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Abstract—The current drought and ensuing bark beetle outbreaks during 2002 to 
2004 in the Southwest have greatly increased tree mortality in pinyon-juniper wood-
lands. We studied causes and consequences of the drought-induced mortality. First, 
we tested the paradigm that high stand densities in pinyon-juniper woodlands would 
increase tree mortality. Stand densities did not impact mortality levels for either tree 
species, which does not support tree thinning to reduce susceptibility to drought-
bark beetle outbreaks. Second, we monitored changes in stand structure and dead 
woody biomass to test whether altered fuel loads might affect potential fire behavior. 
Mortality can significantly affect torching index but has little effect on crowning index. 
Finally, we predicted that ground-dwelling arthropods would be highly responsive to 
habitat changes resulting from dead trees. Although we found significant responses, 
they were not as strong as predicted. Together, these results suggest that impacts of 
drought-induced tree mortality may not appear for years or decades after a major 
mortality event.

Introduction
The southwestern United States has experienced drought in 9 of the past 

10 years, with an extreme drought occurring in 2002 (NOAA 2002). Impacts of 
these drought conditions have been magnified in the semi-arid areas. Current and 
recent extreme drought conditions, coupled with increased regional temperatures, 
lead to stressed pinyon pines (Pinus edulis), which were then more susceptible 
to ips beetles (Ips confusus) (Breshears and others 2005). The combination of 
these three factors caused mortality among pinyons as high as 80 percent in 
many areas throughout the region (Breshears and others 2005; Shaw and others 
2005; fig. 1). Drought and water-stressed host trees have been shown to lead to 
eruptive insect herbivore outbreaks in the past (Waring and Cobb 1992). With 
the relatively high susceptibility to climatic variations, pinyons have acted as 
“barometers of change” in Southwest ecosystems (Gitlin and others 2006; Ruel 
and Whitham 2002). Previous droughts in Southwest ecosystems have resulted 
in vegetation changes and shifts of ecotones (Allan and Breshears 1998). Outside 
the Southwest, climate change effects on vegetation have also been documented 
(Bigler and others 2006, Fensham and Holman 1999). Current global climate 
projections indicate further increases in temperatures and more extreme climatic 
events, such as drought (Easterling and others 2000; Hoerling and Kumar 2004; 
Intergovernmental Panel on Climate Change 2001). Likely scenarios include 
increased insect outbreaks (Logan and others 2003), elevational up-shifts of veg-
etation (Dullinger and others 2004), and increased frequency of extreme climatic 
events (Easterling and others 2000).
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Pinyon-juniper woodlands are the third largest vegetation type in United States 
and cover over 19 million ha in the Southwest (Evans 1988). These woodlands are 
used for livestock grazing and wood harvest, and are culturally important to many 
Native American tribes. Current woodlands in many areas are denser than they 
were prior to Euro-American settlement. High density woodlands can increase 
tree stress from competition between trees, thus promoting increased disease 
susceptibility (Negron and Wilson 2003). Several studies examining pinyon stress 
and insect herbivore responses show that increases in environmental stressors alter 
tree-herbivore dynamics (Brown and others 2001; Cobb and others 1997; Waring 
and Cobb 1992). Expansion of pinyon-juniper woodlands since Euro-American 
settlement has produced efforts to reduce or remove pinyons and juniper in order 
to restore woodlands back to pre-settlement conditions (Brockway and others 
2002; Ffolliott and Gottfried 2002).

Pinyon-juniper woodlands in northern Arizona and north-central New Mexico 
were surveyed. In each area, the majority of pinyon mortality occurred from the 
drought of 2002 (Breshears and others 2005). In these areas, we focused on several 
issues associated with causes and consequences of tree die-off. First, shifts in 
stand structures, needle retention, and tree fall of dead pinyons were documented 
while testing the paradigm that increased stand density will promote tree mor-
tality. Negron and Wilson (2003) showed a positive relationship between pinyon 
death and an increased stand density index at a smaller, local scale before the 
major ips beetle outbreak of 2002. This paradigm was examined at the  landscape 

Figure 1—Forest Health Enterprise Team, USDA Forest Service aerial 
survey of pinyon damage in the Southwest from 2000-2005.
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scale after the major drought and pinyon die-off. Second, with changes in stand 
structure and increased dead woody debris throughout the woodlands, we hy-
pothesized that fire dynamics would be altered in areas of high pinyon mortality. 
Third, after mortality of pinyons, ground-dwelling arthropod communities were 
expected to respond to altered habitat at both the population and community levels. 
By examining these hypotheses, we expect to quantify the response of several 
key woodland characteristics to a major co-dominant vegetation die-off. These 
results will assist in evaluating alternative management scenarios and will help 
to understand ecosystem responses to a future climate.

Methods

Study Sites

New Mexico—Study areas were located in the Middle Rio Grande Basin 
(MRGB) in north-central New Mexico. We created two types of sites in New 
Mexico: 1) intensive uniform study sites located in the north, central, and south-
ern areas of the MRGB, and 2) random vegetation sites located throughout the 
MRGB. The intensive uniform sites were located in a grid pattern and separated 
into high and low pinyon mortality sites for each area. High and low mortality 
sites were relative to the mortality throughout the area. High mortality sites were 
determined to have visually higher mortality than low mortality sites. Each grid 
within the high and low mortality sites was 100 x 200 m, which was originally 
designed for 32 evenly spaced ground-dwelling arthropod pitfall traps. These 
sites were surveyed in 2005, tree status (in other words, alive, dead, standing, 
downed) and fuels data were collected in a 100 m2 area around 16 of the 32 pit-
fall traps at each site. The random vegetation sites were located throughout the 
MRGB and were surveyed in 2005 and 2006. Each site was placed >5 km from 
another site. A site consisted of three 100 m2 plots placed 75 m apart forming a 
triangular shape.

Arizona—The Arizona study area consisted of 52 sites located in northern 
Arizona. These sites were 200 x 10 m and split into 100 m2 plots. Half of the 
plots were randomly selected for survey and were surveyed annually from 1998 
to 2004. Sites were in pinyon-juniper woodlands at varying elevations, ranging 
from the upper to lower ecotones, and are representative of woodlands throughout 
the Region (Floyd and others, submitted).

Stand Structures
At each site in New Mexico (n = 53), all trees were measured for basal trunk 

diameter (BTD, also called root collar diameter), crown height and width, crown 
base height, and tree status. The documentation of spatial extent and intensity 
of pinyon die-off in the MRGB was determined by the random vegetation sites. 
These sites were also used to determine altered stand structures and shifts in age 
structures of pinyons, and the projected fall of pinyon snags. To test the effect of 
stand density on pinyon mortality, we used data from high and low mortality areas 
of the uniform plots. For this comparison, a one-way ANOVA was performed in 
SPSS (Version 14.0, 2005).

Arizona sites were surveyed from 1998 to 2004. The status of each tree was 
collected and the percent of needles remaining on dead pinyons was estimated. 
Estimates of percent crown foliage remaining were used to determine needle 
retention of dead trees.
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Fire Model
Dead and down woody debris (in other words, fuel load measurements) were 

taken on all intensive uniform sites in each region of the MRGB, New Mexico, 
using a transect running north to south (see Brown 1974). Estimates of dead and 
down woody fuel loads were made for high and low mortality stands according 
to the procedure outlined in Brown and others (1982). Custom fuel models were 
developed based on average fuel loads for the high mortality and low mortality 
stands. Percentile weather scenarios were generated based on weather records 
from the Pecos RAWS, which were analyzed using the FireFamilyPlus software 
package to generate local estimates for a range of percentile weather conditions. 
Using the fire behavior program NEXUS (Scott 1999), fire behavior was simulated 
at the stand scale for high and low mortality stands under a range of percentile 
weather scenarios.

Arthropod Sampling
To test differences in the ground-dwelling arthropod community between high 

and low levels of pinyon mortality, pit-fall traps were used to capture arthropods. 
Pitfall traps (25 mm diameter) included Brosilicate glass test tubes encased by 
SDR 35 material PVC pipe, complete with a PVC lid to detour rain and debris 
from falling in the trap. Each test tube was filled with a 1:1 dilution of water and 
propylene glycol. We established 100 x 200-m grids within each sample area where 
32 small pitfall traps were placed on a uniform grid at 35 m intervals.

Arthropod communities were analyzed using nonparametric multi-dimensional 
scaling (NMDS). This ordination shows differences or similarities between 
community structures in high and low mortality areas of the uniform sites in 
New Mexico. Indicator species analysis was also used to determine whether 
any arthropod species or groups showed a positive association with high or low 
pinyon mortality areas.

Results

Spatial Patterns of Mortality
Using random vegetation sites throughout the MRGB, we mapped the spatial 

extent and severity of tree mortality. The current patterns of pinyon mortality in 
the MRGB show a latitudinal gradient of mortality (fig. 2). In the southern por-
tion (for example, Manzano Mountains) of the study area, pinyon mortality was 
relatively low (1.2 percent) compared to the central and northern areas (47 percent 
and 62 percent, respectively). The cause of this latitudinal gradient is unknown, as 
stand structures throughout the MRGB were similar. Perhaps this pattern can be 
attributed to associated susceptibility and origin of the initial ips outbreak. If the 
northern and central areas had a naturally higher ips population before 2002 than 
the southern area, there may not have been as eruptive outbreak in this area.

Stand Structures
Stand density did not significantly affect pinyon mortality across sites in New 

Mexico (P = 0.281). The high and low mortality sites did not have significantly differ-
ent stand densities, but did have significantly different levels of pinyon mortality (P < 
0.0001) (fig. 3) validating that visual observations were correct in classifying high and 
low mortality sites. This is evidence that increased stand densities do not predispose 
woodlands to tree mortality and therefore does not support the common paradigm 
at these scales. These results support the findings of Floyd and others (submitted), 
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which used linear regressions to explore the relationship of stand density and pinyon 
mortality. Perhaps, under outbreak conditions, traditional stressors (in other words, 
increased stand densities) are less important in tree mortality than insect population 
dynamics or landscape scale processes.

The stand structures of the pinyon-juniper woodlands were altered with the high 
mortality of pinyons. There was an overall shift toward a younger population of 
pinyons, as the larger, mature pinyons sustained a large loss (fig. 4A). The overall 
stand structures of the woodlands were altered with the reductions in basal area 
of pinyons. There remains a component of mature trees in these woodlands due 
to the retention of junipers (fig. 4B). Reductions in pinyon populations will alter 
future stand structures, and the current snags and dead trees will continue to alter 
and shape future stand structures. After 4 years, the majority of dead trees are 
still standing. It is expected that it will take an additional 7 years for all snags to 
fall (fig. 5). The effect of the falling snags will likely continue to alter fire regimes 
and ground-dwelling arthropod population dynamics. We also found that it takes 
an average of 9 months after mortality for pinyons to lose their needles (fig. 6). 
This confirms the observations of many others in the Southwest and indicates that 
for pinyon-juniper woodlands, extreme fire danger from dead retained needles 
occurs at approximately 9 months after tree death.

 
Figure 2—Pinyon mortality in the Middle Rio Grande Basin, New Mexico. The 
northern (62 percent) and central (47 percent) areas have much higher mortality 
of pinyons when compared the southern areas (1.2 percent).
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Figure 3—Stand density did not significantly affect pinyon mortality (P = 0.281). The high mortality area 
had significantly more pinyon die-off than the low mortality area (P < 0.0001). An “a” indicates non-
significance, while a “b” is significant.

Figure 4—Pinyon stand structure, based 
on basal trunk diameters, showed severe 
reduction in larger, reproductive trees 
(A). When compared to total stand 
changes (which include junipers), there 
was still a large loss of larger trees in the 
population (B).
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Figure 5—Projected fall of pinyon snags in the MRGB, 
New Mexico.

Figure 6—Time of needle retention for dead pinyons in Arizona. 
Needles were retained for an average of nine months.

Fire Modeling
The fire dynamics in pinyon-juniper woodlands were altered in areas of high 

pinyon mortality (fig. 7), supporting our hypothesis. Torching and crowning 
indices capture the severity of weather conditions required to initiate and propa-
gate crown fire, respectively. The torching index is the windspeed (as measured 
20 ft above the ground) that will cause the fire to be intense enough to begin to 
torch individual trees from below (passive crown fire). The crowning index is the 
windspeed that will cause the fire to spread from tree to tree (active crown fire). 
Moisture conditions below the 9th percentile will not carry fire (fig. 7).
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Our models predict that fire ignitions will lead to surface fire behavior for the 
low tree mortality stands under most moisture conditions and for wind speeds 
up to 22 mph on the driest days. Higher winds will cause tree torching (passive 
crown fire), which will easily transition to active crown fire due to a relatively 
dense canopy structure. Due to higher surface fuel loads, high mortality stands 
cannot carry a surface fire under any weather conditions (fig. 7) without exhibit-
ing torching fire behavior. However, the loss of much of the available canopy fuel 
(needles and twigs on tree canopies) has raised the crowning index.

Arthropod Indicators
It was hypothesized there would be a strong community response in areas of 

high pinyon mortality. Data indicate there are differences at the community level 
between high and low areas of pinyon mortality on the north and central sites, 
but not at the south site (fig. 8). The southern site had relatively low mortality, 
even in the “high” mortality areas, when compared to the north and central sites. 
This lack of high mortality, relative to other sites, may help to explain the lack of 
community response of ground-dwelling arthropods at this site. These community 
responses are not as strong as predicted, which may be due to a high number of 
pinyon snags that have not fallen. There were 15 indicator species (table 1), in 
high and low mortality areas, supporting our hypothesis. This shows there are 
responses at the species level and not just an overall community response to 
increased pinyon mortality.

Figure 7—Model showing probability of fire start (torching index) and probability of a crown 
fire (crowning index) in high and low mortality sites of New Mexico.
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Figure 8—The scatter plots represent patterns of similarities in community 
structure. The affects of high and low tree mortality are the environmental 
variables influencing the community structure based on arthropod species 
abundance. Both north and central sites show strong grouping, more similar 
within groups than between groups of arthropod communities specific for 
high or low pinyon mortality areas. The south site did not show any groupings 
favorable for high or low pinyon mortality areas.

 

Table 1—List of arthropod indicator species for high and low areas of pinyon morality. Six taxa favored high pinyon mortality 
areas while 9 taxa favored low pinyon mortality areas. A “1” indicates presence.

    Significance
 Central North South (a = 0.05)
    Order Family Species High Low High Low High Low High Low

Collembola Hypogastruridae COLE HYPO 001 1 1  1 1 1   0.002
Collembola Entomobryidae COLE ENTO 001 1 1 1 1 1 1 0.009
Orthoptera Gryllidae Gryllus sp.   1 1 1 1 1  0.001
Coleoptera Carabidae Pasimachus obsoletus   1   1       0.001
Coleoptera Tenebrionidae Eleodes obscurus           1   0.007
Hymenoptera Sphecidae Ammophila sp. 1 1 1 1 1 1   0.042
Hymenoptera Mutillidae Dasymutilla vestita  1 1 1 1 1 1 0.001 
Hymenoptera Formicidae Crematogaster depilis 1 1 1 1 1 1 0.031
Hymenoptera Formicidae Monomorium cyaneum 1 1 1 1 1 1 0.018 
Hymenoptera Formicidae Solenopsis molesta 1 1   1 1  0.003
Hymenoptera Formicidae Liometopum apiculatum 1       1 1 0.002 
Hymenoptera Formicidae Camponotus acutirostris 1 1 1 1 1     0.001
Aranea Lycosidae Paradosa orophila 1 1 1 1 1 1 0.025 
Acari Erythraeidae ACAR ERYT 001 1     1 1 1   0.047
Acari Erythraeidae ACAR ERYT 002 1 1 1 1 1 1   0.001
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Discussion
Several aspects of pinyon mortality were documented, from potential causes 

of mortality to effects of mortality. First, stand densities did not influence pinyon 
mortality. Second, changes in stand structure altered fire dynamics and ground-
dwelling arthropod communities. The die-off of a co-dominant woodland species 
throughout the Southwest has and will continue to alter and affect many ecological 
processes (in other words, fire cycle, carbon cycle, etc). Stand structures through-
out the pinyon-juniper woodlands have become denser since European settlement 
(Ffolliott and Gottfried 2002). After 2002, these woodlands have become less 
dense with respect to living trees. This ips beetle-induced thinning of pinyon-
juniper woodlands may indicate climatic changes or extreme events, serving as 
a natural thinner in a natural oscillation of woodland structures and vegetation 
dynamics (Allen and Breshears 1998).

Stand Structure
Regional die-off of pinyons has affected stand structure and age structure of 

pinyons, shifting the population toward younger, non-reproductive trees (fig. 5). 
The loss of many reproducing trees and reduced pinyon nut crops will likely af-
fect granivores such as pinyon jays (Gymnorhinus cyanocephalus), pinyon mice 
(Peromyscus truei), and other fauna associated with pinyon-juniper woodlands. 
There will also be general changes in woodland ecosystem dynamics with up-
wards of 80 percent tree mortality. These include responses of understory plant 
species to the loss of canopy cover and shading with increased solar radiation 
and altered spatial distributions of soil moisture (Breshears and others 1997; 
Breshears 2006).

In both high and low mortality areas, stand density did not affect pinyon mor-
tality. These results contradict the current paradigm that suggests higher density 
stands are more stressed and are therefore predisposed to increased mortality 
(Negron and Wilson 2003). The temporal context of this study differed from that 
of previous studies, which were conducted before the majority of pinyon die-off. 
The large spatial extent of our study may also explain our failure to detect a 
density effect on mortality. The paradigm of Negron and Wilson (2003), who’s 
study focused on scales <10 km2, could account for local patterns, but may not 
explain regional patterns of tree mortality. The severity, longevity, and increased 
temperatures of the current southwestern drought may have stressed trees to the 
point where nearly any susceptible tree, specifically pinyon, was attacked by ips 
beetles.

Fire Modeling
With shifts in stand structures and increases in dead woody fuel load, poten-

tial fire dynamics have changed 2 years post mortality. Less severe wind and 
moisture conditions are needed for crown fire initiation in high mortality areas 
whereas, in low mortality areas, active crown fire occurs at a lower windspeed 
(fig. 3). In low mortality areas, the live tree canopy has greater density of available 
fuel as compared to the high mortality areas. In other words, 2 years after pinyon 
mortality, the high mortality stands have been effectively thinned.

Associated with this “canopy thinning” are 1) a re-distribution of canopy fuels to 
the forest floor, and 2) a lowering of the average canopy base height of remaining 
live trees. A lower canopy base height is most likely an artifact of the increased 
relative abundance of junipers compared to pinyons after the beetle-kill event. 
Both factors will lower the torching index within the model framework. Yet the 
lower canopy base height is not “real” in the sense that the smaller surviving trees 
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have not changed their canopy structure as individuals even though the average 
canopy base height has lowered. The increased surface fuel loads, however, would 
be expected to cause a more intense surface fire that will make torching behavior 
more likely for any canopy base height.

Pinyon mortality has altered potential fire dynamics in the Southwest, but the 
probability of a catastrophic fire due to high levels of dead trees is unlikely. For 
a crown fire to occur under the driest conditions (100 percentile), it would take 
an open wind speed of 50 mph in an area of high mortality for crown fire to be 
sustained.

There have been mixed results of bark beetle affects on fire regimes in many 
areas (Kulakowski and others 2003; Bigler and others 2005), but the mortality 
of pinyons was as high as 80 percent in some areas (Breshears and others 2005). 
The fire dynamics in pinyon-juniper woodlands have changed with the loss of 
canopy overstory and the addition of dead woody material on the woodland floor. 
Four years after the majority of the mortality event, most dead pinyons are still 
standing, creating a partial overstory of dead material. These new and changing 
characteristics have altered the probability that a fire is started and the way it 
will be carried in pinyon-juniper woodlands.

Arthropod Indicators
Many arthropod species (n = 15) showed either a positive or negative response 

to pinyon mortality (table 1). As indicator species, these arthropods will show 
a shift at the species level in areas of high and low pinyon mortality. Arthropod 
population dynamics are important for many ecosystem processes, and in current 
areas with high mortality there have already been responses. These responses were 
weaker than the predicted response, but can possibly be explained by the high 
amount of dead pinyons that remain standing (approximately 84 percent) (fig. 5). 
If these trees do not fall, then potential habitat for ground-dwelling arthropods 
will not be created. At the community level, we begin to show a shift in arthro-
pod communities between differing areas of mortality (fig. 8). This community 
difference should increase as dead trees fall to the ground; however, the duration 
of this event may take another 6 years to complete (fig. 5).

Management Implications
Mortality of dominant species in major vegetation types has occurred through-

out the world and continues to occur in many regions (Breshears 2006; Bigler 
and others 2006; Gitlin and others 2006; Logan and others 2003; Shaw and others 
2005). Mortality of regionally dominant species, such as pinyon pine, suggests 
that climate change through increasing temperatures and frequent drought events, 
coupled with increased insect herbivore populations, will increase the probability 
of future mortality events (Breshears and others 2005). These continuing climatic 
conditions may alter regional vegetation and promote ecotone shifts (Allen and 
Breshears 1998; Risser 1995). With changes in dominant vegetation, many ecosys-
tem processes are altered (in other words, biogeochemical processes, fire regime, 
ecohydrology) from local to regional scales (Breshears 2006), but the extent and 
intensity of these climatic driven events is still poorly understood.

In the pinyon-juniper woodlands of the Southwest, the full extent and impacts 
of this ongoing drought have yet to be quantified, but the effects are expected to 
last for decades or centuries. With the changes in stand structures and ips-induced 
thinning of Southwestern pinyon-juniper woodlands, mechanical treatment of 
woodlands considered “unhealthy” because of high tree densities will likely not 
be necessary. Bark beetles have shown spatially explicit patterns at the stand level 
and landscape level (Negron and others 2001), suggesting different spatial scales 
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should be used to assess bark beetle induced tree mortality. The rearrangement of 
fuel loads may warrant management consideration, but the rapid rearrangement 
of canopy fuels to the forest floor appears more likely to reduce the likelihood of 
rapidly moving, wind-driven canopy fire rather than exacerbating it.

For management purposes, the frequency and severity of drought are more 
important than long-term average climate conditions. Too often land managers 
plan for average climate conditions rather than the climatic extremes that can 
be expected (Potter and Ford 2004). The future management of pinyon-juniper 
woodlands must take into consideration predicted extreme climatic events. South-
western ecosystems, especially the semi-arid woodlands, are susceptible to these 
extreme events (Allen and Breshears 1998; Breshears and others 1997; Breshears 
and others 2005; Ruel and Whitham 2002; Swetnam and Betancourt 1998) and 
may act a barometer for climatic change.
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