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Future drought is projected to occur under warmer temperature 
conditions as climate change progresses, referred to here as global
change-type drought. yet quantitative assessments of the triggers 
and potential extent of drought-induced vegetation die-oH remain 
pivotal uncertainties in assessing climate-change impacts. Of par
ticular concern is regional-scale mortality of overstory trees, which 
rapidly alters ecosystem type, associated ecosy~em properties, 
and land surface conditions for decades. Here, we quantify region
al-scale vegetation die-off across southwestern North American 
woodlands in 2002-2003 in response to drought and associated 
bark beetle infestations. At an intensively studied site within the 
region, we quantified that after 15 months of depleted soil water 
content, >90% of the dominant. overstory tree species (Pinus 
eduJis, a pinon) died, The die-off was reflected in changes in a 
remotely sensed index of vegetation greenness (Normalized Dif
ference Vegetation Index), not only at the intensively studied site 
but also across the region. extending over 12,000 km~ or more; 
aerial and field surveys confirmed the general extent of the die-off. 
Notably. the recent drought was warmer than the previous sub
continental drought of the 1950s. The limited. available observa
tions suggest that die-oH from the recent drought was more 
extensive than that from the previous drought. extending into 
wetter sites within the tree species' distribution. Our results 
quantify a trigger leading to rapid. drought-induced die-off of 
overstory woody plants at subcontinental scale and highlight the 
potential for such die-off to be more severe and extensive for 
future global-change-type drought under warmer conditions. 
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G lobal climate change is projected to yield increases in 
frequency and intensity of drought occurring under warm

ing temperatures (1-3). referred to here as g!obal-changt-type 
droughl. Protracted, subcontinental drought in Lh~ midlatitudes 
is a complex response driven in part by anomalies associCltcd wi lb 
oscillations in sca surfacc tcmper<lture (2-4), whi<.:h <':<111 include 
oscillations over periods of decades or longer, such as those 
associated with the Atlantic Multidecad,il Oscillation and the 
Pacific Decadal OseiIJation (4), and shorter periods spanning 
several years, such as those associatcd with the EI Nino SouthCll1 
Oscillation (3). Greenhouse gas forcings are expected to alter 
tbese oceanic effects on drougbt patterns (1-3), Indeed, tbe most 
recent protracted drought in soutbwestern Nortb America, 
spanning the beginning of the 2000 millennium, exhibited anom
alous sea surface temperature patterns consistent with projec
tions of global change response (3). Protraded droughl can 
trigger large-scale landscape changes through vegetation mor
tality from water stress (5, 6), somctimes associated with bark 

beetle infestations (5), but the potential for regional to subcon
tinental scale vegetation die-on under global-change-lype 
drought remains ,l pivotal uncertainty in projections of climatc 
change impacts (I, 7, 8). Of particular <.:oncern is regional-scale 
mortality of overs tory trees, which rapidly allers ccosyqem type, 
associated ecosy~tcm properties. and land surface conditions for 
dccadcs. The potential for thi, re~ponsc is highlighted by a rapid 
shift of a forest ecotone caused by Pinu.I' ponderosa mortality in 
response to the 1950s drought (5). The erfeel, or drought 
accompan jcd by warmer temperatures resulting from grcen
hous~ forcings might be expected to produce cven greater effeels 
on vegeLation change than those of periodic, protracted drought 
alone (5). Yet few, if nny. studies quantify rapid, regional-scale 
vegetation die-off in response to drought, key environmental 
conditions triggering tree morLahty, such as prior soil moisture 
conditions, or how anomalously high temperatures mighl alief 
such vegetation responses. Such relationships urgently need to 
be quantified to improve climate change assessments (9). 

We cvaluatcd Lbe impacts of the n:cent drought on regional-scale 
mortality of pii'lOn pine (Pinus edulLs). which is scnsitivc to climate 
variation and dominates piIion-juniper woodlands, OIlC of the most 
exlens.ive vegeLation lypes in the wesLern North America (10-12). 
Specifically, we evalualed the impncts of the recent drought on 
regional-scale mortality in the context of the potential impacts of 
global-change-type drought, and (i) demonstrated that the recent 
drought is not as dryas the previous drought but is warmer in 
numcrous respccts. thereby providing a case study for global
change-type droughl; (ii) quantified site-specific conditions in soil 
water content and local vegetation response (percentage of tree 
mortality, and a remotely sensed vegetation indcx relatcd to 
photosynthetic activity and associated greenness, Normalized Dif
ference Vegetation Index, NDVI) to precipitation and temperatnre 
dynamics; and (iii) estimated and verifit:d regional-scale stress and 
mortality responses ill vegetation to drought by using \~eckly NDVI 
data back to 1989 and supplemental aerial ~urveys and !'ield 
in\·entories. 

Methods 

We obtained monthly climate data for all meteorological statioll;. 
in Arizona. New Mexico. Colorado, and Utah that were listed 
with the Western Regional Climate Centcr (www.wrcc.dri.cdu; 
Western U.S. ClimaLe Historical Summaries, September t, 
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2004-Decmber 14, 2(04) and determined annual va lues for total 
precipitation, mean minimum tempcratnrc, and mtan maximum 
temperature. We then identified 22 of those stations associated 
with pinon-juniper woodlands based on two eriteria. First, 
stalions were within 1,000 m of the pifion-junipervegelation type 
where P. edulis was either the dominant or eodominant plant 
species, as defined by the United States Geological Survey Gap 
Analysis Program (GAP) distrihution map of dominant vegeta
tion (scale of 1:100,000: WW\\i.gap.uidaho.edu). The GAP map is 
derived from satellite imagery combined with existing data, air 
and field study, and expert knowledge. Our second criterion was 
that the record of monthly precipitation and temperatu re for the 
drought intervals of interest, defined below, was relativcly 
complete: 052 months missing for any year of interest, except for 
twO stations (Moah and El Va do) that were missing up to 4 
months of data for one of the years. We comparcd the recent 
drought with that of the] 9505 by focusing on the four driest 
consecutive years for each: 2000-2003 and 1953-1956, respec
tively. We tested for differences in total precipitation, mean 
minimum temperature, and mean maximum lemperature be
tween the two drought intervals by using t tests paircd by station; 
we applied sequential Bonferroni adju~tment to determine 
tahlewide significance for the three t tests (13). We categorized 
anomalously dry or warm years as in the extreme 10 pncentiles. 

Wc evaluated synoptic vegetation changcs by using thc NDV1 
(1 km 2 I pixel), calcuhlled by using near-JR and visible=0

reflectancc values collected by thc advanced very high
resolution radiometer localed on several National Oceanic and 
Atmospheric Administration satellite platforms (14). NDVI has 
been widely used to cstimate landscape palterns of primary 
production (14) and is correlated with foliar watcr content and 
water potential for P. edulis needles over a wide range of 
conditions, including recently deecascd trees (15). Weekly values 
of NDV1 from 1989 to 2003 were extracted by using the 
GAP-delineated pinon-juniper distribution of the four ~tates. 

Before extraction, the NDVl data wcrc corrected by using 
biweekly maximum valuc compositing to remove most cloud 
contamination and were corrected to reduce effects of atmo
sphcric haze and ozonc. These data were also dctrendcd to 
account for artificial value drift by examining temporal signa
tures from invariant targets (16). The dctrcnding provides a 
conservatively large adjustment that could mask some of the 
NDV1 dynamics, and hencc we present NDV1 dynamics as a 
rangc bounded by nondetrended and detrended estimates. For 
each ycar, mean regional NDVI was calculatcd from the cor
rected images for lale May through June (Julian weeks 22-26), 
a period whcn understory greenness was observed to have 
minimal effect, allowing overstory effccts of dic-off to be most 
apparent. 

We used measurements [rom an imensively sludied site 
located within thc region, McsiLa del Buey near Los Alamos. NM 
(17, 18), lO document changes in (i) prccipilation. temperatu re, 
and soil water content before ilnd during I he rccent drought, and 
(ii) tbe associated responscs in site NDVI and tree mortality. Soil 
water content was measured by using neutron "ttenuation at a 
ZO-Clll depth at Jl locations spaced at ,= lO-m in tervals; mea
surements wcrc calibratcd for local soils and gencrally oblained 
once or more per month. Mortality at Mcsita del Suey was 
estimated through field surveys in 2002 and 2003 and was 
com pared against baseline data. Weekly NDVI values for the 
Mesita del Buey site were estimated for a 3-X-3-pixel window 
(after comparing results with window sizes ranging from 1 X 1 
to 9 X 9 pixels) to jointly mitigate spatial rcgistration issues and 
land cover heterogeneity e f[ects. For each year meiln NDVI 
valucs for Mcsita del Buey werc calculatcd [or late May through 
June (weeks 22-26) [or intervals represenling baseline (1989
1999) and drought after cxtensivc dic-off (2002-2003). 
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Fig. L Southwestern North American climate. (A and 8) Annual mean 
preci~ltation (mm) and average of maximum and minimum tem~eratures(OC) 
for all stations In the four·state region (A) and only stations in or near 
pii'lon·juni~er woodlands within that region (8) are shown. (C and 0) Associ
ated maximum (C) and minimum (D) temperatures for pinon'Juniper wood
lands (black line: long·term mean; red line: 10th or 90th ~ercenti'e, differen
tiating driest or hottest years) are shown. Shaded bands Indicate the four 
consecutive driest years of the 19505 drought (1953-1956) and the recent 
drought (2000-2003). Compared with the 19505 drought, the recent drougllt 
was wetter (P < 0.05) but warmer for maximum (P < 0.05) and es~ecia!ly 

minimum ,em~erature(P < 0.001) 

To confirm that regional NDV1 changes wilhin the GAP
delineated dr<::a were associated with tree mOrlaJilv, wc obtained 
data from aerial ·;nrveys conduded by the US. Department of 
Agriculture Forest Servicc and distributed by the Forest Health 
Technology Emerprise Team (19), which covcred =60% of lhc 
pinon-juniper woodland distribution in the four sLatcs during 
2002 and 2003. The survey~ were flown 300-400 m above 
ground, and areas of noticeable stand-level mortality from 
drought and associated bark hcelle infestation were skctcb
mapped at thc 1:100,000 scale. We also cstimated P. edulis 
mortality for nonseedling trees (~l-m height) at a vcrification 
site in each of th<:: four stales. bascd on eitber documented 
chdnges in inventories that were conducted before mortality 
evcnt (Arizona. Colorado, New Mexico) or for which recenl 
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Fig. 2. Drought·induced mortality at Mesita del Suey, northern New Mexico. Shown for predrought and drought periods are: minimum (blue) and maximum 
(red) temperature (Oe) (A), precipitation (mm) (B), volumetric soil water content at 20 em (%) (C), P. edulis mortality (0), weekly NDVI at Mesita del Buey (E), and 
NDVI for late May·June for Mesita del Buey (F) and the region encompassing P. edulis (G). For A-E, circles indicate means (annual for A-C and late May·June for 
E-G); horizontal lines indicate predrought and drought means, with the latter being warmer, wetter, or lower in NDVI. For E, gray lines are nondetrended 
estimates; for F-G, squares are nondetrended and circles are detrended estimates. 

mortality wa~ inferred (UUlh); verification site~ varied from 4 to drought wilh respcct to maximum annual temperature (Fig. Ie; 
49 in number of plot or belt transects <lnd 0.2-4.9 hectares for P < 0.05) and particularly with respect to minimum annual 
total area surveyed. The New Mexico site spanned the more temperature (Fig. ID; P < 0.001) and average summer maximum 
intensively studied Mesita del Buey site and included wider temperature (June <lnd July; P < 0.001). At the intensively 
coverage. studied she within the region located in northern New Mexico 

(Mesita del Buey), mean minimum and mean maximum tem
Results peratures were warmer during than before rhe recent drought 
The recent drought spanning southwestern North America was (Fig. 24), a period of reduced annual precipitation spanning 
anomalously dry, similar to the subcontinental drought of the 2000-2003 (Fig. 2ll). Thc timing and amount of the reductions 
19505, but contrasted with that drought in having anomalously in preeipitat.ion in conjunction with ~imullaneous warmer lcnl
high temperatures for the cntire region (Fig. 1A) and for per<llures resulted in 10 consecutive months (October 1999
locations only within the distributional range of P. edulis (Fig. August 2000) of dry soil water conditions «15% volumetric 
lll). Within the distributional range of P. cdulis, tolal precipi waler content, <lSSOciill<:d with a soil watcr potential of less than 
tation during the 4-)'ear interval for the reeent drought (2000 - 2.5 MPa; ref. 18), which was laler followed by an additional 15 
2003) wa~ slightly grea ler than Ihat for rhe 1950s drought (Fig. consecutive months of dry soil water conditions (August 2001
18: P < 0.05). Yct the rceeJ1l drought was warmer than the 1950s OelOber 2002; Fig. 2C). Bark bcctle (Ips COlltirsus) infestation 
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and change in foLiar water and spectral conditions were observed 
subsequently during 2002 and 2003 (15). Resulting P. edulis 
mortality at Mcsita del Buey exceeded 90% (Fig. W). The tree 
mortality at this site is reflected in a >20% decrease in NOVI, 
highlighted by the reduced NOVI values for 2002 and 2003 that 
persisted once the P. edul~ TIlortal.ity began (Fig. 2 E and F). 
Premortality effects of the drought arc evident in the depressed 
values of silc NOVI for 2000, a very dry year, and then are 
purtiaJly offset by increased NOVI in 2001, bccau~e of a rela
tively wet 2000-2001 winter and associated herbaceous response. 
The site-specific; changes in NOVl are roughly parallel with 
regional-scale changes in NOVl (Fig. 2G), which also dropped 
off 5ubstantiClJly iu 2002 and to a lesser extent in 2003. The 
site-specific mortality at Mesita del Buey proceeded into 2003, 
despite a pulse of soil moisture during the 2002-2003 winter (Fig. 
2F), with NOV] remaining depressed through 2003. Conversely, 
at the regional scale where mortality was less complete, the 
wimer 2002-2003 pulse of soil moisture appears to have resulted 
in an inereClsed herbaceous respouse that partially masks the 
effect of the tree die-off (fig. 2G). Nonetheless, even using the 
conservatively ddrcnded estimate, NDV]-depressed values at 

the regional scale rcmain substantial. Indeed, reductions in 
NOVI of similar magnirude to those linkcd directly to tree 
mortuJity at Mc~iti\ del Buey eovcred much of the P. edl.llis 
distribution, indicating the spatial extent and variation of 
drought-induced mortality (Fig. 3A). Regional aerial surveys 
conducted by the U.S. Forest Service for a subset o[ the area 
within the study region confirm tllat there was widespread 
mortality [or> 12,000 km2 (Fig. 38), as reflected in our estimates 
of NOVI changes. Additional field plot inventories provide 
further confirmation of widespread P. edulis mortality, with 
mortality from the drought and associated infestations of the 
bark beetlc/. confusrls at the four verification areas ranging from 
40% to 80% (Fig. 38). 

Discussion 

Our resulLs are notable in documenting rapid, regional-scide 
mortality of a dominant tree spccics in responsc to subconli 
nentai drought accompanied by auornalously high temperatures. 
Although the proximal cause of mortality for most of the trccs 
was apparently infestation by bark beetles. such outbreaks are 
tightly tied to drought-induced water stress (5, 20). The soil water 
content in thc months prcceding tree mortality was sufficiently 
low to have produced high plant water stress and cessation of 
transpiration and photosynthesis in P. edulis (18). Importantly, 
there was high mortality of as much as 90% or more at studied 
high elevation sitcs, such as Mesita dcl Buey, Mesa Verde in 
Colorado, and ncar Flagstaff, AZ, which arc ncar the upper limit 
of P. edulfs disu'ibution and where precipitation and Willer 
availability are generally greater than at many other locations 
where this speclcs occurs. Tn contrast. mortailly in response LO 

the 19505 drought in the same landscape as Mesita del Buey in 
northern New Mexico was documcnted predominantly on drier, 
mostly lower elevation sites, based on the prescnce or absence of 
standing or downed dead pinon wood (21). Most of the patchy 
mortality in the 1950s was associated with trees> 100 years old, 
whereas nearly complete tree mortality across many size and age 
classes was obscrvcd in response to the recent drought (ref. 22
and data for Figs. 2D and 38). Collectively, these observations 
suggest that the mortality response to the recent drought was 
greater in magnitude and extent than the mortality response to 
the 1950s drought. The warmer temperatures associated with the 
reccnt drought would ha"e increased the encrgy load and \vatcr 
strcss demands on the trees and may account for the apparently 
greater resulting mortality. Tbe effects of water and temperature 
stress during the recent drought could have been rurther exac
erbated by (i) anomulollsly high precipitation in the south\vcst
crn North America fro111 about 1978-1995 that allowed rapid 
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Fig. 3. Regional drought-induced vegetation changes. (A) Change map for 
NDVI forthe region encompassing P. edulis distribution Within Arizona, New 
Mexico. Colorado, and Utah. based on deVIation from 2002-2003 relative to 
the predrought mean (1989-1999) during the period late-May to June (8) 
Aerial survey map of pinon-jun,per woodlands, delineating areas that expe· 
rienced noticeable levels of tree mortality (includIng larger, older trees). 
conducted by the U S. Forest ServlCe (19) in four study areas throughout the 
region. corroborates the NOVI and aerial survey maps and documents stand
level estimates of mortality that range from 40% to 00% of nonseediJng trees. 

trce growth and increased sland densitics, resulting in potentially 
greater intraspecific competition [or drought.limited water and 
greater susceptibility to drought, beetle infestation, and associ· 
ated pathogens (22) and/or (if) amplifying effects of w,lrrner 
temperatures and longer growing seasons on beetle growtb rates 
and population dynamics (23). Noncthekss, previous studies of 
drought-induced die-off have highlighted the underlying impor
tance of water stress in triggering die-orf (5, 20). 

Thc rapid. e!densivc regiol1a.J chauges in vegetation cover 
through trcc dic-off thal we h<lve quantified for southwestern 
North America have a uumber of important. interrelated cco
logical implicalious (12. 24), including potentially large changes 
in carbon stores and dynamics, of concern [or carbon-related 
polices and management (9). Othcr interrelated implicutions 
include largc changes in near-ground solar radiation (25). runoff 
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and erosion (5), genetic structure of the dominant tree species 
on the landscape (26), and land surface microclimate feedbacks 
to the atmosphere (27). Additionally. future production of pill0n 
nuts, an important food source for several species of birds and 
small mammals and for local people (28), is expected to be 
greaUy reduced over an extensive area. Persistence of tbe recent 
drought could lead to further mortality of P. edulis and other 
plant species within its distribution. Notably, a dominant her
baceous speeics witbin pinon-juniper woodlands, Boule{f./a gra
cilis, underwent a >SO% reduction in live basal cover between 
1999 and 2003 near the Mesita del Buey site. Even codominant, 
woody species of Juniperus monosperma, which are much more 
drought tolerant than P. edulis (18), arc undergoing mortality in 
response to the drought, ranging from 2% to 26% at our four 
field verification sites. 

The cessation of drought conditions may be insufficient for 
reestablishment of P. edulis and associated plant species, as 
documcnted lor landscape response of Pirws ponderosa after the 
1950s drought (5). Such rapid shifts in vegetation may represent 
abrupt, rapid, and persisten t shifts in not only ecotones, but also 
in dominant vegetation cover and associated ecosystem process 
(5,7-8). At a minimum. the spatially e:>;lensive die-oU will need 
to be considered in regional environmental assessments and 
management decisions over the next several decades. the short
est interval required for a P. edrdis-dominated overstory slruc
ture to reestablish. More generally, an improved prediclive 
capability to forecast ecological responses to climate ,It regional 
scales is needed to effectively deal wirh the consequences of 
large-scale, long-term climate forcings (2, 8). Our results high
light how drought-induced die-off can span across the range of 
a vegetation type and challenges the curreul paradigm for 
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climate-induced vegetation dynamics, which Joeuses largely on 
changes at the margins of a species' range and the ecotone 
boundaries within that range (1, 5. 6). Additionally, iJ temper
atures <.:ontinue to warm, vegetation die-off in response to future 
droughL may be further amplified (S, 8, 9, 12). This recent 
drought episode in southwestern North America may be a 
harbinger of future global-change-type drought throughout 
much of North America and elsewhere, in which increased 
temperature in concert with multidecadal drought patterns 
associated with oceanic sea surface oscillations can drive exten
sIve and rapid changes in vegetation and associated land surface 
properties. 
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