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ABSTRACT In coming decades, global climate changes 
are expected to pnlducl' large shifts in yegelation dislribu
tion~' at unprecedented rates. These shifts are expected to be 
most rapid and exlreme at eeotones, the boundaries between 
ecosystems, particnlarly those in semiarid landscapes. How
ever, current models do not adequately provide for such rapid 
eftects-particularly those caused by mortalHy-lllrgely be
Clluse of thc lack of data from field studies. Here .....e report the 
most rapid landseape-~cale shift of a woody ecotone ever 
documented: ill northern New ]\'Jexico in the 1950s, the 
e<:otone bel\"cen ~emiarid ponderosa pine forest and piiion
juniper woodland shifted extensively (2 Ion or more) and 
rapidly «5 years) through mort.ality of ponderosa pines in 
response to a severe dronght. This shift has persisted for 40 
years. Forest patches within the shiYl zone hecame much more 
fragmented, and soil erosion greatly accelerated. The rapidity 
and the complex dynamics of tbe persistent shift point to the 
need 10 represent more accurately these dynamics, especially 
the mortality factor, in assessments of the effects of climate 
change. 

Di;;.lributiom of vegetation acro~~ landscapes depend on cli
matc, perhap~ b,;~t illustrated by [be wholesale movement of 
plant species ael ms geographic and topographic gradients 
during tllc last deglaciation (I). Th,; response~ ofvegctation to 
'·al iallOns iii climate are cxpec[<:u to be Iilost rapid and exll'ellle 
at ecOlonc~, tbc boundaries between ecosyst,;ms (2-5). with 
semiarid ecowlles cousidered to be among the most sensitive 
(6). Pcrsl~tcnt v,,;getation .shihs are most clearly detected in the 
di~tributjons lind abundances of long-lived woody plants, 
nameiy, treeS and shrubs (7), Previou~ studies of woody 
ecotones document landscape-scaic shifts in vegetation as 
oc(,;urring only over relatively loug (decades to millennia) 
periods (S-12). Moreover. most field studic:s and model-based 
as,(:ssments or vegelation reSponses to climate bave focused on 
changes assoeim,,;d with natality and growth, which arc inhcr
.;nt!y slow processes for woody planls-e\-t::l1 lhvugh lhe most 
rapid changcs in v~'gdation arc caused by mortality ntlher than 
!laldlity (13). In corning decades. climate changcs are expected 
to produce majOl shifl<; in vegetation distributions at unprec
edcnted rates, in large part due to mortality (14); however, 
largely he{;au~e or the iaek 01 fie::ld data on vegel<ltion mor
tnlily, current models do not represent adcquately sllch rapid 
dfects (14, J5). Furth~rmore. as WllOd)' vegetation contains 
80% of the world's terresrriai carbon (16), an imploved 
under>tanding of morlalily-induced respon"es of woudy veg
etation to climate is esscntial for addrc~sing the environmental 
and policy implications oi climate variabililY and global change 
(17, 18). 
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We wish to highlight bow r<lpidly shifl~ In vcgcralion can 
takt: place Il1 response to clima!l:, Hl:rc WI: denionstrme th~r 

lht: ecutone between semiarid pondero'il pine for~st and 
piiion-juniper woodland shifted eXlensively (2 kill or more) 
and rapidly «5 years) through mortality in respome to a 
Sl~vcrc drought. Rcmnant forest patches became: much more 
fragmented, and high soil erosion rate~ were initialed in tht:: 
ecotone shift zone. Moreover, the ,hift has been a persistent 
one. The rapidi ty and rhe complex dynamics of this persistem 
shift specifically point to thc need to rcprcscnt morc accurately 
thl;; mortalily dynamics of woody vcget<ltion in asscssm,;nt~ of 
the effects of global climate change. 

The focus of our sWdy ......as an ecotone between rnnclero~a 

pine forcst (Pinus ponderosa) and pjnon-junlf)Cr woodland 
(Pmus edlLiis and .Iwtipt!tUS mOllospenna). Thc ~ilC WI.: selected, 
a 2.371.\-ha (I ha ~ 104 m2) portion 01' Frijolito Mesa, Banddier 
Wilclerness (Yic 51' N, J06° 19' E), in the Jemez Mountains of 
Jwrthern ~ew Mexico, offcrcd strong evidence of a recent 
ecotone ,hift in response to climate. The sile rangcs in 
elevation from 1,800 to 2,200 m and spans <I corresponding 
climatic gradient; precipitation varies around a mean oj' 41 
cm/yr at 2.0 Jnm (19), Other facial'S in our seleclion of this site 
as a study area were its upland topography, with only one major 
elevalion gradknt; its de~jgnated wjldcrn..:s~ ~talus, with min
imal historv of hnman di~turbance; and an extemivt::l)' docu· 
mented fir~ biSlory (20). These conditions ~[jowed uS!<J ISl)lalC 
ilnd focus morc accurately on the cfkcts of climate vnriations 
on vcgdarion. 

We quantified changes in thl' ccowne llYCr ,I 40-yr p<::riod on 
the basis of Geographic Tnformation Sy~tem (GIS) an,dyses of 
a sequence of <lerial photographs taken bd\veCn J 935 anu 
1975-a period encompassing a scverc rcgional drought in lhe 
rnid-1950s (21, 22). Full-coveragl' photographs of the area, 
which existed for 1935, 1954, 1963, and 1975, and partial 
coverage photographs from 1951 were used to map vegetalion 
patchcs in terms of ponderosa pine cover: arcas with morc than 
10% cover were classified as forcst. and Ihe re:lllainu,,;r of the 
area a~ pinon-juniper woodland. Higher resolution (sc,!!e = 
1:5,t)00), partial-coverage photographs from 1958 allov,ed us 
to sharpen our c:stimate of the timing of ccotone changes: 
written documents on file en Bandelier National Monullll'nl 
further confirmed tbis e~till1ate. We verified our mapping 
results Wilh field observations of the persIstence and mortality 
of ponderosa pines, v...hich included doeumentlng the prcscnec 
of live ponderosa trees and the rel11ain~ of dl;;ad tree> as a 
functioTl of elevation and topographic posilion. In addition, we 
confirmed the relationship between the local elevation/ 
llloistlll'e gradieTlt and water stress for ponderosa pine, as 
measured oy [be changes iTl stem diameter of 30 trees moni-
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tared continuously sincc 1991 (10 trees at each of three sites 
along this gradienr). 

MaSl striking is how extensively (Fig. 1) and how rapidly 
(Fig.. 24) tbe ecotone shifted in wnjunetion wilh the 1950.~ 

drought. The extensive mortality tlf ponderosa pine aL drier, 
lower elevations caused a landscape-scale ~hift in <5 yr 
(J 954-1 QS8: Fig. 2A). Tbe sbift coincided with the culmination 
of the drougllt (Fig. 2D), which was one of the most severe of 
the pl!st 50n yr (refs. 2.3-25: Fig. 2C). That the mt1rtality of the 
pond..:rosa pines was primarily II result of this brief but extreme 
';lriatioll in climale is supported by data from the GIS analyses 
(Fig . .'A) ,tno lrom ground-based field observations (Fig. 38), 
which ,ho\\, that lower-eleva Iion sitn. which are drier, suffered 
higher los~ of trees. Further, reet~nt dendromcttr Ineasure
Inents of ponderosa pines along an ckvalional gradient in the 
same li\l1dseape reveal that Ihl: trees at lower elevatitlns I:xhibit 
greater w,lIer qress and slower growth (Fig. JC). 

Other farlor's amplified the climale-induced eeolone shifL. 
Human suppression of fires since thc 18805 had allowed piiioll 
and juniper to become more densely established beneath or 
close to low-e!'::vation pllnder()~a plLles by the lime of the] 950s 
drought (22) Th~ nove! ds~odalion between specks thus 
created-which had been precluded in the pasL by frequent 
rirt:s···_·mcant that during thiS drought many pinon and juniper 
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FIG. 1. Ch'lnge~ 111 vegetiJtion cover between 1954 <loJ 1963 in the 
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trees were cornpeting with ponderosa for available water. 
Because bOlh pinon and juniper are vcry efficielll at using 
shallow waleI' (27), waleI' stress Oll th~ ponderosa pinc.s was 
probably exacerbated. [n addition, infeslations of bark beetks 
(DendrocfOnUj sp. and [p,1 sp.) aeeompan ied the drought, as 
indicated by historic documents (22), Tbese infesl3tiono cer· 
tainly contributed to the morlality of the pouclerO~,l pine;;, as 
dwugbl-stressed pondEro~a pines are commonly unilbJe lO 
defend tbcmsch·es frolll hccUc <ttlacks (28). :\lIhOllgh we 

cannot segregate the intertwined effen, of the bcctk'~ and of 
thc drought. it is clear lhat the L1n)nght wa~ the U[HJcriylng 
cause of the mortality. As shown in Fig. 3, the spaliaJ pattern 
of ponderosa pine mortalilY corresponds directly to elevatlonj 
moisture gradients. Furthermore. mortality of pondcl osa pine 
in lhl~ 19505 was apparently widespread on dricr, low·elt~va!lon 

sites across tbe drougbl-affeeted regions of the southwestern 
United SLates (29, 30). It is noteworthy tbat pinon mortality 
also OCCUlTed aI drier, lower-elevation .~ites in lhl:: Bamlel..ier 
area (221, as well as elsewhere in New lI-1cxico (25, :'1), even 
though pjflOn arc not 3ttaeked by the sanle species of bark 
beetles thal affect ponduosa pine (~R). Als(', when wet 
conditions beginning in 1957 broke the I'J50s drough l (Fig. 
2l1), widespre,\d ponderosa pine m()naljt~i rt'j1orledly cc,m:d 
witbin aboul a year (22). Colkcttvciy. th(;,~c observalions 
indicatc Iha t the timing and spatial pat.lern or ponderosa pine 
mortality was driven by {he drought rather than by bark 
beelles. Hence, we as~ert lhat the mortality of the pOIi(kro.~a 

pine., was caused by lhe drought and was ampliJi~d by hlslork 
fin: suppression, increased density of pifJ.on and juniper. and 
drought-triggered infestations of bark bectles. 

As a resull of the eGotone shift, the patche~ of ponderos::L 
pine foresl became more fragmented, a~ theory suggesls 
should occur wilb climate-induced ecotone ~hifLs (32, 3:'1). 
Betwl:cn 1954 and 1963, the number of forcst patches in our 
sLlldy area increased from 20 to 42, and their perimell:r-lo·area 
raLio increased from 0.012 rn . 1 lo D.IED Tl1 1. Thi' [ragmen· 
lation is imporlant beeanse Hlany ecosyslem prnpenle~' C1iC a 
funclion nf patch size and pattern (34). 

Moreover, the effects of the drought in the ecotone shifr 
zone have been persistent (Fig ~,4). There is still littk 
evidence of ponderosa pine reestablisbmcllt in ~pite of f,<vor
able climatic l'ondilions in recent d~cades. and h<:nce Ihe ~hift 

in the ponderosa pine forest has endured I'm 40 yr. Further
more, the 19Sns drougbt apparently initiated other persistent 
changes in eeosystcm properties, panieulm Iy soil ero~jon (35). 
Large rt'duetions in llerbaceou~ cover were widely obscrved 
elsewhcre iu the soulhwestern United State~ dunne the 1950s 
(36.37). At our s.itc. herhaceous cov~r lYas n01 quantified III the 
1950s, but Jow ljallJe~ of berb::LccQus [!l'(lundcovcr "nd high 
soil·erosion rales have bcen dOCL!l1lel;l~d sinc~ ,Il Icasl Ihe 
early 1970s (22). Curreml) habal'eous covel remain'> ~(;rj 

sparse (=2(/l') and erosion raLe, rem.{in extreml'ly high [°"4 
mm/yr (38)). Reductions in herbaceoui> covt:r, such as those 
caused by drought, can trigger a i>hitl ,wross a thrc~hoid to high 
erosion rates (35) like those we currently obsnve. Thus, a 
short-duration climatic' event nOl only broughL abllLll persistent 
changes in the ecotone but might also have altered ecosystem 
properties. 

Mortality-induced vegetation shifts lakc place more rapidly 
than do naTality-induced sbifts associated with pJant establish
menl and migralion (n. 39). We SU!!~e.~t lhal mortality
induced shifts as rapiel as the one wc report (i.e~. <5 yr) have 
occurred frequenLly and extemiv~ly in the P::l~t, but have not 
been documented prcvionsly JI high tempural 0\ 'f><ttidJ rc~s

olution b~cause of constraints inherent in most palellccologl
cal methods Iwhereas shifts over periods of decades lO miUenid 
certainly have been well dtlcumented (8-12. 40)}. II i, now 
becoming increasingly plJssib!e lo delineate such landscape
scale ecotone shifts given the development of evcr·lengthening 
time series of rentate sensing dati! (c. g., satel\ire imagery and 
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FIG. 2. (A) Changes in pereent forest 
area between 1935 and 1975. Circles rep
resent GIS estimates derived from 
mapped data; squares represent estimates 
for years with only panial uerial photo
graph coverage. The arrow indicates the 
time of historical ohservatioJls of exten

1930 1940 1950 1960 1970 1980 sive tree mortality (22). (8) Annual pre
Year cipitation at Bandelier National Monu

ment, 1930-1980, highlighting the period 
of extreme drought (dashed vertical lics). 
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average), reeonstructed from dendrochro
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tains, encompassing the study site (Un
published data from J. S. Dean and G. S. 
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(within the dashed vertical lines) was ex
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ac'rial photography) that explicitly record panerns of land sian, iJlSect outbreaks, and firc) into models thai predict 
scape: change. vegetation dynamics (17, 42-44). 

Most of the: pn:viously (kveloped models thai predict bow The vegetation changes we report have some site-specific 
vcgctation distributions ll1,ly .~hift in n:sponsc t.o future climate characteristics th,lI could limit the application of ou r ftndings 
havc focllsed on the slower changes associated with natality to other ecosysk~TIlS: (i) the ecotone shift occurrcd in conJunc
and growth ruther than the more rapid changes rcsuJ ting from tion wi Ih the mortality of a single dommanl spe:cle, (pnndero.<;a 
mortality (15. +1). Although ass<:ssm('nls based on current pine): (ti) pliion and jun iper had al ready become established 
mudd' do incluck Ille expcclalion tb'lt glob,t1 wMmin!1 will before: the drought; and (irl) bark beetles amplified Ihe mor
accckrak the Jnon,dity of woody plants and thercby produce tality cffcch of the drought Noncthc\(:ss, 11''; propos..: thai thc 
chdnges in vegetatioll distrihutions world\vidc (14), thc mode!s unprceedcntcdly rapid climmc changes exp\.~clcd in coming 
gener,"ll)' assume <In ey,uihbriurn between dirnale and vegeta decades (45-47) Will produce rapid and c:xten~ive contractions 
tion. In C(llllrast, our flndings show that eyen hrief climatic in the geographic distribntions of long-lived woody s[Jt'cies and 
eyen t~ Cl1n have profound a~1d persistent ecosystem effect~, shifts in associatell ecotones such as thc onc we document. 
reinforcing lhc importance of more accurately incorporating Tbese shifts arc very likely to occur globaily beC'l\lse semiarid 
vegetati,)n Ulortality (lnd the complexity of associated ecosys forests and woodlands and their associated ecotones are 
tem responses (e.g., increased forest fragmentation. soil c:ro- widespread and considered 10 he among the most ~emiLive 10 
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FIG. 3. (A) Forest reduction between t 954 and 1963, estimated from GIS analyses. Foresl reduction was greatest at lowcr elevations (8) Field 
observations of the persistence (.) and mortalilY (+) of ponderosa pines, determined from remains of dead trees as a function of elevation and 
tOpographic position. Topographic position indices ranged from small values for exposed ridgewps to large values for sheltered valley bottoms (22, 
26), Across most topographic positions, mortality was greatest at lower elevations. (C) Mean changes in stem diametcr during calendar ye~r 19Y6 
forponderosa pine along an elevatlon/moisrure gradiel1l (10 trees were measured at eaeh of three sites: 2,010 m elevation (bold line) Wl[h 41 em/year 
precipitation; 2,320 m (dashed line) with 51 cm/ycar; 2,780 m (thin line) with 89 cm/year). Annual stem diameter increment (rree growth) was 
greater at the me,ic, high-elevation site than at the xenc, low-elevation site. In addition, at the end of a dry winler/spring period in 1995-1996, 
stern diameter flelually decreased because of water stress at the low-elevation site between April and mid-June, normally the time of most rapid 
growth. 
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changes in climate (6). Because regional droughts of even 
grt:aLer magn itude <md longer duration than lhe 1950~ drought 
are expected as global warming progresses (45, 48). lhe 
ccologlca I dfects of droughts associa ted with global climate 
change are likely Lo be even greater than those documented 
h<;~rc 
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