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Abstract
Thc proccs\cs that gcncrate spatial patterns of organism\ rre often infened f|om analysis of the patterns themseh,es. To te\t the
rulirbihr) of such irlirc.cc\. $c exanrined spatial patierrr\ of tree monality over l6 )er|s in a permanent l-hr study afea whefe
c|uscsol  modal i t )  arc rcaso ablywcl lkno$n. Ihe area is  an old-growrh stand in the Cascade \ , lountains ofOfegon, dominated
b}t l , l . , . r .J , l r , , i / i ! (60c.ofstenlsbuton| ' l2 . ' io fb lsa|atea).A} ieJ2l , , .e/ .a(52'?ofb. l \a larea),andPseu(1o|sug|ne. i ts i i \22. / .
ol bilal arca). \'{onalit,v !l as dominated b,v the two Arier specie\. D}ing,.l. .rr.r,,/lr occupied b$er crDopy stftta and olien hrd
bcen suppressed or drmrged by falling limbs of tfees. DlingA. 2,?.ez occupied upper canop) slrrt,r and oflcn had becn atlacked
by parhoge n s. t he po\ itions of dy i ng trees rncl causes of Dortrlit)- suggested thut dyirg A. .rrarilir should bc ibu nd near canopy
rrccs and !lra! d!ing,1. ttrr drd should be aggfegrted. These hypotheses \\'ere tested b) quadrat und distance based nethods. On
r!crlgc. d,"-ing.,1. rl,rll'il/r were nol significantl,v closef to c.rnopr- tfees than e\pected fbf r fardorn distribution or closer than
f|ndon sclcclion! ol lrcc\ lion thc entire population ofA. dndrili!. D) irrg ,.{. 1)/r.r.,rd $ere aggregated at a scale of.rbout 20 nlr
ho$e\,er. the dcgrcc ol aggrcgation $as nol significant cornpared with dre distr ibntion of the entire populatldr. The potential for
krge l.rlling rrecs lo ![ikc olhcr trccs al somc distance irorr theirhaies. and the underl,ving non-random disiribution ofsome ree

fopulalions. nra) linril lhc c\tcnt to $hich causes of lree monalit! can be infered from sprtial pattefns.

lntroduction

Undcrstanding the causes of spatial patterns of
organisms is a primarl ' goal of ccology (Greig-
Srnith 1983, Ludwig and Reynolds 1988). Olten.
spirtial patterns are nnalyzed to dctcrminc which
processes generatcd thc pattcms. However. the
degrcc k) which paltem can be used to infer pro
ccss is an open question. one requiring critical
examination (Calc ct al. I 9891. One means of test
ing the proposition thlt pattern can bc used to
deduce process is to examine patterns gcncratcd
b)'known processes. In this prper we examlne
spatial patter-ns of tree mortality in a pcrmancnt
study area $,here the causcs of mortality are rea-
sonably well kno*'n.

The study area, a I ha portion of the H. J.
Andrervs Experimental Forcst in westem Oregon,
providcs an appropriate setting in which to test
whcthcr spatial patterns of tree nortality concur
with predictions based on undell,ving processes.
As described below (see Results). the two spe-
cies accountilg 1br most ofthe tree mortality, ADle.r
ailrrDilis (Pacific silver fir) andA. procerrr (noble
llr), hilve contrastiug causes ofmonality, and dying
b ees occupy ditlerent canopy positions. Damagc
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t iom tall ing grccn trces or l imbs and supprcssion
are the predoninant causes ofA. amabilis mor
tality: nearly all dying trees occupy lower canopy
strata. A. pntcen ntorlality is often caused by patho
gens; mostdyin-q trccs occupy uppcrcanopy strata.

Becar-rse ofthese dift'erences in mortality pat-
terns. one would expect different spatial pirtterns
ior the two tree species. Falling trees often strike
and kill other trees in mature and old-growth tbr-
cst stands in the Pacific Northwest (Franklin ct
al. 1987). In nulticohort or uneven-aged stands
such rs  our  s ludy  ca .  :h i ld ing  and .uppres \ ion
also lcad to mortality of youngcr, smallcr trecs
(Oliver and Larson 1990). Thus. small trees near
canopy trees should be most likely to die. Large
trees. on the other hand. are more l ikely to suc-
cumb to palhogens or wind (Franklin et al. 1987).
Pathogens, in pafiicular. may affect groups oftrees
within stands, especially when dispersal of the
pathogcns is limitcd (.,.9., thc root rot Annl1ldr.i.l
nrelleu, which spreads through the soil (Manion
l98l)). We therclbre used the spatial data col
lected in the study area to test separate hypoth-
eses for the two species:



11 Dying ,1Dir:s antabilis trees are tlear canopy
lrccs observed when the sludy began;

2'1 D 1-rrLg Abies pnx:c,? trees ale aggrcgated.

Study Area

The study area is in an old growth tirrest in the
Abies enrubil is zoDe (Dyrncss et al. 197,1), in the
H. J.Andrews Experimcntal Forest nearBlue Rivcr.
Oregon (,1.1' l6' N lat.. I 12" E'W long.). The el-
evation is I 290 n. with a south-facing slope of 5
pcrccnt. Soils on the study area belong to the
Haplunrbrept great group and arc moderutel) deep
and sk)n): they developed in andesitic glacial t i l l
mixed withr,olcanic ash and pumice (C. T. Dymess.
pers. comm.J.

Thc canopy is predoninately ofA.y.rioceru and
Pserrlotsuga nenl.iesii(Douglas lr). Othcrcanopy
species includcAble.s ttntabilis. T sttga heterctphtlln
(westem hemlock), .rnd T. nertensiuna (.moun-
tail] henlock). The understory is dominatcd by
Xe ro p ltr' | | unt tenu: ( beargrass).

Methods

F ie  d  methods

The study area was established as a I ha square
in 1977 b) researchers from the Pacitic Nortl'l
west Rcscarch Station and Oregon State Univer-
sity (Franklin and Van Pelt 1990). All trces ) 5
cm dbh uere tagged rnd mapped in relation to a
grid of string placed at 5 m intervals. Accuracy
of this method oflrec mapping is estimated to be
t I m (Hawk ct al. 1978). Trees were rcmcrsured
in 191J3, 19E8. and 1993. Thc area was surveyed
annually f lom l978 to l99l lbr tree mortality.
During the -5-)'car renteasutenents and annutll sur-
ve1s, conditions of newly dead trees and anv ob-
vious causes of mortality were rccorded.

Ana ly t  ca  methods

Tcr provide necessaly background tbrtests of spatial
hypotheses. ue surn|narizcd stand structure and
morlality blr species. I l preliminary analyses, we
loted that a very fcw A. cnnlllls *ere also canopy
trees. Because vu'e were intcrcsted in the relatiol'l
ship between thc crnopy and the sllallcr A.
annlilis trees, rve excluded A. antabilis canopy
trees liom the A. r'rrabl1fu population in the spa-
lial analyses.

To test hypotheses. we used quadrat-based and
distancc-based methods. Quadrat-based rnethods

included 2 x 2 contingency tables (Sokal and Rohlf
191i1: Creig-Smith 1983) and Morisita's index.
I , lP i< lou  lo -7 :  Kreh .  l98ar .  Quadr r r  r i ze .  runp i lg
tiom I x I m to 20 x 20 m were used to test lbr
pattern at a vafiety of spatial scales. The 2 r 2
contingcncy table method tests whethertwo popu-
Iations (i.e.. dving A. c/r.rDilir and canop)' trees)
co-occur nore or lcss ottel than would be ex-
pected liem their rcspectivc densities (Grcig-Smirh
lq8 . l )  MorNi rJ  r  in r le r .  u .cd  lu  tc : r  rE ! reg l l ion
of dying A. pnt<:eru, is bascd on comparison of
the probability that any two individuals drawn at
nndom fronr the observed population $'ill be from
the same quadrat and the conesponding probability
for a population with a random spatial pattern
(Pielou 1977). Values of l,i greater than I indi-
cate some degree ofclunping; values less than I
indicate a more regular distribution.

The quadrat-based statistical tests of spatial
pattern compare obscrved pattems ofdying trees
with expectltions under random distribution. Thc
tests do nol take into account the spatiai pattems
ol all individuals of a species. Howevcr. if the
underlying pattern of all individuals is ignored,
it is possible to mistake prtterns of dyin-q trees
for pattcrns intrinsic to a species. Therefbre, in
addition to testing patterns of dying trees relative
to random distributions, we also perfbrmed ran-
domization tests using the respective species'entirc
populations (Crowlcy 1992). For these tests, we
repeatcdly drew a random sample trom the spe-
cies population equal in size to the number ob
served dying. For each random sample. the spa-
tial statistic was computed and con'tparcd u'ith
the obscrved value of the statistic. The reportcd
values of P are the fraction of times a value of
the statistic at least trs extreme as the observed
valuc occurred in 1000 random samplings
(Crowley 1992).

Distance based methods includcd both
univa.riatc and bivariate combined count distance
statistics (Ripley's K(t) function, Mouer 1993: see
0 lv r  11q.k .1  1988r .  R ip lcy ' .  K{ r r  take .  i r r ro  . r , . -
count  thc  l  e r t ion  n l  r l l  i nd iv idua l . .  n r ' t  jus t  ne  c r t
neighbols. to dcscribe spatial patterns (Kenkel
1988). K(t) is essentially a summation of all in-
dividuals within distance t of a target individual.
avenged over alltarget individuals. Because some
of the near neighbors of target individuals close
to plot boundaries may lie outside of the plot. a
corection is ernployed for edgc eft'ects (Mouer
1993). The corrcction imposes a wcighting that
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is the inverse of the proportion within the plot of
the circumterence of a circle centered on the tar-
get tree and passing through the near neighbor.
With the corection firctor.

K ( t ) = A * i  i w  ( r ) / n r  f o r r + . t

for all pairs of trees with t, < t,

where K(t) = Ripley's K for distance t.
A = area of the plot,
n = the number of ffees
w,,(t) = edge-correction wcighting tactor.
and
t = distancc bctwccn trccs i and i (Mouer" 

r 993).
To assess spatial patlcrns al a rangc of scalcs

comparablc to thosc in the quadrat-based analy-
scs. thc conlbincd count-distance statistics were
conputed for distances liom I to 3[) n.

To convert to a scale nrore convenient fbr as-
sessiDg spatial pattem at a range ofspatial scales.
K(t) is transfonned as follows:

L(t) = t - i41,17 nrt 'r (Kenkel 191i8).

L(t) has an cxpcctation of zero firr randonr
pattcms: valucs grcatcr than zcro indicate more
rcgular pattcrns. and values less than zero indi-
cate more aggregated patterns (Kenkel 1988).
Kl2(t) is a bivadate analog of K(t) that allows
rssessment of attraction or rcpulsion bctwccn two
spccics or othcr classes of trees (Kenkel l9tlt l ;
Moucr 1993). The analogous transfinmation of
K l2(t) to L I 2(t) is used to tacil i tate examination
of pattcrns at a range of spatial scales. Positive
values of L 1 2(t) indicate repulsion between types:
negative \,alues indicate attnction.

Obscrvcd valucs of L(t) and Ll2(t) are com-
pared with results fiom randomlv generated sets
of points to determine significance. Following
Mouer ( 1993), we computed the strtistics for 200
randomly drawn sets ofpoints and generated one-
sided 95 percent confidelce envelopes. Since this
techlique does not lake into account thc spatial
prtterns of all individuais ol a species, we also
constructed "random mortality" confldence er-
velopes (see Kenkel l98li) by drau'ing 200 ran-
dom samples l iom the init ial populations of the
species. The observed values of LO and Ll2(t)
were compued with both the mndom and the ran
dom mortality 95 percent confidence envclopcs.
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Results

Stand structure

Abies unnhil is accountcd lbr 60 percent (393
stems) of the 651 stems in the I ha plot (Table
1). However, the total basal area of 86.8 mr/ha
was donrinated by A . protera (.52% ol total). an<)
to a lesser exten(, P nten..iesii (22%\ (.Tablc 2).
Thc size distribution of A. arnobil is contrasted
with that of the species dorlinating the canopy
(Fig. 1). Ables amabilis had a reverse-J-shaped
. i , / i  d i r l r ihu t ion .  u i th  an  orernhe lnr ing  rn l j , ' r -
ity of small stcms, whereas both A. procero |.nd
P nten:.iesii ha<l very few small stcms and large
median stem sizes (82 and 88 cm. respectivcly).

TABLE L Decrease in nlmber of stems due to trcc noid
i ry.  b)  species.  1977-1993.

Numbef in
original Number % ongi al ./. dlll1g

populatlon dylng. population pel
(1977) 1977 1993 dl ing

Tsurtl

A11 \pecies

393 ,10
8l 38

l u 0

61 1
651 90

10 .2
,16.3

U

6.0

l l . l
r 3 . 8

0.7
1 .8

0

0.7

rComputed b)  the negrt ive compound intere\ t  lbrmula
(Lonmcr 1981) li|)ln percentrge ofofiginal populrtnr dfing.

TABLE l. Decfease in basal area ( nr r/ha) due io lrcc morlxl
i t ,v  b) ' .  spccies.  l97l  1993.

Ba\al arca Basxl arca
in original lon l0 i. original
population nrortalirr". basal urcu 7. per

(1977) 1977 1993 losrSfel r ies

Ttugu

7\ugu

Al lspecies

10 .2
,15.0

r9 .0

5 .6

1.1)
86.8

16.2
.1t .5

u.+

9 .5

1 . 9
3 .1

0

0.03

2.',7
l 8 . l

0

u.0l

0.1
2 t . l

rConputed by the negrt ive conpound interes!  fornrula
(Lornnef 1981 ) from pefcentnge of onglnal populalion dying.
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The most notable changc bctween 1977 and
199J was the decline ofA. proccrz (Tables I and
2); the number of sLcms declined by.16.3 per-
cent, and the basal area dropped by 41.5 pcrcent.
A. annbili.t lwJ A. prot:ext accounted for most
of the nrortaliLy (11% antl 12Vc ol dying stems.
respectively, Table l). Basal area lost to mortal-
it,v was 7 times greater for A. proceirr thrn tirr A.
anmbilis (18.7 vs. 2.7 m'/hr, Table 2).

More than hitlf of the A. arraDilis motality
$,as attibulcd 10 suppression or damage tion
iall ing green trees or l imbs (Fig.2); many dying
A. qnabi[i.s rvere re]atively small trees. with a
median diameter at breast hcight (dbh) of I 5 cm.
Ncarly all (9li%) dyingA. ariaDrlls occupied lower
canopy strata (i. c., suppressed or intennediatc trccs
(Danicl et al. 1979)). In contrast, almost.10 per
cenl of thc A. 2mcei? mortality was attributed to
mistletoe or other pathogens (Fig. 2). morc than
to any other obvious car.rse. EIeven ofthe l3 trees
with no recorded cause of mortality died stancl-
ing. and it is l ikely that pathogens also contrib
uted to the deaths of these trees. Most dying A.
procera Irccs were relrtively large (median dbh
= 75 cm). andnost (7,17c) occupicd uppercanopy
strata (i.c., codominant or dominant trees (Daniel
e t  a1 .  1979) ) .

slpp6sion Ms!€t. PathoqoB Wnd Crusiod

Cause ot Oeaih

F igure  2 .  Cruse\  o f  mor ta l i l y  fo t  Ab i ( t  andb i l i s  , ]n r l  A .
prot:en (1918 1993). Valucs displa)ed conbine
primar_v and secondary' causes of monaliry. .rnd

lhercibrc add lo nore rhan l00Z lif e.Lch \pecies.

Tests of Spat a Hypotheses

Neither quadrat nor distancc-based methods
showcd dying ADles qnrubil is Io be significantly
nearer to canopy trccs than expected trom a lan
dom distl ibution. Co-occurrcnce of dying A.
anrdll ls and canopy trces alive in 1977 was not
significantly dilTercnt fronr random association
at all quadrat sizes examined (Table 3). Fuflhcr-
more, such co occurrence was not unusualiy large
in comparison \'",ith co-occuffence of the entire
A. unnbilis poptlallon and canopy trees (i.r,., r'an
domization tests in Table 3). The cornbined count
distance method indicated that dyingA. .rr'?drlli.t
were not closer to canopy trees than either a ran
donr selection fiom the entire population of A.
anaDllis or a random selection of points tbr spa
tial scalcs tiom I to 30 m (Fig. 3).

Dying A. pt'oce ratrees were aggregated according
to both quadnt andcombined count-dist;nce meth
ods, at least in comparison with random selections
of points. Howeveq aggregation of dyingA. procera
u'as not significant comparcd with the pattern of
the entire population. Morisita s index indicated
signiticant aggregation in 20 x 20 m quadrats. but
not forotherquadrat sizes (Table 4). However, com-
pared with random samples fron the entire popu
lation, the obsen'ed aggregation was not extreme
(1.e., P = 0.20 in randomization test. Table,l). Thc
combined count distance ncthod indicated sigtili
cant clumping at scales of7. 8, l5 19, and 2l m in
comparison with the randon 95 perccnt confidence
en\€lope (Fig.4). However in comparison with
the random mofiality 95 perccnt confidence enve
lope. dying,4. proceru were not aggregatcd at anv
scale liom I to 30 m (Fie. :l).
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TABLL 3. Tesl\ ol Lrssociation bet\ieen dying non-canop) Ah.,r dtrLdbilis.tntl carop) tfees (.Lll specie\) $irhin quadrat\ ol
various sizes (2 r I contmgency tables. tested $ith G-tests. except lL\ noted).

Randomizati0n test

Quadra! Adiusrcd Ci
stal inic

vrlLr. 0i GC

l r l

5 x 5

l 0  x  l 0

2 0 x 1 0

0.91
0.03
0.09
0 . r 3
0.00

0.66
0.03
0.09
0 .  t 2
N/A'

P > 0.15
P > 0.75
P>  0 .75
P>  0 .5
P =  1 . 0

0.86
1 .29
1 . 1 1
t . t 7
0.00

P  =  0 .87
P=  L00

P = 0.13
P = l .0t)

Resulrs iiorr 1000 ra.dom samplcs of populatim of non canop,,- ,1/)ii,r' .rrr.rbilir .rli!c in 1977: P !rluc is iiacrion 01 s.rnples lirl
which C \ tnt is t ic  $as at  lca\ las l r rgc as ob\crrcd la luc,
'Pfob.rb i l i r )  computed b]  Fisher 's  errct  test .

15 2A

Distance (m)

Djstance (m)

Figurc ,1. Combincd co!trn{i\hncc anal!\is (L(r) !s. tl fir
i r i " ! / , , r . ' r i  d! rng bc!$ccn l977and 1993. L i re
t ipes as in Fig.  L Because of thc discretc d inr ibu
t ion ofL(0.  the fandom and randorn or la l i lv  con
fidence enlelopes could rrot bc co pLrlcd lor 1 < 5
or 6. respccrivciy. For all casc\ lacking q57 conli
dcncc cn\c lopc ! r lu.s.  P >> 0.05.

TABLE'1. \'rlues ol\{orisitl's inde{. I, . r test of rggrega
tion 0f d,"'insAli.s /rr.d/?.

Bivarir(e conbined count distarce antri)-sis {L12(t)
vs. t) lbf A,/.,J drr.r/,illr dling be[veen 19]7 lLnd
1991 rnd codolninrnl  ard doln inrnt  t ree\  in 1977.
Sol id l ine = ob\ered distdbui idr :  dashed Ine =
one-\ ided 95t :  conf idence in ier la l  based on ran-
dom select ion of  fo ints ( '  f rndoni  conf idence en-
\ ,e lope) i  dot ted l ine = one-\ ided 95t i  conf idence
inter\ al based oD f.rndoD selection fioln initial
population ofA. drrdl,r/ir ( faDdun lnoltality' con'
i idence envelope).  Because of  the discrere dist r i -
butn)n ofLl2( t ) .  nei ther conf idence en!elofe could
be computed f(n i = I of L Compared $ith both
fandom sets of poinrs and random \elections frorr
the in i t ix l  populat ion.  P >> 0.05 for  t  =1 and 2.

Rrnd0lnization test

Qu.rdr.rt P
( l - t . r i1ed) o f l

1 \ l  1 0 0
2 x 2  0 . 0 0
5 r 5  0 5 1
l0  \  l 0  1 . , 12
l0 \ 20 1.35

P =  1 . 0

P  =  1 .00
0 . 2 5 > P > 0 . t t )

P < 0.05

0.00 P = 1.00
1 .67  P  =  1 .00

1 . 0 9  P = 0 . 2 2
1 .18  P  =  0 .10

Rcsulls iionl 1000 randon sanples ol population of,{rn'r
p/.,. .ff alile in 1977: P vrlue is liucttun of \rmples fof lvh ich
ld was .rt ler\t .rs l.rge .rs observed \'.rlue.

oneskled 95% @nfden@

o@s ded 95% 6nfid6@
Fepulslon

- ob$d6d d sribllon
----- On€rd€d 95% co.rden@

(@d.m poinls)
-_"""_ OieBid€d 95% @.ide@

l@do6 A an*ild)
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Discussion

Motality in this study aftected populations of tu,o
species that contrast in autecology. ADie.r arnaDilis
in this stand is a tolerant, climar species (Dyrness
et al. 1974; Crau'1brd and Olivcr 1990), as i l lus
trated bv its size distribution (Daniel et al. 1979).
On the other hand. thc size distribution of A.
protera is typical of even-aged populations of
intolerant species (Daniel et al. l979) and is con-
srsteDl with its status as a seral species (Dyrness
ct al. 197;1: Franklin 1990). The usual agcnts of
n ror t r l i t r  l j r , '  r re  L j i f te renr  fo r  rh . . ru , ' .pec ie .
fall ing trees and lirrbs rnd suppression af'fLct A.
rirnabll/r. and pathogens at'tect A. procera. Thus.
dilierent spatial patterns of rnortality u'ere hy-
pothesized for thc two species: dying,4. arlaDll ls
\\ 'ould be close to canopy trees, and dying A.
2nrce rz rvould be aggregated.

Dvrng A. unnbilis. however. weLe not closer
thanA. rrrnabill.r in geneEl to canopy trees standiDg
in 1977. Because toppling canopy trecs contrib-
utc to mortality ofA. .r/rdlrll1.r. canopy trees ntay
kill trees of lower sffata at sonte distance from
thernselves. Thus thc spatial pattern ol small dy-
ing tlees may more stlongly rellcct underlying
processes whel supprcssion, rather thaD physi-
cal damage liom canopv trees. is the predomi
nant cause of mortality. It is also possible that
clcath of small A. anraDllls trees in the study area
is due morc to crowding by neighboring trees of
all sizes than to proximity te canopy trees (see.
c.9., Stohlgrcn 1993). The tendency of A. qnubilis
lt l cstablish in canopy gaps (Wilson l99l ) could
contribute to diminishing the influencc ofcanop)'
trees on mortalit\, of small A. anoDllis. However.
assessing the etlects of cro*ding on small A.
aarrdil is is beyond the scope oI this study.

Although dying A. prc(era lrccs were aggre
gatcd at scale of abouL 20 m. dying trees werc
not more aggrcgated than the entire population.
Death ol fdiacert ^. procem rn,n\ contribule to
tbnnation of large canopy gaps. but it is unclear
\!hether proximily contributes toA. piacerc mor-
talitv. If pattems are to be clcfinitively shown. futurc
ltudles ma)' ncecl to enconpass larger numbers

of trecs t() compensate lbr non-rando|n spatial
distributions of A. procant (possibly caused by
limited sced dispersal dislances: see Franklin 1990).
Even with larger sampJe sizes. it is conceivable
that Do aggregation of dying A. prot:eru wilir be
found. Published observations of spatirl distl i
bution of mortality due to root discases of
Pseudotsuga nenTicsil and other conifers in the
Prcific Northwcst indicate that cither clurnped
ordispcrsed mofiality nav occur (Filip andGoheen
1995;Thies ancl Sturrock 1995).

Although the observcd spatial patterns corre-
spond to thosc hvpothesized for A. p/?..eftr. thc\,
did not correspond to those suggested for A.
antulti l is. In addition. based on the spatial pat
tem of all A. pt'oceru ttees. the pittem of dying
trees was Dot markcdly diflerent liom random
ness. The inferences that can bc drawn liom thcse
results are l imited by fie relatiYely small study
area and a lack of inlbrmation on how leprescn-
lative the study area may be of Alrie.r ti)rests in
the Pacific Northwest or any llLrger set ol'ti)re!ts.
Within thosc l imitations, our results do not dc-
finitivelv support thc pr()position thal thc processes
causing trec mortality can be dcduced from spa-
tial prtter-ns of dying trees (though .l Stohlgren
1993). Furthennore, these results indicate that i1
is sometimes not possible to predicl sparial pat
tems of dying trees even when mortality causes
are knoln.
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