from restoration to
maintenance burning as its goals are met. In GMNP, prescribed fire is currently the
predominant tool used to achieve fire and resource management goals in the highly
altered mixed conifer forest zone. This zone is designated as wilderness.



SUMMARY OF OBJECTIVES

The objectives of this project were to:

1) Quantify pre fire exclusion and contemporary forest structure (i.e. species
composition, basal area, density, size structure, age structure) in mixed conifer forests
in GMNP;

2) Quantify fire regimes (frequency, return interval, size, severity, season) for the pre-
EuroAmerican (pre 1850), settlement (1850-1904), and fire exclusion periods (1922-
present) in mixed conifer forests in GMNP at both stand and landscape scales;

3) Quantify spatial and temporal variation in fire regimes and forest structure with
respect to topography and forest composition;

An additional objective was approved as a no-cost extension. This objective was to
determine if large diameter fuels (dead standing and downed trees) in the contemporary
forest were input to the system during an extended period of drought.

SUMMARY OF MATERIALS AND METHODS

Study Area

Mixed conifer forests were studied in a 5000 ha area in Guadalupe Mountains
National Park (GMNP). Mixed conifer forests occur between the elevations of 2200-
2700 m on top of an incised plateau that rises 600 m from the surrounding Chihuahuan
Desert. The Guadalupe Mountains are Permian-aged limestone, and soils are mostly
shallow, well-drained loam to sandy loam that formed in residuum (Kittams, 1972).
There were no perennial streams in the study area but ephemeral streambeds may have
acted as fuel breaks and impeded the spread of fire.

The climate is semi-arid with cool winters and hot summers. A 19-year average
(1985-2003) of temperatures and precipitation collected at the 2,455 m elevation
automated weather station near the Bowl, document average winter lows of -1.7 °C,
average summer highs of 23.9 °C, and average annual precipitation of 45.0 cm (NPS,
2005). This precipitation record may actually be low because winter snow may sublimate
or blow away before it melts into the unheated collector. Most precipitation (84%) falls
from May to October during the Southwest monsoon. Lightning-ignitions peak in mid- to
late summer, before the onset of monsoon showers (Ahlstrand, 1980).

Mixed conifer forests in the study area occupy a range of topographic settings and
forest composition varies with slope aspect and position. The most xeric sites are not
forested. Instead the vegetation is dominated by shrubs, stem succulents, leaf succulents,
grasses, and forbs. Forests on south-facing slopes are dominated by ponderosa pine
(Pinus ponderosa var. scorpulorum), alligator juniper (Juniperus deppeana var.
deppeana), Gambel oak (Quercus gambelii), and pinyon pine (Pinus edulis). Cooler, more
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mesic sites on north-facing slopes, at higher elevation, or on shaded lower slopes, are
dominated by Douglas-fir (Psuedotsuga menziesii var. glauca) and Southwestern white
pine (Pinus strobiformis) (Ahlstrand, 1980). Shrubs or small trees such as hophornbeam
(Ostrya knowltonii), bigtooth maple (Acer grandidentatum), and serviceberry
(Amelanchier utahensis) are common in the forest understory.

People have used lands in or near GMNP for at least 10,000 years (Fabry, 1988).
Most recently, GMNP was occupied by the Mescalero Apache. The Mescalero Apache
were subjugated in ca. 1870, and permanent European-American settlement at the base of
the mountains occurred shortly thereafter. Use of the high-country for livestock grazing
did not occur until the 1920s with the establishment of the Guadalupe Mountain Ranch
and the installation of a water system. With permanent water, large herds of sheep and
goats were grazed year round and grazing ceased when the area became a National Park
in 1972 (Jameson, 1994; Fabry, 1988). Fire suppression was implemented when the area
became a National Park. Several wildfires and prescribed fires have burned in the study
area since establishment of GMNP. Since fires consume evidence (i.e., fire scars and
trees) of past forest structure and fire regimes (Swetnam et al., 1999), recently burned
areas were avoided for sampling.

Forest Structure and Composition

Forests were sampled by stratifying forested sections of the 5000 ha study area by
slope aspect and slope position, and distributing 160 400m? plots among the strata
(Figure 1). In each plot, all live trees (stems >5cm dbh), standing dead trees, and downed
logs rooted in a plot were identified by species and their diameter was measured at breast
height (dbh). Live saplings (stems >1.4 m tall and <5.0 cm dbh) and seedlings (0.5 m-1.4
m tall) of each species were tallied. The decay class (i.e. Maser et al. 1979) of all logs
rooted in the plot was also recorded. The elevation, slope aspect, slope pitch, slope
configuration, and topographic position of each plot were measured and the last four
topographic variables were used to calculate each plots topographic relative moisture
index (TRMI). TRMI is a measure of relative site moisture availability based on
topography that ranges from 0-60 (Parker 1982).

Forest age structure was determined by coring a representative sample of stems
5-20 cm dbh and all stems > 20 cm dbh in each plot. Trees were cored at a height of 30
cm above the soil surface. Cores (n=2479) were sanded to a high polish, their annual
growth rings were visually cross-dated with a local tree ring chronology for Douglas-fir
from Guadalupe Peak (Stahle, 1992), and the date of the innermost ring was used as the
estimate for tree age. Species’ specific regression equations of age on dbh (range of r’=
0.55-0.66) P<0.001) were used to estimate tree ages for the 6.5 % of the trees with
incomplete cores
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Figure 1. Location of sample points and forest compositional groups identified by cluster
analysis of species importance values in mixed conifer forests, Guadalupe Mountains
National Park. Tables 1 and 3 provide additional characteristics for each forest

compositional group.




Variation in tree species composition in the study area was identified using cluster
analysis. Compositional groups were identified by clustering species’ importance values
(IV) or the sum of relative basal area (BA) and relative density for each plot (maximum
value = 200). Environmental conditions associated with forest composition were then
identified by group using the environmental variables collected in each plot. Differences
in environmental conditions among plots were identified using a non-parametric Kruskal-
Wallis H-test. Aspect values were transformed before comparisons using a modified
Beers transformation (cosine (45 - aspect) + 1) that scaled values from 0 (Southwest
slopes) to 2 (Northeast slopes) (Beers et al. 1966).

Forest Reference Conditions

Forest reference conditions (density, basal area, quadratic mean diameter) for the
pre-fire suppression period were reconstructured using dendroecological methods (cf.
Fule et al. 1997). The reference point for the forest reconstruction was 1922, the year of
the last widespread fire. Reconstructing forest structure for an earlier date would be less
precise because woody material would have been consumed by the 1922 fire. The
reference reconstruction included five of the six dominant species (Douglas-fir, Gambel
oak, pinyon pine, ponderosa pine, Southwestern white pine). Alligator juniper could not
be included because it’s radial growth rings are not increments of annual growth.

Forest reference conditions in 1922 were reconstructed using measurements of the
contemporary forest and the following procedure. First, live trees that established after
1922 were eliminated from plot measurements (i.e., stems < 82 yrs old). Second, the
diameter of trees (stems >20 cm dbh cored in 2004) that were alive in 1922 was
determined by subtracting radial growth since 1922 from each tree core.

Trees that died after 1922 must also be included in the forest reference condition
estimate if they established before 1922. The date of death for snags and downed trees
that were measured in the contemporary forest plots was estimated from measurements of
dbh and decay class, and decomposition rate estimates, following Fule et al. (1997).

Once death dates for snags and downed trees were determined, the dbh of trees alive in
1922 but dead today were determined using tree death dates and the average annual radial
growth rates of each species estimated from trees cores.

Decomposition rates can vary depending on cause of death or climate conditions
(Harmon et al. 1987), affecting tree death date estimates. A sensitivity analysis was
performed to assess the influence of different decomposition rates on the characteristics
of the reconstructed reference forest for 1922. Death dates were estimated for trees using
three decomposition rates; the 25" (slowest), 50" (middle), and 75™ (fastest) percentile.
Structural characteristics (basal area, density, quadratic mean diameter) for the reference
forest were then calculated and compared for each decomposition rate. Changes in forest
conditions since 1922 were identified by comparing reference (1922) and contemporary
(2004) forest characteristics (basal area, density, quadratic mean diameter) using a
distribution free Kruskal-Wallis H-test. Furthermore, structural diversity in 1922 and
2004 was compared by calculating Shannon’s diversity index (Turner et al. 2001) of the
density of trees for each species in each size class in each plot. Only Southwestern white
pine, Douglas-fir, ponderosa pine, pinyon pine, and Gambel oak were included in the
diversity calculations. Other species could not be included because they are short-lived or
do not produce the annual growth rings which were the basis for the forest reconstruction.
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Fire regimes

Fire regime characteristics (i.e., frequency, fire return interval, severity, extent,
seasonality) were reconstructed using fire dates from partial cross-sections removed from
live (n=43)and dead (n=263) fire scarred trees. Fire scarred trees in the strata sampled
with forest plots were located and collected to detect fire occurrence. Partial wood cross
sections were removed from fire scarred trees using a chainsaw (Arno and Sneck 1977)
and the calendar date each fire scar was formed was determined using standard
dendrochronological techniques (Stokes and Smiley 1968).

Fire season-Season of burn was inferred from the relative position of each fire
scar within an annual growth ring (Baisan and Swetnam 1990). Seasons were: 1) early
(first one-third of earlywood); 2) middle (second one-third); 3) late (last one-third); 4)
latewood (in latewood); 5) dormant (at ring boundary). In this spring-fore summer dry
and summer wet climate, dormant season fires most likely represent spring burns that
occurred before trees started growth for the year, rather than burns in the late fall after
trees stopped growth for the year (Caprio and Swetnam 1995).

Spatial variation in fire return intervals - Spatial variation in fire return intervals
(FRI) related to slope aspect, slope position, and forest composition was identified by
comparing mean FRIs for different slope aspect, slope position, and forest compositional
types. Mean composite fire intervals (CFI) and mean point fire intervals (PFI) were
calculated for each slope aspect, slope position, and forest compositional group and
compared using a distribution free Kruskal-Wallis H test.

Temporal variation in fire return intervals - Temporal variation in fire return
intervals that may be related to land use changes was identified by comparing composite
FRIs for three time periods: (1) pre-settlement (up to 1850), (2) settlement (1850-1922),
and (3) grazing-fire exclusion (1922-2004). A composite fire record was used for
temporal comparisons because composite records are more sensitive to changes in
ignitions or burning conditions that might influence fire occurrence at landscape scales
than are point fire return intervals (Dieterich 1980). Differences in the frequencies of fire
between time periods were determined using a t-test.

Fire extent- Fire extent was assessed indirectly using the percentage samples that
recorded a fire in a given year. This measure was used to infer the relative importance of
small vs. widespread fires in the fire regime. Composite fire chronologies were developed
for fires recorded by any sample, 10% or more, or 25% or more of the samples. Fire
return interval statistics were then calculated for the different composite fire chronologies
for the study area as a whole.

Fire Severity — Fire severity was assessed indirectly by analyzing the age structure
of tree populations in plots in each forest compositional group that were identified by
cluster analysis of species important value. Since fires burn with variable severity across
a landscape, their impact on forest structure can vary from place to place, killing many
trees in some stands and few trees in others. Stands that have experienced high severity
fires that killed most or all trees are usually even-aged, while stands with a multi-aged
structure develop under a regime of moderate severity fires that kill only portions of a
stand. Forests that experience mainly low severity fires are also multi-aged, but they may
have no distinct age classes related to fire events like those that experience moderate of
high severity fire (Agee 1993). Past fire severity in each plot was inferred using the
number of 20-year age-classes occupied by trees as an index of fire severity.
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Presumably, if plots have one or a few age-classes they experienced more severe fire than
plots with a larger number of occupied age-classes. The number of 20 yr age classes
occupied by each species was tallied for each plot for both all age classes, and for age-
classes during the pre-fire exclusion (>80 yrs).

The size of a surviving tree when it is first scarred by fire is an indicator of past
fire intensity (Kilgore and Taylor, 1979). If surviving fire scarred trees were small in
diameter when first scarred by a fire, then fires must have been low in intensity because
they damaged the cambium but did not kill the tree (Agee, 1993). To assess the intensity
of past fires we measured the distance from the pith to the juncture of the earliest fire scar
on all stem cross-sections that included the pith year (n = 108). Radial distance was then
used to estimate the diameter of the tree when it was first scarred by a fire. All fire-
scarred cross-sections were extracted from stems at a height of 30-50 cm above the soil
surface so measurements of diameter at the time of first fire scaring are below breast
height.

Tree death and drought

The structure and composition of recently dead Douglas-fir, Southwestern white
pine, and ponderosa pine trees (> Scm DBH) trees was determined on four sites using the
point-centered quarter method. Thirty points were sampled at each site along three to six
parallel transects with points sampled every 25 m along each transect. Due to the
irregular shape of the stands, transect length varied from 100 m to 275 m. All transects
were laid parallel to the contour lines, and the first point for a transect was selected
randomly. Recently dead trees included any standing stems and downed trees in Maser et
al.’s (1979) decay class 1, 2, or 3. At each point, the distance, species, and DBH of the
nearest dead Douglas-fir, Southwestern white pine, and ponderosa pine tree in each
quadrant was recorded.

Dates of tree death

The year a tree died was determined by identifying the date of the last year of
annual growth in partial wood cross-sections removed from each dead tree using a
handsaw. If the outermost growth rings were visibly eroded due to weathering, insect
galleries or decay, wood from the next nearest dead tree to the sample point was selected
for sampling. The wood samples were sanded to high polish and the annual growth rings
were visually cross-dated with the Douglas-fir tree-ring chronology from Guadalupe Peak
(Stahle, 1992). The date of the last annual growth ring for each sample was used as the
year of tree death. The accuracy of the death-date estimate using this method may be
influenced by erosion of the outermost ring(s) on a wood sample or by the lack of
production of annual growth rings prior to the year of death (Villalba and Veblen, 1998).
To account for possible differences in the accuracy of tree-death dates among samples,
we classified each sample into one of three categories based on the condition of the wood
sample: 3 = visible evidence of ring erosion; 2 = no visible evidence of ring erosion (bark
not always present); and 1 = no ring erosion (bark attached). Thus, reported death dates
represent the earliest possible death date; actual death dates could be later.
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Drought and tree mortality

The relationship between drought and tree mortality was determined by
comparing tree death dates with the Palmer Drought Severity Index (PDSI). PDSI is a
composite climatic index that includes immediate (same month) and lagged (previous
month) precipitation and temperature effects on drought (Alley, 1984). Negative PDSI
conditions represent drought while the opposite conditions prevail when PDSI is positive.
We used PDSI values calculated for Texas Climate Division 5, which includes GMNP.
Prolonged drought is often necessary to induce elevated rates of tree mortality, so we
calculated contemporaneous (same year) and previous years’ averages (2, 3, 4 and 5
years) (backward moving average) for annual PDSI.

The association between tree-death dates and climate was identified in two ways.
First, we calculated Pearson product-moment correlations (Zar, 1999) of the tree death
time series with the time series of PDSI. Second, we compared the number of trees that
died during periods with above normal, normal, or below normal PDSI. The three climate
groups were identified by calculating Z-scores for each variable based on the 1940-2003
record of climate. This standardization procedure involves transforming variables that
have different units to make them comparable (Gotelli and Ellison, 2004) and Z-scores +
0.43 were then used as cut-offs for the three groups (Taylor, 1990). The number of trees
dying in each of the three climatic periods was then compared using a Kruskal-Wallis H
test. The correlation analysis and paired comparisons between the frequency of tree death
dates and climate were conducted only for the period (1940-2003).

Errors in estimating tree-death dates due to ring erosion might influence
associations between tree-death date frequency and climate. The actual date a tree died
may have occurred later than the identified date. To address possible misinterpretations in
the climate tree-death date association we also determined the association between
climate, single, and two-year averages of death date frequency for the current and the
following year.

SUMMARY OF RESULTS
Forest Structure and Composition

Five forest compositional groups were identified based on cluster analysis of
species importance values (IV). The forest groups are segregated by aspect, percent
slope, and potential soil moisture (Kruskal-Wallis H-test, P<0.05) (Table 1).

1) The Douglas-fir/Gambel oak group (Psme-Quga, n=8) is dominated by
Douglas-fir and Gambel oak with lesser amounts of Southwestern white pine and
ponderosa pine. Most stands in this group occur on middle and upper slope positions on
north-facing slopes.

2) The Southwestern white pine/Douglas-fir/Gambel oak group (Pist-Psme-Quga,
n=19) is dominated by Southwestern white pine with lesser but equal abundance of
Douglas-fir and Gambel oak. Stands in this group occupy lower slopes and valley
bottoms on northwest-facing slopes.

3) The ponderosa pine/alligator juniper/Douglas-fir group (Pipo-Jude-Psme,
n=22) occupies upper slopes of north east-facing slopes and is strongly dominated by
ponderosa pine; alligator juniper and Douglas-fir are important associates.

4) The alligator juniper/ponderosa pine/pinyon pine group (Jude-Psme-Pied,
n=61) group is dominated by alligator juniper and Douglas-fir and ponderosa pine are
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important associations. Stands in this group occupy middle and upper slope positions on
north-facing slopes.

5) The pinyon pine/alligator juniper compositional group (Pied-Jude, n=50) is
dominated by pinyon pine and alligator juniper and ponderosa pine are important
associates. This group occupies upper slopes and ridge tops and the most xeric sites that
support forest.

Table 1. Environmental characteristics of plots in each forest compositional group
identified by cluster analysis of species important values in mixed conifer forests in
Guadalupe Mountains National Park, Texas. Forest types are Douglas-fir-Gambel oak
(Psme-Quga), Southwestern white pine-Douglas-fir-Gambel oak (Pist-Psme-Quga),
ponderosa pine-alligator juniper-Douglas-fir (Pipo-Jude-Psme), alligator juniper-
ponderosa pine-pinyon pine (Jude-Pipo-Pied), pinyon pine-alligator juniper (Pied-Jude).
n= number of samples in each forest compositional group. TRMI varies between 0 (xeric)
and 60 (mesic).

Compositional Elevation (m) Aspect Slope (%) TRMI
Group Mean Range Cardinal Mean Range Mean Range Mean Range
Psme-Quga 2308.2 (2158-2401) N 1.7 (0.5-2) 179 (8-25) 36.8 (26-45)
Pist-Psme-Quga 2373.0 (2158-2535) NW 1.2 (0-2) 222 (6-38) 33.9 (22-45)
Pipo-Jude-Psme 2381.0 (2194-2511) NE 1.5 (0.3-2) 186 (4-30) 31.8 (19-41)
Jude-Pipo-Pied 2348.5 (2072-2682) N 1.3 (0-2) 244  (4-36) 334 (23-47)
Pied-Jude 2315.7 (1950-2535) NW 1 (0-2) 17.5 (2-38) 26.1 (12-41)

Aspect, slope, and TRMI were significantly different between groups Krusakal-Wallis H-test P<0.001)

Forest Reference Conditions

Sensitivity analysis of reference condition estimates

The sensitivity analysis indicates that estimates of forest reference conditions are

not strongly influenced by variation in decomposition conditions used to estimate tree
death date (Figure 2). No trees dead in 2003 or 2004 were assigned death dates before
1922 using the 50% or 75% decomposition model and only 15% of the dead trees had
estimated death dates older than 1922 using the 25% decomposition model.
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Figure 2. Mean density, basal area, and quadratic mean diameter of the reference forest
(1922) using the three different decomposition condition models 25", 50" 75™) to
estimate the death date of trees that were dead in 2004 in mixed conifer forests in
Guadalupe Mountains National Park. Values for the reference forest could only be
determined for trees with annual growth rings (Douglas-fir, Gambel oak, pinyon pine,
ponderosa pine, Southwestern white pine). Species acronyms are Pipo (ponderosa pine),
Psme (Douglas-fir), Pied (pinyon pine), Pist (Southwestern white pine), Quga (Gambel
oak). Values are for trees >5 cm dbh.
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Differences in reference forest characteristics predicted by the different
decomposition condition models (25th, 50™, 75th) were smaller for tree density and tree
diameter than for basal area. For tree density, the difference between the different
decomposition rates was 56 trees ha™' with the 25™ percentile estimate 5% lower, and the
75" percentile estimate 7% higher than for the 50" percentile model. For diameter the
difference was 1.8 cm. The 25™ percentile estimate was 11% lower, and the 750
percentile estimate was 1% higher than for the 50" percentile. Finally, for basal area the
difference was 3.0 m® ha™'. The 25™ percentile estimate was 13% lower, and the 750
percentile estimate was 7.7 % higher, than for the 50" percentile. Sensitivity analyses for
individual species gave results similar in magnitude to the forest as a whole. Given the
relatively small differences in reconstructed forest characteristics and the wide range of
differences in decomposition rate percentiles and tree death dates (1901-2004), the
reconstruction method is relatively insensitive to imprecision in the decomposition rate
models. Consequently, only results from the 50" percentile decomposition model are
reported to describe reference forest characteristics in GMNP.

Comparison of reference and contemporary forest conditions

Forest comparisons

Conditions in the reference forest in 1922, on average, were different than those
in the contemporary forest (Table 2). The contemporary forest has more trees, trees that
are smaller in diameter, and a forest with more basal area (P<0.01, Kruskal Wallis H-
test). On an individual species basis, contemporary forests have, on average, two-fold
more ponderosa pine and Gambel oak, three-fold more Douglas-fir, and four-fold more
pinyon pine than the 1922 reference forest. On average, the Southwestern white pine
population was not significantly denser in the contemporary than reference forest
(P>0.05) Moreover, average basal area for the reconstructed species was higher (p<0.01)
and average tree diameters were smaller larger (P<0.01) in the contemporary than
reference forest, except for ponderosa pine.

The change in density, basal area, and tree size since 1922 altered the shape of
tree diameter distributions for some species, but not others (Figure 3). The average shape
of the size-class distribution for pinyon pine, Southwestern white pine and Douglas-fir in
the contemporary forest was different than in the reference forest (P<0.05, Kolmogorov-
smirnov two sample test). There was no difference between the reference and
contemporary forest diameter-class distributions for ponderosa pine or Gambel oak
((P>0.05).

Table 2. Mean (SD) density (ha™), basal area (m® ha™), and quadratic mean diameter (cm) of
trees (>5 cm dbh) of the reference (1922) and contemporary forest (2004) in Guadalupe
Mountains National Park, Texas. Values for the reference forest could only be determined for
trees with annual growth rings (Douglas-fir, Gambel oak, pinyon pine, ponderosa pine,
Southwestern white pine). Species acronyms are Pipo (ponderosa pine-Pinus ponderosa), Psme
(Douglas-fir- Psuedotsuga menziesii var. glauca), Pied (pinyon pine), Pist (Southwestern white
pine-Pinus strobiformis), Quga (Gambel oak-Quercus gambellii), Jude (alligator juniper), Acgr
(big tooth maple-_Acer grandidentatum), Amut (service berry- Amelanchier utahensis), Prse
(black cherry), Arxa ( Texas madrone Arbutus xalapensis), Rone (Robinia neomexicana), Quun (
Quercus undulata), Oskn (hop hornbeam-_Ostrya knowltonii), Jumo (one seeded juniper-
Juniperus monosperma), Qumo (Quercus mohriana), Qumu (Quercus muehlenbergii).
Contemporary conditions that are different than the reference are indicated with an asterisk
(Kruskal Wallis H-test, *P<0.05; **P<0.01, ***P<(.001).
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Quadratic Mean Diameter

Density (# trees/ha) Basal area (m?/ha) (cm)
Mean SD Range Mean SD Range Mean SD Range
Pipo
1922 43.9 81.3 0-750 1.7 2.7 0-13.6 21.4 104 5-57.5
2004 Q92.7** 135.7 0-825 3.7 4.8 0-25.9 22.1 12.3 6.7-66.4
Psme
1922 125.3 148.7 775 53 6.6 0-36.5 21.2 9.6 5.2-65.7
2004 312.8*** 343.4 0-1750 8.8*** 9.0 0-45.2 17.5*** 8.6 5.3-51.6
Pied
1922 17.3 51.2 375 0.6 2.0 0-13.9 17.1 5.3 9.4-29.2
2004 67.2*** 158.7 0-850 1.3%** 3.3 0-17.3 11.8** 53 5-30.6
Pist
1922 133.8 170.3 850 55 7.4 0-33.3 19.2 6.9 5.8-38.7
2004 204.5 2754  0-1300 6.0*** 7.8 0-32.1 17.7** 7.8 5.4-45
Quga
1922 1425 1914 1000 1.2 1.9 0-10.1 9.2 2.7 5.1-17.6
2004 2455*** 278.2 0-1250 2.7*** 3.3 0-16.1 10.9** 2.9 5.3-20.9
All Reconstructed Trees
1922 462.8 299.3  0-1000 14.3 10.6 0-36.5 17.2 52 5-31
2004 922.7** 583.2 0-1750 22.4*** 11.5 0-45.2 15.7* 4.3 8.5-33.3
Jude
1922
2004 49.1 78.8 0-350 24 4.6 0-21.8 21.3 10.8 5-55.6
Acgr
1922
2004 43.6 113.2 0-600 0.3 1.0 0-7.7 8.4 1.7 5.5-12
Amut
1922
2004 2.2 10.6 0-100 0.02 0.2 0-1.9 8.6 3.5 5.5-14.7
Prse
1922
2004 3.0 12.0 0-75 0.03 0.1 0-0.8 10.8 1.8 7.7-13.3
Arxa
1922
2004 0.8 59 0-50 0.01 0.1 0-0.8 14.5 4.4 10.1-18.8
Rone
1922
2004 0.5 3.4 0-25 0.003 0.02 0-0.2 8.8 0.9 8.1-9.8
Quun
1922
2004 1.3 115 0-125 0.005 0.04 0-0.5 6.9 0.2 6.8-7.1
Oskn
1922
2004 60.9 114.8 0-500 0.6 14 0-13 9.6 25 5.1-16.5
Jumo
1922
2004 214 129.6  0-1250 0.3 1.2 0-10.3 14.2 7.7 5-37.2
Qumu
1922
2004 10.3 38.1 0-350 0.2 0.8 0-8.1 14.5 4.4 8.3-26.2
Qumo
1922
2004 0.2 2.0 0-25 0.001 0.01 0-0.2 9.7 9.7
All Trees
1922 462.8 299.3  0-1000 14.3 10.6 0-36.5 17.2 5.2 5-31
2004 1115.8 577.6 200-2825 26.3 10.8 4.4-725 15.3 4.0 8.5-30.4
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Figure 3. Mean (£ SE) density of trees (>5 cm dbh) in 10 cm diameter classes in the
reference (1922) and contemporary (2004) mixed conifer forest in Guadalupe Mountains
National Park. Values for the reference forest could only be determined for trees with
annual growth rings (Douglas-fir, Gambel oak, pinyon pine, ponderosa pine,
Southwestern white pine). Note that the y-axis scale is different on each graph. Species
acronyms are Pipo (Pinus ponderosa), Psme (Douglas-fir), Pied (pinyon pine), Pist
(Southwestern white pine), Quga (Gambel oak).
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Forest groups

Douglas-fir/Gambel oak — Reference and contemporary forest conditions were
different. The contemporary forest has more trees, and more basal area (p<0.001) than the
reference forest, but average tree size was similar (Table 3). The overall difference in
density and basal area is due mainly to large increases in density and basal area for
Douglas-fir, followed by ponderosa pine, and Gambel oak. The shape of the Gambel oak,
and ponderosa pine size-class distributions was also similar in 1922 and 2004 (P>0.05),
but the shapes for Southwestern white pine and Douglas-fir were different (P>0.001)
(Figure 4). Small diameter Douglas-fir were more abundant and intermediate size
Southwestern white pine were less abundant in the contemporary forest.

Southwestern white pine/Douglas-fir/Gambel oak — Reference and contemporary
forest conditions were different. The contemporary forest has more trees and more basal
area (P<0.001) than the reference forest, but the average diameter of trees was similar
(P>0.05) (Table 3). The overall difference is due mainly to large increases in density of
Southwestern white pine, Douglas-fir, Gambel oak, and ponderosa pine (P<0.01) in the
contemporary forest. Gambel oak basal area was also significantly higher (P<0.001) in
the contemporary forest and basal area for other species also increased, but not
significantly so. The size-class distributions of Southwestern white pine, Douglas-fir, and
ponderosa pine in the contemporary forest were different (P<0.01) than in the reference
forest (Figure 4). Small diameter stems of these species were more abundant in the
contemporary forest. The size-class distribution for Gambel oak had the same form
(P>0.05) in 1922 and 2004.

Ponderosa pine/alligator juniper/Douglas-fir — Reference and contemporary
forest conditions were different. The contemporary forest has more trees, more basal, and
larger diameter trees (P<0.01) than the reference forest (Table 3). The differences in
density, basal area, and diameter were due mainly to large increases (p<0.01) for
Douglas-fir and Gambel oak with similar trends for Southwestern white pine and
ponderosa pine. These changes in forest characteristics, however, did not alter the form of
each of these species’ size-class distributions. The forms were similar (P>0.05) in 1922
and 2004 (Figure 4).

Alligator juniper/ponderosa pine/pinyon pine — Reference and contemporary
forest conditions were different. Contemporary forests have more trees, more basal and
larger diameter trees (p<0.01) than the reference forest (Table 3). The overall differences
in density and basal area are due mainly to large increases (P<0.01) for Douglas fir,
ponderosa pine, and Gambel oak and the increase in tree size was most pronounced for
Gambel oak. The density and basal area of pinyon pine was also higher in the
contemporary forest (P<0.05), but the average diameter of pinyon pine was larger
(P<0.05) in the reference forest. In the contemporary forest, only pinyon pine and
Douglas-fir had size-class distributions that were different than in the reference forest
(p<0.05) (Figure 4). Pinyon pine were more abundant in all size-classes and Douglas-fir
was more abundant in the smallest size-class in the contemporary forest.

Pinyon pine/alligator juniper — Reference and contemporary forest conditions
were different. The contemporary forest has more trees and more basal area (P<0.01)
than the reference forest (Table 3). The overall differences in density and basal area are
due to large increases (P<0.05) for pinyon pine and ponderosa pine. The average
diameter for pinyon pine and ponderosa pine in the contemporary forest was smaller
(P<0.05), and larger (P<0.05) than in the reference forest, respectively. Only the size-
class distribution of pinyon pine in the contemporary forest was different than in the
reference forest (P<0.05) (Figure 4). Small diameter pinyon pine were much more
abundant in the contemporary forest. The form of the size-class distributions of Douglas-
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fir, Southwestern white pine, ponderosa pine and Gambel oak were similar (P>0.05) in
the reference and contemporary forest.

Table 3. Mean (SD) density (ha™), basal area (m” ha™), and quadratic mean diameter (cm) of trees (>5 cm
dbh) of the reference (1922) and contemporary forest (2004) in forest compositional groups identified by
cluster analysis of species importance values, Guadalupe Mountains National Park, Texas. Forest types are
Douglas-fir-Gambel oak (Psme-Quga), Southwestern white pine-Douglas-fir-Gambel oak (Pist-Psme-
Quga), ponderosa pine-alligator juniper-Douglas-fir (Pipo-Jude-Psme), alligator juniper-ponderosa pine-
pinyon pine (Jude-Pipo-Pied), pinyon pine-alligator juniper (Pied-Jude). Values for the reference forest
could only be determined for trees with annual growth rings (Douglas-fir, Gambel oak, pinyon pine,
ponderosa pine, Southwestern white pine). Species acronyms are Pipo (ponderosa pine), Psme (Douglas-
fir), Pied (pinyon pine), Pist (Southwestern white pine), Quga (Gambel oak), Jude (alligator juniper), Acgr
(big tooth maple), Amut (service berry), Prse (black cherry), Arxa (Texas madrone ), Rone (New Mexico
Locust), Quun (wavyleaf oak), Oskn (hop hornbeam), Jumo (one seeded juniper), Qumo (scrub oak), Qumu
(chinkapin oak). Contemporary conditions that are different than the reference are indicated with an
asterisk (Kruskal Wallis H-test, *P<0.05; **P<0.01, ***P<0.001).

Compositional Group: Psme-Quga

Density (# trees/ha) Basal area (mzlha) Quadratic Mean Diameter (cm)
Species Mean SD Range Mean SD Range Mean SD Range
Pipo
1922 40.6 32.6 0-100 1.9 3.1 0-9.4 19.2 10.2 7.8-32.9
2004 81.3 59.4 25-175 5.8 6.8 0.2-21.3 24.4 10.4 9.4-40.4
Psme
1922 1438 117.8 25-350 5.7 6.4 0.4-18.9 9.5 6.0 2.1-18.4
2004 1262.5*** 307.4 875-1750 13.8* 7.3 6.5-24.9 9.4 1.6 6.9-11.5
Pied
1922
2004 3.1 8.8 0-25 0.01 0.02 0-0.1
Pist
1922 128.1 98.6 0-225 7.9 8.8 0-26.7 21.7 10.1 8.1-34.1
2004 1594 111.8 25-300 5.9 5.0 0.1-12.6 15.2 5.3 5.8-23.7
Quga
1922 3250 198.2 25-600 3.4 3.1 0.2-9.9 8.3 3.3 4.6-13.8
2004 4281 146.0 150-650 5.5 4.8 0.8-16.1 11.7 4.7 7.9-20.9
All Reconstructed Trees
1922 6375 0-600 18.9 21.4 0-26.7 124 6.7 6.6-28
2004 1934.4*** 0-1750 31.1** 23.9 0.1-24.9 11.3 1.7 8.5-13.7
Jude
1922
2004 43.8 104.2 0-300 26 6.6 0-18.8 21.2 12.3 7.5-31.1
Acgr
1922
2004 25.0 401 0-100 0.1 0.2 0-0.4 7.3 1.3 5.8-8.2
Amut
1922
2004 3.1 8.8 0-25 0.01 0.03 0-0.1 7.0 7.0
Oskn
1922
2004 87.5 177.3 0-500 0.3 0.6 0-1.8 7.0 0.7 6.5-7.8
Jumo
1922
2004 3.1 8.8 0-25 0.1 0.3 0-0.8 20.6 20.6
All Trees
1922 6375 203.5 350-900 18.9 6.0 12.1-29.9 12.4 6.7 6.6-28
2004 2096.9 339.0 1500-2575 34.2 8.1 22.1-43.6 11.5 1.9 8.5-13.7
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Compositional Group: Pist-Psme-

Quga
Density (# trees/ha) Basal area (m2/ha) Quadratic Mean Diameter (cm)
Species Mean SD Range Mean SD Range Mean SD Range
Pipo
1922 30.3 38.7 0-125 2.3 3.9 0-13.6 19.6 9.6 2.4-321
2004 110.5* 136.8 0-450 2.3 2.6 0-8.3 16.7 10.2 7.4-43.5
Psme
1922 107.9 52.7 50-225 6.9 5.8 0.9-24.2 18.2 11.4 2.6-45.2
2004 298.7** 2742  25-950 8.8 5.2 0.1-19.2 17.2 9.7 5.3-46.5
Pied
1922
2004 2.6 11.5 0-50 0.05 0.2 0-0.9
Pist
1922 328.9 199.2  75-850 11.3 6.8 0.3-23 12.7 4.9 2.8-23.9
2004 768.4** 309.6 375-1300 15.0 8.8 5.7-32.1 13.2 3.0 8.3-19.6
Quga
1922 119.7 102.3 0-350 1.1 1.5 0-5.7 7.2 3.4 1.3-14.8
2004 253.9** 123.1  100-525 2.8*** 23 0.6-10.1 10.7** 2.0 8.2-15.5
All Reconstructed Trees
1922 586.8 0-850 21.7 18.0 0-24.2 12.7 3.6 7-20.8
2004 1431.6™** 0-1300 28.8** 18.8 0-32.1 13.4 2.1 9.6-18.7
Jude
1922
2004 10.5 20.9 0-75 0.5 1.9 0-8.3 16.8 15.5 6.4-43.8
Acgr
1922
2004 30.3 65.4 0-250 0.3 0.8 0-3.5 9.4 1.9 6.8-12
Amut
1922
2004 1.3 5.7 0-25 0.003 0.01 0-0.1 5.5 5.5
Prse
1922
2004 3.9 12.5 0-50 0.03 0.1 0-0.3 10.7 24 9-12.4
Oskn
1922
2004 92.1 119.3 0-325 0.7 1.0 0-3 9.8 2.0 6.9-13
Qumu
1922
2004 11.8 24 1 0-75 0.2 0.6 0-2.7 141 8.2 8.3-26.2
All Trees
1922 586.8 208.9 200-975 21.7 8.0 7.9-37.7 12.7 3.6 7-20.8
2004 1584.2 386.8 1050-2600 30.7 8.0 15.2-43.9 13.0 1.8 9.7-16.6

20



Compositional Group: Pipo-Jude-

Psme
Density (# trees/ha) Basal area (m2/ha) Quadratic Mean Diameter (cm)
Species Mean SD Range Mean SD Range Mean SD Range
Pipo
1922 46.6 56.8 0-225 1.7 21 0-7.1 17.5 11.2 7-49.4
2004 159.1 236.4 0-825 4.8 54 0-16.6 23.3 16.2 8.6-66.4
Psme
1922 143.2 147.8 0-475 3.7 4.1 0-14.8 9.8 8.7 0.5-36
2004 442.0** 356.6 25-1375 10.8*** 8.4 0.2-31.6 16.6™* 8.9 10.5-51.6
Pied
1922
2004
Pist
1922 80.7 73.2 0-225 2.8 34 0-11.2 14.1 9.1 2-38.7
2004 203.4 171.4 0-525 4.7 5.0 0-19.6 14.1 6.6 5.4-32.8
Quga
1922  406.8 236.4 125-1000 24 1.6 0.4-6.8 6.5 1.4 3-91
2004 797.7** 190.4 475-1250 745 3.1 3.9-15.5 10.4** 1.3 7.9-14.1
All Reconstructed Trees
1922 677.3 0-1000 10.5 11.2 0-14.8 8.7 27 3.5-13.7
2004 1602.3*** 0-1375 27.7** 21.9 0-31.6 12.9%* 1.5 10.9-15.4
Jude
1922
2004 59.1 100.2 0-325 1.3 21 0-6.3 15.2 4.6 7.7-23.5
Acgr
1922
2004 12.5 44.8 0-200 0.1 0.3 0-1.2 7.4 1.7 6.2-8.6
Amut
1922
2004 1.1 53 0-25 0.003 0.01 0-0.1 55 5.5
Rone
1922
2004 1.1 5.3 0-25 0.01 0.03 0-0.1 8.1 8.1
Oskn
1922
2004 29.5 67.1 0-250 0.2 0.6 0-2.6 8.4 1.3 7.3-10.7
Jumo
1922
2004 12.5 253 0-100 0.1 0.3 0-1 10.9 54 5-20.2
Qumu
1922
2004 6.8 23.4 0-100 0.1 0.3 0-1.4 13.6 0.6 13.1-14
All Trees
1922 677.3 253.4 275-1225 10.5 4.6 2.8-16.8 8.7 27 3.5-13.7
2004 1725.0 381.0 1275-2825 29.5 6.3 17.1-39.8 12.7 1.4 10.9-15.3
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Compositional Group: Jude-

Pipo-Pied
Density (# trees/ha) Basal area (m2/ha) Quadratic Mean Diameter (cm)
Species Mean SD Range Mean SD Range Mean SD Range
Pipo
1922 26.6 46.7 0-225 1.1 1.9 0-9.6 22.3 11.6 4-45.8
2004 54.5* 724 0-425 2.0* 29 0-12.9 19.5 11.8 7.8-53.1
Psme
1922 1902 1774 0-775 8.3 8.1 0-36.5 15.3 9.3 2.6-65.7
2004 359.4*** 210.3 0-800 12.5* 10.3 0-45.2 17.6 7.6 6.5-42.3
Pied
1922 0.4 3.2 0-25 0.01 0.1 0-0.6 171 171
2004 9.8* 271 0-125 0.1* 0.2 0-1.1 7.6 2.0 5.0-12.0
Pist
1922 186.1 1804 0-750 8.3 8.4 0-33.3 17.6 6.5 2.3-33.6
2004 187.3 168.5 0-700 8.0 8.3 0-30.5 20.0 7.8 7.4-45
Quga
1922 1406 1549 0-700 1.4 2.1 0-10.1 8.1 3.4 2.3-16.5
2004 208.6** 148.5 0-500 2.7 26 0-13.7 11.3%* 3.1 5.3-19.5
All Reconstructed Trees
1922 5434 0-775 19.1 20.6 0-36.5 13.8 4.4 4.7-27.8
2004 809.8*** 0-800 25.0*** 241 0-45.2 16.1*** 3.6 9.6-29.9
Jude
1922
2004 28.7 58.2 0-250 1.2 27 0-10.2 21.0 9.8 8.6-51
Acgr
1922
2004 971 163.9  0-600 0.7 14 0-7.7 8.4 1.7 5.5-12
Amut
1922
2004 45 16.1 0-100 0.1 0.3 0-1.9 9.9 3.7 5.5-14.7
Prse
1922
2004 29 10.3 0-50 0.02 0.1 0-0.5 10.2 2.2 7.7-12.9
Rone
1922
2004 038 4.5 0-25 0.01 0.03 0-0.2 9.2 0.9 8.5-9.8
Quun
1922
2004 1.2 9.6 0-75 0.01 0.04 0-0.3 71 71
Oskn
1922
2004 107.0 139.7 0-475 1.1 21 0-13 10.0 2.6 5.1-16.5
Jumo
1922
2004 82 245 0-125 0.3 1.1 0-5.7 16.8 11.0 5.2-37.2
Qumu
1922
2004 184 56.1 0-350 0.4 1.2 0-8.1 15.5 3.0 11.4-19.6
Qumo
1922
2004 04 3.2 0-25 0.003 0.02 0-0.2 9.7 9.7
All Trees
1922 5439 271.7 75-1325 19.1 11.7 1.3-49.7 13.8 4.4 4.7-27.8
2004 1088.9 329.3 475-2100 28.9 11.4 11.7-72.5 14.9 2.7 9.8-23.6

22



Compositional Group: Pied-Jude

Density (# trees/ha) Basal area (m2/ha) Quadratic Mean Diameter (cm)
Species Mean SD Range Mean SD Range Mean SD Range
Pipo
1922 70.9 125.6 0-750 21 2.9 0-12.9 18.0 8.3 5.0-32.0
2004 105.0 133.9 0-725 5.4** 5.9 0-25.9 25.7** 11.0 6.7-49.4
Psme
1922 42.9 91.1 0-525 1.6 2.8 0-11.9 19.2 11.4 5.2-52.8
2004 52.5 79.1 0-275 26 4.8 0-20.4 20.6 9.9 5.7-44.6
Pied
1922 56.1 80.4 0-375 1.8 3.2 0-13.9 16.1 5.8 6.0-29.2
2004 201.5*** 2322 0-850 4.0* 4.9 0-17.3 13.1* 5.3 5.0-30.6
Pist
1922 20.4 57.9 0-250 0.9 2.9 0-17.9 19.7 5.1 10.3-26.3
2004 19.0 51.9 0-225 0.9 26 0-15.4 23.3 10.2 6.1-37.5
Quga
1922 8.2 241 0-125 0.1 0.3 0-1.8 6.4 3.6 2.1-12.8
2004 15.0 41.6 0-200 0.2 0.5 0-2.8 9.8 3.3 6.2-17.4
All Reconstructed Trees
1922 142.3 0-750 4.7 9.0 0-17.9 16.5 6.4 5-31
2004 191.5*** 0-850 9.0™** 13.8 0-25.9 18.0 5.2 10.7-33.3
Jude
1922
2004 85.0 86.7 0-350 51 6.2 0-21.8 23.8 11.4 5.0-55.6
Prse
1922
2004 4.5 16.5 0-75 0.05 0.2 0-0.8 11.5 1.2 10.7-13.3
Arxa
1922
2004 25 10.4 0-50 0.04 0.2 0-0.8 14.5 4.4 10.1-18.8
Quun
1922
2004 25 17.7 0-125 0.01 0.1 0-0.5 6.8 6.8
Oskn
1922
2004 2.5 14.5 0-100 0.01 0.1 0-0.3 9.3 4.0 6.5-12.1
Jumo
1922
2004 52.5 228.0 0-1250 0.5 1.8 0-10.6 13.5 5.2 6.3-21.9
Qumu
1922
2004 3.0 15.7 0-100 0.03 0.2 0-1.3 11.5 1.8 10.2-12.7
All Trees
1922 198.5 193.6  25-1000 6.5 5.6 0.0-26.3 16.5 6.4 5.0-31.0
2004 5455 273.4 200-1450 18.7 8.8 4.4-49.3 18.4 4.9 9.7-30.4
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Figure 4. Mean (+ SE) density of trees (>5 cm dbh) in 10 cm diameter classes in the
reference (1922) and contemporary (2004) for forest composition types identified by
cluster analysis of species importance values in Guadalupe Mountains National Park.
Forest types are Douglas-fir-Gambel oak (Psme-Quga), Southwestern white pine-
Douglas-fir-Gambel oak (Pist-Psme-Quga), ponderosa pine-alligator juniper-Douglas-fir
(Pipo-Jude-Psme), alligator juniper-ponderosa pine-pinyon pine (Jude-Pipo-Pied), pinyon
pine-alligator juniper (Pied-Jude). Values for the reference forest could only be
determined for trees with annual growth rings (Douglas-fir, Gambel oak, pinyon pine,
ponderosa pine, Southwestern white pine). Note that the y-axis scale is different on each
graph. Species acronyms are Pipo (ponderosa pine), Psme (Douglas-fir), Pied (pinyon
pine), Pist (Southwestern white pine), Quga (Gambel oak).
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Structural diversity

The increase in density, size, and basal area of trees since 1922 is reflected in the
structural diversity of the forest (Table 4). Overall, forest structural diversity is higher in
the contemporary than in the reference forest. However, the overall diversity pattern was
not consistent within forest groups. Contemporary forests in two of the groups had a
higher structural diversity than the reference forest (P<0.05), but structural diversity was
similar in the other three forest groups.

Table 4. Shannon’s diversity of the density of trees (>5 cm dbh) for each species in 10 cm
diameter classes in the reference (1922) and contemporary forest (2004) in forest
compositional groups identified by cluster analysis of species importance values,
Guadalupe Mountains National Park, Texas. Forest types are Douglas-fir-Gambel oak
(Psme-Quga), Southwestern white pine-Douglas-fir-Gambel oak (Pist-Psme-Quga),
ponderosa pine-alligator juniper-Douglas-fir (Pipo-Jude-Psme), alligator juniper-
ponderosa pine-pinyon pine (Jude-Pipo-Pied), pinyon pine-alligator juniper (Pied-Jude).
Only values for the trees with annual growth rings (Douglas-fir, gambel oak, pinyon pine,
ponderosa pine, Southwestern white pine) were included for calculating diversity.
Species acronyms are Pipo (ponderosa pine-Pinus ponderosa), Psme (Douglas-fir-
Psuedotsuga menziesii var. glauca), Pied (pinyon pine), Pist (Southwestern white pine-
Pinus strobiformis), Quga (Gambel oak-Quercus gambellii). Contemporary conditions
that are different from the reference are indicated with an asterisk (Kruskal Wallis H-test,
*P<0.05; **P<0.01).

Forest Compositional Group

Psme-Quga |Pist-Psme-nga|Pipo-Jude-Psme|Jude-Psme-Pied|Pied-Jude |AII

19220 16 1.7 1.2 1.6 1 1.4
2004 1.3 1.7 1.5* 1.7 1.3** 1.5*

Fire Regimes
Fire record — A long record of fire was recorded in fire scar samples in mixed

conifer forests in GMNP. A total of 183 fires were identified in the 306 samples between
1404 and 1990. The period 1600 to 2003 was selected as the period for the fire
disturbance analysis to ensure adequate sample depth. Samples depths >10% are
generally adequate to analyze temporal variation in fire occurrence in short fire return
interval ecosystems (Caprio and Swetnam 1995) and sample depth exceeded 10% after
1600.

Fire Season — The position of fires within annual growth rings indicate that
most fires burned before or early in the growing season (dormant = 10.4%, early=60.4%),
and most other fires burned during the middle of the growing season (middle=25.4%).
Late growing season burns were infrequent (Table 5).
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Table 5. Seasonal distribution of fires recorded in fire scar samples in mixed conifer
forests, Guadalupe Mountains National Park, Texas.

Seasonality of Burn Fire Scar position
Total DeterminedUndetermined Early Middle Late Latewood Dormant
Number 1027 816 620 261 26 13 107
Percentage 55.7 443 60.4 254 25 1.3 104

Fire return intervals — Statistical description of fire-return intervals (FRI)
includes the mean fire interval (MFI, average number of years between fires) and median
fire interval as measures of central tendency. The composite fire interval distributions
were positively skewed and they had more short than long FRI (Table 6). Given the
asymmetrical nature of the FRI distributions the median is a more appropriate measure of
central tendency than the mean. The median and mean composite FRI of all fires were
1.0 years and 2.3 years, respectively. More widespread burns, recorded by 10% or more
and 25% or more of the samples occurred at longer intervals. The median and mean FRI
for fires that scarred 10% or, and 25% or more of samples were 10 years and 11.9 years
and 22.0 years and 20.3 years, respectively. The median and mean point FRI were similar
and longer than for the composite FRI. The median and mean point FRI for all samples
were 22 years, and 27.1 years, respectively. There was no statistically significant spatial
variation in mean or median composite or point fire return intervals related to forest
composition (P>0.05), slope aspect (P>0.05), or slope position (P>0.05) (results not
shown). Consequently, only fire regime statistics for the study area as a whole are
reported.

Table 6. Composite and point fire return interval statistics (years) for the period 1600-
2004 determined from fire scars for mixed conifer forests, Guadalupe Mountains
National Park, Texas.

‘Type of Sample ‘No. of intervals Mean Median SD Min. Max. Skewness Kurtosis
Point (PFI) 1532 271 22 10.7 9 87 1.9 6.3

Composite FRI

Any scarred 169 2.3 1 3.4 1 30 55 37.2

>10% scarred 26 11.9 10 9.6 1 44 1.8 4.5

> 25% scarred 7 20.3 22 6.3 12 30 0.2 0.2
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Temporal patterns — Fire occurrence varied by time period (Table 7). There was
not statistical difference (P>0.05) in the mean composite FRI in the pre-Euro American
(1.8 years) and settlement (3.8 years) periods. However, mean FRI was longer (22.7
years) during the fire exclusion period (P < 0.05). This pattern was also evident for more
widespread fires. There was no difference in the mean or median FRI for 10% burns
between the pre-Euro American and settlement periods. There were no 25% burns during
the fire exclusion period and only one during the settlement period.

Table 7. Composite fire return interval statistics (years) for the pre-Euro American,
settlement, and fire exclusion periods determined from fire scars for mixed conifer
forests, Guadalupe Mountains National Park, Texas. There was no difference in the
median or mean fire return interval between the pre-Euro American and settlement period
but fire return intervals were longer (Kruskal Wallis H-test and t-test, P<0.05) during the
fire exclusion period.

Any scarred Time Period Mean Median Range
All Years 1600-2000 2.3 1 1-30
Pre-EuroAmerican 1600-1879 1.8 1 1-10
Settlement 1880-1922 3.8 4 1-9
Fire exclusion 1922-2000 22.7 24 14-30
>10% scarred Time Period Mean Median Range
All Years 1600-2000 11.9 10 1-44
Pre-EuroAmerican 1600-1879 1.1 10 1-44
Settlement 1880-1922 13 13 13
Fire exclusion 1922-2000 - - -
>25% scarred Time Period Mean Median Range
All Years 1600-2000 20.3 21.5 12-30
Pre-EuroAmerican 1600-1879 18.4 21 12-22
Settlement 1880-1922 - - -

Fire exclusion 1922-2000 - - -
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Fire Extent —Fire extent varied among years (Figure 5) but most burns were small
and intermediate in size. Seventy-five percent of the fires scarred <5 samples. The pattern
of large and small fires varied over time, however. The period prior to 1800 had frequent
small fires and this fire frequency pattern was not stable over time. After 1800 fires were
less frequent and more synchronized across the landscape.

Number of samples scarred

0 | I ! TR R N R R S
1 T 1 1 1 1 1 T 1 1 T 1
o O O O o o o o o o o o o o o O O O O o o
o <t © O O <t o 0 o AN <t (<o} 0 O < © 0 O
© ©O© ©O© O o N~ N~ N~ N~ N~ [ce] [ce] [ce] [ce] o OO O O O O O
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ N

Year

I # Scarred = Sample Depth ‘

Figure 5. Frequency of samples with a fire scar by year between 1600 and 2000 in mixed
conifer forests in Guadalupe Mountains National Park, Texas. Sample depth is the
number of samples that could have recorded a fire in that year.

Age Structure Patterns and Fire Severity

The age structure of trees in a forest reflect the past severity of fire. Fire may kill
many trees in some stands and few in others. Thus, the impact of fire on forest age
structure may vary from place to place. In the forest as a whole, ponderosa pine, pinyon
pine, Southwestern white pine, Douglas-fir and Gambel oak were widely distributed
among age classes in both the reference and contemporary forest (Figure 6). The oldest
trees were Southwestern white pine and Douglas-fir, but trees > 200 years old of each
species were present in the forest. The large number of <100 year old Douglas-fir,
Southwestern white pine, ponderosa pine and Gambel oak established after fire
exclusion.
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Figure 6. Mean age-class distribution for each species in mixed conifer forest, Guadalupe
(Douglas-fir), Pied (pinyon pine), Pist (Southwestern white pine), Quga (Gambel oak).
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Douglas-fir/Gambel oak - Plots in this group had a high density of trees >80 years old
and Douglas-fir, Southwestern white pine, and gambel oak were present in a wide range
of age classes (Figure 7, Table 8). Pondersa pine were young and <140 years old. The
large number of <100 year old Douglas-fir and Gambel oak established after fire
exclusion. On average, plots had trees in 4.0 age classes >80 years (range 3-5). Frequent
tree establishment and the high frequency of fire in the study area suggest that fires were
mainly low and moderate severity fire.

Southwestern white pine/Douglas-fir/Gambel oak plots had the highest density of
trees >80 years old and ponderosa pine, Southwestern white pine, Douglas-fir, and
Gambel oak were present in a wide range of age classes (Figure 7, Table 8). There were
Southwestern white pine and Douglas-fir that exceeded 300 years of age. Southwestern
white pine was most abundant in this group. The high density of Southwestern white
pine, Douglas-fir, Gambel oak, and ponderosa pine stems <100 years old established after
fire exclusion. On average, plots had trees in 5.2 age classes (range 2-8). The frequent
tree establishment over longer periods and the record of frequent fire suggests that fires
were mainly low or moderate in severity.

Ponderosa pine/alligator juniper/Douglas-fir plots were moderately dense and
ponderosa pine, Southwestern white pine, Douglas-fir, and Gambel oak were present in
most age-classes <200 years old (Figure 7, Table 8). Stems <100 years old of each of
these species were very abundant, and they established after fire exclusion. There were
few trees > 240 years old. On average, plots had trees in 3.9 age classes (range 2-7). The
presence of trees in a range of age-classes and the record of frequent fire suggests that
burns were mainly low and moderate in severity.

Alligator juniper/ponderosa pine/pinyon pine plots were also moderately dense
and Douglas-fir, and Southwestern white pine, ponderosa pine and Gambel oak were
present in a wide range of age-classes (Figure 7, Table 8). Each of these species had
stems > 260 years old while ponderosa pine were mainly <200 years old and all pinyon
pine were <100 years old. Moreover, there were large numbers of Douglas-fir,
Southwestern white pine, Gambel oak, and ponderosa pine <100 years old that
established after fire exclusion. On average, plots in this group had trees in 5.5 age
classes (range 2-15). Frequent tree regeneration over long periods and the record of
frequent fire suggests that burns were mainly low to moderate severity burns.

Pinyon pine/alligator juniper plots were low in density and trees of each species
were present in most age-classes < 240 years old (Figure 7, Table 8). This group is
distinguished by the abundance of pinyon pine. Stems of pinyon pine, ponderosa pine,
Douglas-fir, and Gambel oak <100 years old were abundant and established after fire
exclusion. Plots on average had trees in 3.0 age classes (range 1-6). Intermittent tree
regeneration over a long period and the record of frequent fire suggests most burns were
low or moderate in severity.

Fire-scarred trees were small when they were first scarred. The mean diameter of
stems (n =108) when they were first scarred was 9.7 cm (range 1.6 - 28.6 cm). Moreover,
59% of the samples were <10 cm, and 26% were < 5 cm in diameter (sapling size) when
they were first scarred. The average age of a tree when it was first scarred was 50 years
old (range 5-164 years).
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Figure 7. Mean age-class distribution for each species in the five forest compositional

groups identified by cluster analysis of species importance values in mixed conifer forest,
Guadalupe Mountains National Park, Texas. Species acronyms are Pipo (ponderosa

pine), Psme (Douglas-fir), Pied (pinyon pine), Pist (Southwestern white pine), Quga

(Gambel oak).
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Table 8. Mean density (stems/ha) of aged stems > 80 years old and all aged stems, and
mean number of occupied age classes in forest compositional groups identified by cluster
analysis of species importance values, Guadalupe Mountains National Park, Texas.
Forest types are Douglas-fir-Gambel oak (Psme-Quga), Southwestern white pine-
Douglas-fir-Gambel oak (Pist-Psme-Quga), ponderosa pine-alligator juniper-Douglas-fir
(Pipo-Jude-Psme), alligator juniper-ponderosa pine-pinyon pine (Jude-Pipo-Pied), pinyon
pine-alligator juniper (Pied-Jude). Values are for trees with annual growth rings
(Douglas-fir, gambel oak, pinyon pine, ponderosa pine, Southwestern white pine).

# 20 yr age
# 20 yr Age classes all
Forest composition Stems >80 yrs (ha™) All Stems (ha™) classes > 80 yrs stems
Group n Mean Range SD Mean Range SD Mean Range Mean Range
Psme-Quga 8 525 325-700 116.5 2047 1500-2550 369.7 4 3-5 7.1 6-8

Pist-Psme-Quga 19 636 325-1000 204.7 1572 1050-2575 3851 5.2 2-8 8.3 5-12
Pipo-Jude-Psme 22 857 500-1225 235.7 1651 1000-2775 380.5 3.9 2-7 6.7 4-10
Jude-Pipo-Pied 61 448 75-1100 202.3 1046 475-2100 326.7 5.5 2-15 8.1 5-12
Pied-Jude 50 133 0-625 126.6 406 100-950 208.9 2.7 0-8 5.2 2-11

Drought and tree mortality

The date of the outside ring on wood samples from dead trees was successfully
determined for 82% of the dead tree samples (n=480). Most of the dead trees were
Southwestern white pine (87%); Douglas-fir and ponderosa pine comprised only 3% and
10% of the dead tree population, respectively. Calendar dates for the outside ring on the
dead tree wood samples ranged from 1697 to 2003. Only trees (n=231) with known death
dates in ring erosion category 1 (n=58) and 2 (n=193) for the period 1940 to 2003 were
included for further analysis to minimize any affects of ring loss on the climate tree
mortality relationships.

Tree death was episodic and concentrated during two periods, 1945 to 1955 and
1995 to 2003 (Figure 8). Most of the trees died during the 1945-55 (83%) period and the
years 1949-1952 had the highest frequency of dead trees. Thirteen percent of the trees
died during the 1995 to 2003 period.
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Tree Death Date and Drought
Guadalupe Mountains National Park
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Figure 8. Frequency of tree death dates and the Palmer drought severity index (PDSI)
(Texas Climate Division 5) in mixed conifer forests in Guadalupe Mountains National
Park, Texas.

Both dry and wet periods were evident in the 63-year climatic record of PDSI
(Figure 8). The overall pattern of wet and dry years, as expressed by PDSI, suggests that
short (2-5 years) periods of either above or below normal moisture conditions are
typically followed by short periods of the opposite condition. However, between 1948
and 1957 there was an extended drought and PDSI was below normal for all but one of
these years. An extended period of drought also characterizes the 1995-2003 period.

Temporal variation in the frequency of tree deaths was associated with drought
(Table 9). Tree death-date frequency was negatively correlated (P<0.05) with annual
PDSI for multi-year periods of 4 and 5 years, but not for shorter periods. Correlations
between PDSI and tree death were not significant (P>0.05) for single-year or multi-year
averages of 2-3 years. Similarly, more trees died during multi-year periods (i.e., 4-5
years) of below normal annual PDSI (P<0.05, Kruskal-Wallis H test) (Table 9). Again,
the frequency of tree death was not associated with below normal moisture conditions for
shorter periods of 1-3 years (Table 9).
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Table 9. Average number of trees that died during periods of below normal, normal, and
above normal conditions of the Palmer Drought Severity Index (PDSI), and the
association between PDSI and the number of tree deaths each year for mixed conifer
forests, Guadalupe Mountains National Park. To determine if the number of tree deaths
varied with PDSI condition we compared the number of trees dying in a PDSI class using
a Kruskal-Wallis H-test. r is the Pearson product moment correlation of current year and
smoothed 2-year (current year and the previous year) averages of the annual tree death
date frequency with contemporaneous and previous years’ averages (2, 3, 4, 5 years) for
annual PDSI. Significance is indicated with an asterisk (*P<0.05, ** P<0.01).

Running Mean Below Average Average Above Average
PDSI PDSI PDsSI

2 year 25 15 22

3 year 16 24 25

4 year* 24 18 19

5 year** 25 14 21

Running Mean Correlation

2 year -0.201

3 year -0.204

4 year* -0.316

5 year** -0.363

*P<0.05

** P<0.01

The associations between annual PDSI and the frequency of tree deaths by year,
were also significant (P<0.05) if the frequency of tree deaths was averaged for a two-year
period. Possible errors in the determination of the date of tree death due to missing rings
do not account for the climate-tree mortality associations.

DISCUSSION

The mixed conifer forests in GMNP varied considerably in composition. Tree
species distribution and abundance patterns were controlled by aspect, slope, and relative
patterns of soil moisture as expressed by the Topographic Relative Moisture Index.
Pinyon pine, alligator juniper, and ponderosa pine were most abundant on dry middle and
upper slopes, especially on more western facing slopes. In contrast, Douglas-fir,
Southwestern white pine, and Gambel oak were dominant on more mesic sites including
lower slopes and valley bottoms, especially on north and northeast facing slopes. Overall,
the topographic controls on tree species distribution and abundance patterns that were
identified in the study area are similar to those reported for montane forests elsewhere in
the Southwestern USA, except for slope aspect (Whittaker and Niering 1965; Niering and
Lowe 1984; Kaufmann et al. 1998; Cocke et al. 2005). South and west aspects in the
study area were dominated mainly by shrubs and stem succulents, except on shaded
lower slopes where the terrain was incised. Consequently, tree species distribution and
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abundance in the study area were also strongly influenced by slope position and slope
pitch.

Variation in slope aspect, species composition, and slope position is a potentially
important control on the spatial patterns of fire frequency in forested landscapes. For
example, in mixed conifer forests in the Pacific Northwest, fire frequency is higher on
south-facing than north-facing slopes (Beaty and Taylor, 2001; Taylor and Skinner,
2003). This spatial variation in fire frequency is related to several factors that affect the
production, moisture, arrangement, structure and flammability of fuels (Biswell, 1989).
First, differences in temperature and fuel moisture among slope aspects combine to favor
dominance by long-needled pines on south, and short-needled fir (Abies, Pseudotsuga) on
north-facing slopes, respectively. Fire intensity and spread are greater in low density fuel
beds of pine than fir needles (Albini, 1976; Rothermel, 1983; Fonda et al., 1998; van
Wagtendonk, 1998). Second, south-facing slopes are snow free or dry earlier in spring
and the period fuels are dry enough to burn is longer each year than on north-facing
slopes. The longer period fuels are dry each year on south facing slopes increases the
probability of ignition and spread of fire (Agee, 1993). Third, production of fine fuels is
higher in pine than fir-dominated mixed conifer forests (Agee et al., 1978; Stohlgren,
1988; J. van Wagtendonk pers. comm.) so a fire can burn again sooner on a south than
north facing slopes.

In GMNP, forest composition varied with topographically controlled patterns of
soil moisture, slope aspect, and slope pitch, but there was no spatial variability in fire
frequency related to topography/forest composition. Mean point and composite FRI were
similar in different topographic settings that had different forest cover types. In most
ponderosa pine and mixed conifer forests in the Southwest topographic controls on
variation in fire return intervals, such as slope aspect and slope position is weakly
expressed. Only small differences in fire frequency between ponderosa pine and mixed
conifer forests were identified for 63 sites in Arizona and New Mexico (Swetnam and
Baisan, 1996). Similarly, there was little variation in fire frequency across elevation and
forest compositional gradients in ponderosa pine and mixed conifer forests in the nearby
(<200 km) Sacramento Mountains (Brown et al., 2001). However, in the Sacramento
Mountains, variation in fire frequency was related to physiographic heterogeneity that
reduced fuel continuity and potential for fire spread (Brown et al., 2001). Topographic
features such as rock outcrops, soils with low productivity, and streams are known to act
as barriers to fire spread and reduce fire frequency (Taylor, 2000; Taylor and Skinner,
2003). In Oregon mixed conifer forests, fire frequency only varied with slope aspect in
terrain with barriers to fire spread (Heyerdahl et al., 2001). In watersheds without fuel
breaks, where slopes of different aspect converged, fire frequency did not vary with slope
aspect. There were no extensive areas without vegetation or other obvious breaks in fuel
continuity in our study area, and even the non-forested parts of south and west facing
slopes supported a cover of grass and shrubs that could carry fire. Thus, the similarity in
FRI among forested topographic settings GMNP is probably related to historically high
fuel connectivity in the study area.

The response of species to fire is strongly influenced by the season of burn
(Biswell, 1989) and the position of fire scar lesions within annual growth rings in the
GMNP study area indicate that most fires (>70%) were early growing season burns.
Spring, or early season fires are a hallmark of ponderosa pine and mixed conifer forests
in the Southwest, but the fires often burn before trees start growth for the year (dormant
season) (Swetnam and Basian, 1996; Baisan and Swetnam, 1990). In mixed conifer
forests in the Sacramento Mountains, burns were most frequent (> 40%) in the dormant
season, but only 10.4% of fires were dormant season burns in GMNP. The pattern of later
season burns in GMNP may be related to landscape structure and fuel connectivity. In
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the Sacramento Mountains, mixed conifer forests are connected to lower elevation pinyon
pine-juniper woodland, and ponderosa pine forest. Fuels in these lower elevation forests
dry earlier in the year and fires that started in these forests could have spread into higher
elevation mixed conifer forests. In GMNP, mixed conifer forests are isolated from lower
elevation vegetation by a several hundred meter vertical escarpment with sparse
vegetation cover. Consequently, early season fires in lower elevation pinyon-juniper
woodland or Chihuahuan desert scrub may have rarely spread into the higher elevation
mixed conifer forest.

Variation in fire severity creates heterogeneity in forest structure at landscape
scales because burns may kill all trees in some stands and few in others. Forests that
experience high severity fire are even aged while those that experience mainly low and
moderate-severity fires have stems in a wide range of age-classes because fires kill few
trees in a stand (Agee 1993). Overall, mixed conifer forests in our study area were multi-
aged and plots had stems, on average, in 4.5 20-year age-classes >80 years old.
Moreover, 29% of the plots had stems in 6 or more different 20-yr age-classes and 57%
of the plots had trees > 180 years old. Mixed conifer forests with a multi-aged or multi-
sized forest structure that experienced frequent fire have been identified in other parts of
the Southwest (Fule et al., 2003; Mast and Wolf, 2004). The sample of fire scarred
Southwestern white pine indicates that stems were small in diameter when they were first
scarred and these stems survived repeated fires. Southwestern white pine has thin bark
and is more sensitive to scaring by fire than ponderosa pine or Douglas-fir (Ahlstrand,
1980). Fire scars on ponderosa pine and Douglas-fir were infrequent in the study area.
The age structure and size of first scaring data indicate that pre-fire exclusion fires in
GMNP mixed conifer forests were mainly low or moderate severity burns.

Fire frequency and extent in GMNP varied over time and shifted from a regime of
frequent small burns before 1800, to less-frequent larger burns after 1800, and then very
few fires after 1922. The shift ¢.1800 to less frequent fires with greater synchrony among
samples was a sudden fire regime change. This fire regime shift may have influenced
forest structure and hence the forest reference conditions identified in this study. Forest
reference conditions may more strongly reflect the effects of the post 1775 pattern of
large burns rather than the smaller burns that prevailed earlier. The cause for the shift
may have been a decline in the population of native Americans, or a change in climate.

Mescalero Apache settlements were present in the Sacramento Mountains and
near springs at the base of the Guadalupe escarpment in the19™ century, and Apache
hunted in the forested high-country (Ahlstrand, 1980; Jameson, 1994). With Euro-
American settlement, disease and finally a military campaign eliminated the local Apache
population and this may have reduced ignitions in the high country leading to less
frequent but more widespread burns caused by lightning ignitions. However, the size of
the Mescalero Apache population in the region and the timing and magnitude of the
native population decline remains uncertain.

The reduction of fire frequency c. 1800 also coincides with reduced fire frequency
in ponderosa pine forests in New Mexico (Touchan et al., 1995; Grissino-Mayer and
Swetnam, 2000) and mixed conifer forests in northern Mexico (Stephens et al., 2003).
Moreover, Kitzberger et al. (2001) found a similar shift in fire frequency and extent in
South American forests and attributed the fire regime change to interhemispheric changes
in the frequency and amplitude of the El Nifio — Southern Oscillation (ENSO). ENSO is a
high frequency (i.e. 2-7 years) coupled ocean-atmosphere process in the eastern and
central equatorial Pacific Ocean and, through teleconnections with mid-latitude climate
systems, is the primary driver of North American interannual climate variability (Diaz
and Markgraf 2000). The similarity and synchronicity of the fire regime change in
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GMNP with other sites in the Southwest suggests that climate variation contributed to the
fire regime change.

The cessation of fire in GMNP after 1922 coincides with the introduction of
livestock. Although Euro-Americans first settled in the area in the late 19" century, use
of the high-country was limited until the establishment of the Guadalupe Mountain Ranch
in the 1920s when large herds of sheep and goats were grazed in the high country
(Jameson, 1994). Livestock grazing eliminates fine fuels (grass, shrubs) that support fire
spread and introduction of livestock grazing in the 19" century has been implicated as the
initial cause of a decline in fire frequency in ponderosa pine and mixed conifer forests
throughout the Southwest (Savage and Swetnam, 1990; Swetnam and Betancourt, 1998;
Touchan et al., 1995). Sheep and goats in GMNP maintained low levels of fuels into the
1960’s and then a policy of suppressing forest fires was implemented when the area
became a national park in 1972.

Forest changes caused by fire exclusion are well documented in Southwestern
ponderosa pine forests (Covington and Moore, 1994; Fulé et al., 1997). Forest density
began to increase in the late 19" century with elimination of fire, caused mainly by
livestock grazing. Mixed conifer forests in GMNP experienced a similar change, but four
decades later than in other Southwestern forests. Tree establishment began to increase
after fire was eliminated in 1922 and tree establishment peaked in the period (1920-1960)
when livestock grazing was most intense (Jameson, 1994). Reduction of competition
between grass and tree seedlings caused by livestock grazing can result in high tree
seedling establishment (Cooper, 1960). The observed peak in recruitment may have
occurred earlier since tree age is reported for age at coring height. The estimated average
age to coring height was 17 years (range, 10-29 years) so trees would be unlikely to shift
more than one age class if true germination dates could be obtained.

The increase in tree density identified in GMNP is greater than in other mixed
conifer forests in the Southwest. For instance, Cocke et al. (2005) recorded tree densities
of 820 trees ha™ for the San Francisco Peaks, Arizona. In GMNP, the average density of
the five trees species used in the forest reconstruction was 100 trees ha™ higher and three
of the mixed conifer forest types had densities of 1400-2000 trees ha™. The density
difference may be related to differences in species composition. In the San Francisco
Peaks, quaking aspen (Populus tremuloides Michx.) and limber pine (Pinus flexilis
James) account for a large percentage of the forest density. In GMNP, small and young
Douglas-fir and Gambel oak account for a large percentage of the density. Moreover,
the high density of Douglas-fir in the understory will likely shift composition of the
overstory from mixed dominance by Southwestern white pine and ponderosa pine to
Douglas-fir.

The forest density increase caused by elimination of fire may be a key factor
contributing to the apparent shift to a regime of more high severity fire regime in GMNP
mixed conifer forests. Two wildfires in GMNP (1990, 1994) burned large areas of mixed
conifer forest at high severity with near 100% tree mortality in many places. These fires
burned under extreme weather in dense surface and aerial fuels. The fire history and
forest age structure data indicate that these high severity fires were unusual with respect
to the pre-fire exclusion period. The degree to which climate and fuel accumulation each
contribute to the occurrence of high severity fire cannot easily be evaluated in GMNP.
GMNP and the entire Southwest have experienced some of the hottest and driest years on
record in the last decade, but there has also been a dramatic increase in forest fuels since
Euro-American use of the land began in the early 20" century. Moreover, drought also
contributed to the accumulation of forest fuels in the ranching period by killing trees and
this may have contributed to the recent high severity fires.
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Recent tree mortality that has contributed to fuel accumulation in GMNP mixed
conifer forests was associated with sustained periods of drought. High tree mortality
occurred between 1945 to 1955 and 1995 to 2003. Tree mortality, however, was not
simply associated with dry years. Statistically significant associations between low
moisture and high tree mortality were only found for multi-year periods. This indicates
that although any annual drought may be severe, elevated tree mortality is mainly
associated with dry conditions over extended periods.

Intense competition for water in the dense forests in GNMP probably increased
their vulnerability to drought triggered die-back. In dense stands, increased water stress
during drought increases the susceptibility of trees to mortality factors (Gerecke, 1990;
Ferrell, 1996; Allen and Breshears, 1998). In other parts of the Southwest, ponderosa
pine and pinyon-juniper forests experienced similar high levels of tree mortality during
the same time periods (Swetnam and Betancourt 1998; Allen and Breshears, 1998;
Breshears et al. 2005). In GMNP, Southwestern white pine was probably more affected
than other species. Dead standing Southwestern white pine comprised 75% of the dead
tree population. Similar droughts were experienced in northern Baja California, but there
was lower tree mortality (Savage, 1997; Minnich et al, 2000; Maloney and Rizzo, 2002;
Stephens et al. 2004). Fire exclusion, by increasing tree density, may have amplified the
effects of drought. The ultimate cause of tree mortality during these drought periods was
probably insect attack (i.e. Dendroctonus spp.). Prolonged water stress from drought
increases the susceptibility of trees to insect attack (Mattson and Haack, 1987; Ferrell,
1996) and high mortality from bark beetles and other insects have been observed during
drought throughout the western U.S. (Ferrel et al., 1994; Swetnam and Betancourt 1998;
Breshears et al. 2005).

Fire regimes in the mixed conifer forests varied with historical time period. Fire
occurrence and area burned declined dramatically after 1922 when livestock was
introduced and then a policy of fire suppression was implemented when the area became
a national park. The record of fire scars shows an enormous decline in fire and is a robust
indicator of the magnitude of the fire regime change in GMNP.

Mixed conifer forests changed after exclusion of fire. Forest density and basal
area increased and forest composition has shifted. Ponderosa pine and Southwestern
white pine are decreasing relative to pinyon pine and Douglas-fir. The forest change
corresponds with the date of onset of fire exclusion. Overall, these forest changes have
increased forest density and forest cover at both the stand and landscape scale compared
to forest conditions at the end of the pre-fire exclusion period. The temporal coincidence
of the fire frequency decline and the large increase in the establishment of fire sensitive
trees implicate fire exclusion as being the major cause of forest change during the 20"
century GMNP mixed conifer forests.

The tree-ring based method used in this study to estimate pre fire exclusion forest
conditions has limitations and assumes that evidence of the reference forest was present
in the contemporary forest sample. Complete decay or consumption of wood by fire
could eliminate the physical legacy of the original forest (Fule et al. 1997; Stephenson
1999). Decay resistance varies with tree size and by species. For example, fir decays
more rapidly than pine associates and large trees decay and decompose faster than small
ones (Kimmey 1955; Harmon et al. 1987). Therefore, the part of the estimate of pre fire
exclusion forest conditions contributed by trees that were dead in 2004 is probably more
reliable for large rather than small trees. The sensitivity analysis indicates that estimates
of pre-fire suppression tree density and tree size did not vary much (<15 %) under
different decomposition conditions and that estimates for these variables are more robust
than those for tree basal area.
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Use of the reconstruction method in GMNP was also restricted to trees that
consistently produce annual growth rings. For example, the density, basal area and
diameter of alligator juniper in the reference forest could not be reconstructed. Yet
alligator juniper is an abundant species in forests that occupy drier sites. Similarly, other
trees that were locally abundant (i.e. Ostrya knowltonii; Acer grandidentatum, Quercus
muehlenbergii; Juniperus monosperma) were not included. Moreover, understory plants
could not be included and forbs and grasses were probably very important historically as
fuel for the fire regimes and they were likely an important component of overall species
diversity. Despite these limitations the reference forest and fire regime data provide a
strong foundation for guiding restoration planning and developing treatment prescriptions
for the mixed conifer forests in GMNP.

Conclusions

Restoring and maintaining the highly altered mixed conifer forests to a pre fire
exclusion condition is a key objective of GMNP fire and resource managers, and
managers in the Lincoln National Forest, who have similar fire management goals for
lands adjacent to GMNP. A stumbling block to developing restoration plans for mixed
conifer forests has been a lack of quantitative reference data on forest structure and fire
regimes. This study fills that gap and provides a foundation for development of structural
goals in restoration plans. Reference conditions reconstructed for mixed conifer forests in
GMNP suggest that restoration objectives should emphasize: 1) density and basal area
reduction primarily of smaller diameter trees (85% or more of pinyon pine <20 cm dbh,
ponderosa pine <35 cm dbh, Southwestern white pine <20 cm dbh, Douglas-fir <35 cm
dbh, and Gambel oak <10 cm dbh are younger than 100 years old); 2) reintroduction of
frequent fire as a process regulating forest structure and dynamics; and 3) increasing
structural heterogeneity across the forest landscape.

Given the key role of fire in regulating historic forest structure and a mandate for
managers to maintain and/or restore forest conditions to pre fire exclusion conditions
reintroducing fire should be a central component of the fire and resource management
goals from GMNP mixed conifer forests. However, fire should not be viewed as the only
available tool to manipulate forest fuels in highly changed forests, at least in the early
stages of restoring forests to conditions similar to those in the pre-fire exclusion period.
Combinations of mechanical treatment and prescribed fire that reduce surface fuels,
increase height to live crown base, decrease crown density, and keep large diameter trees
in the forest will reduce the risk of crown fire (high severity fire) (Agee and Skinner
2005). High severity fire was rare in GMNP mixed conifer forests prior to fire exclusion,
but they have occurred recently (1990s). Combinations of pile burning, low thinning and
prescribed fire have been observed and modeled to reduce fire behavior in treated
Southwestern ponderosa pine forests and mixed conifer forests in California (van
Wagtendonk 1997; Finney et al. 2005). Initial efforts should manipulate fuel
characteristics that will keep fireline intensity below the critical level, or that associated
with crown fire initiation and be placed strategically on the landscape to reduce high
continuity of hazardous fuel conditions. Prescriptions should also emphasize what the
residual structure will be after treatment, not just what will be removed, so that potential
fire behavior can be analyzed (Agee et al. 2000).

Measurements of stand structure indicate that there was a wide range of
conditions on the pre fire exclusion landscape. Managers should emphasize development
of prescriptions that promote variability in conditions across the landscape rather than
average ones. Consequently, the reference estimates for forest structure and fire regimes
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provided by this study should not be viewed as rigid targets that define an acceptable
restoration treatment (Allen et al. 2002). Instead, they represent the foundation for

articulating restoration plans and designs to assist managers in meeting management
objectives.
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