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Abstract
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Introduction
ln thc l'acific Northl'est. Annillaria spp. causes
thc mosl comrnon anrJ r l idely distr ibuted root dis-
ease ol n'esLeur conifers (Hadfielcl et ol. 1986).
Reccnt stLrdies have shor,".n Antilktia to consist
of a complex of at least nine bioiogical spccies in
\orth America (Anderson I986) wirh the patho-
genic spccies on most conifers in the.ivest thought
to be,4. osto_lze (Rornagn.) Herink (Morrison er a1.
1985. Wargo and Shat -t985).

Although the lacLors thar controJ pathogcnicjty
ol Amtilkuitt have bcen wiclely srr.rdied, they are
no t  s ' l l  u r r , l  r ' - r oo r l r \ I  a rgu  c r , d  Sha r .  l q8J t .  Be_
cause this lungus conmonl), attacks stresscd trees,
lactors aflecting both lhc viLality of the rrcc and
the r i tal i tv of the hrngus must be consider-cd.
(lencral factors such as environmental stress
(Wargo l9BO) and habitar rvpe (McDonald er aL
l987a, 19{j7b) havc been relared to thc incidcnce
of Armillaria roor disease. Specific soil factors, such
as nutrition and pH, rnav also be imporlant (War€io
and Harringron 1991). Rediern ( l9ZB), Shields
and Hobbs (1979). and Singh (19813) Iounrl that
low soil pH {avored clisease der.elopment under
ficld conditions, bur this relationship ras not clcar
in al l  studics (Redfern and F;l ;p l99l).

High aluminum concentrations in acid soils
causc plant stress and thcre has been much interesl

'PresenL address: Xercrhaeuv,r Conpanr. Cerratia Itescarch
facilitv. 505 N- Pearl Sr.. (_-enLralia_ W$hlrgr,D 985:t t

in determining relat ionships bctveen soi l  pH and
Al toxicity to roors (Llr icb l9Bl3). In the soi l  solu
tion. Al occrrrs in a r.ariety ofionic forms, such as
Air-,  Al(OH)l or Al(OH)l (Parker el at.  198{3).
The most toxic lbrm is assumed to be Al3r, but i t
is gencralJy in low concentrations in soil solutions
because ol low solubilitv. As soil pH js lowercd
Al bccomes morc soluble. Alumirrurl  roxrcly
generallv does not occur in soils with a pH above
5.5. but i t  bccomes incrcasirrglv severc as rhe pIT
drops belot '  5 (t ; l r i r :h 1983).

In 1985 the authors noted that Armil lar ia root
discase l,as killing voung Douglas-fir (Aeadorug.a
mea:resii (Nlilb.) Franco) trees near Hoquiam,
Washington in areas t'ith relativelv acid soil ( < pH
5). It t'as hvporhesized thar high soil AI concen-
tratrons were onusing rool stressj thlrs making trees
moro susceptible to Armillaria root disease. .l'hert:

havc been relatively fet, studies on the effects ol
A l  on  * , i l  m i ,  r obe . . r nd  p lun r  pa rh , , gens .  Ho* , . r e r .
i l  l r . r -  heen  -hnun  rha t  - o i l  4 l  ,  an  J , . t  a j  r  f ung i_
toxin (Ko and Hora 1972). and i t  can reducc soj l
palhogen levels (Harrlcy 1928, Orel lana er al.
1975. Muchovej er al.  l9B0) as well  as the grorth
of mycorrhizal frrngi {Thompson and Medvc 19U4,
Entry et al.  I9B?). I t  is not dear hot,soi l  pH and
Al influence hostlA nniLLaia relationships.

This study t'as initiatecl to rletermine: (1.i rcla-
tionships between soil cxtractable Al and pH and
the incidenec oi Armillaria root rot in Douglas-fir.
plantations in \ircstern Washington, (2.) the elfect
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L iin.lrni of ltuilv sircs nr $estern \\ ashington, Arrnillaria root rlisr:a*: screrit-r. srar11agc- eleration. s,i]IlH and e\Ira(l

ah le  A1.
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'H igh serer i r r  ( l iJ  l ;  in l . ( r .d teeslhal  los screr i tv  (0 12 i r lccted l reesiha)
:'\rcrages follo*ol br a differenr l,ILft ir the sem, ttlunn are sisrriii:arth dil]crcnr (p < 0.05)
' \o Armi l lar ia r .ot  ro l  i i  th.s.  s taDds.

ol soil c\lracls on growth of,4tnilldriil in culture,

and (3) thc ini luence of Al and pH on Armilkt ia

groNlh in culturc.

Materials and Methods

Study Sites

Tu'enry'-tno Doupdas-fir stands in $cslcrn Washing-

ton were selctled {Table I ). Sites I-9 had high Ar-

millano severity (13-25 diseascd trees/ha) rvhile

sites 10-22 hacl lon discase incidence (0-12 dis-

eascd Lrees/ha). All sLands llcrc plantations cxoept

site B. Stand aEles varicd from 5 to 35 years, avcr-

aging 20 --veals in high sererit-v sitcs and 15 years

in low scvrrity sites ( fable I). Young stands wcrc

selected since Annil lat ia is less of a problem in

oldel Douglas-fir stands (Hadfield er ol. I 986). The

stands were localed in the coasl range excepl site

9 r'hich was located in the foothills of the Cascade

Mountains. Elcvations rangcd from :'i0 to 9 10 m

*'ith similar average elcvalions in high (302 m) and

lor,(212 m) scveritv si tes (Table 1).

Soi Chemistry

Soil samples t'ere taken from thrce random loca-

tions at cdch of the 22 sites. At each location fir'e

systematic samples were tnkcn from the top 5 cm

of mineral soil, bulked and transported to thc

laboratory for analysis of extraclable Al and pH.

The top 5 cm was sampled becausc manv of thc

roots and microbial activity arc found in this zone.

Rhizomorphs also commonly occur ncar lhe soil

surface. Water e)(tractablc and 2N KCI exlracLa-

ble Al were detcrmined using a modilication ol

procedures by Barnhisel and Bertsch (19t32). Trvo

g oI field soil rvere shaken in 200 ml of dcionized

water or 20 ml of 2N KCI for 4 hour-s and cen-

trifuged. Solutions uere analyzed on an lL 951

: 'B l3rowning ancl f idmonds



-{tomic -A.bsorption Spectrophotomctcr'. Resulls
\r 'cr-c cxpressed as /rg Al/g o,ren dry soi l  ( I05'C).

Soi l  pH tas detennincd using a I: I  (volurne) soi l
dist i l led later rnix and a pH mctcr ( l ishcr Accu-
nrct 1\ ' lodcl 210).

Source of Armillaria lso ales

Three diploid isolatcs of.,lnnil1aio r,rre obtained
from mvceliurn lans grou'ing in inlcctcd but stjll
lir.ing l)ouglas-fir trees in rrestern S'ashin€iton. Tiro
isoltrtes came l iorn coastal si tcs ncar Floquiam.
lhi le thc third i-qolate lras l ionr r lo$,elelat ion sitc
in the Puget Sould arca ncar,qnohomish. Al l  three
diploid isrr lates were iclenti f ied as Amti l laia
oltoia e b,y cross plating using thc mcthod clcscribecJ
in Cuil latrmin et al.  l l991J with known testem
provided b,v Dr. l)uncan Morrison, Pacific Forestrv
Researr.h ( lenter. Victoria, Bri t ish Colunrbia.

Armillaria Growth in Culture on Soi Extract
IVedium

The thlee Annillorio isolatcs ller-c gro\ln on Lln-
amcnded soil e\tract agar iiom l)ouglas-fir' stands
at Hoquiam (sites I and I l ) .  Lebarn (site t l) ,  Ray
rnond (site 20). and a f i l th si tc ncrr Snohomish.
Washington. using technique \ '1 26 outl incd in
Stevens (1974). ! ivc rcpl icalc plates wefe used for
cach isolalc anrl  diarreter grot lh t 'a-s rneasured
aitef 60 da,vs ol incubation at 20oC. Sixt l  davs
r,ras usccl becarrsr ol the rerv slo\r grolrth on the
lol nutr ient , .oi l  cxtract rncdium. -(orne ol ' the cul-
Lrrres dereloped rhizomorphs. but ther rrcrc nol
includerl with the diameLer rneasurements. Rhizo-
morph de!elopment tcndcd lo increase l i th
dcclcrsing pTI. Fungal biomass is a better rneas-
Lrre o[ gro\rth than diameter becausc i t  includcs
rhizomorphs. Biomass was deterrnined in a sel ies
of test-s lBror,ning 1987). lhc l incar corrclat ion
bclwccn biomass and di:nneter €iroNth wlls po-ei-
t i re (r = 0.41. n = 90) and signif icant (p < 0.01).
Shaw (1985) also lbund that diamctcr ancl ,4ni l-
}zna drv l ,rcight wcre rel i t ted in lounger colonies.
Thus iL was Glt that diameter growth corrcct lv
lel lected pporth trcnds cvcn though rhizornolphs
\ ,  r r  n ' , r  mF l - r f r , l .  Rh i z "m" r ' f h - . r r .  impu r l r r r l  i n
disease sprcad in thc f icld.

Determ nat on of Growth in Culture n Non-
Buffered and Buffered N,4ed a

\on-Bu;flered Metlia. lsolatcs lcrc €rlo!!'r r'r pcr' l
plates on 2Yo nral l  agar- conl l l ining dif lerent

amounts of l \ l .  An3.6HrO salt 1r 'as uscd as thc
sourcc of Al3+ at concentrat ions of 0, 10. 25. 50.
100. and 200 mg Al/1,.  

' fhcsc 
conccntrat ions r,crc

seleded since thev overlap the range of n'atcr cr-
tructablc Al t trnccntrat ions irom the soi l  (0.5-62.6

pglg) and fall in the range of 2N KCI cxtractable
Al (1-1958 pglg) (Tab1e I ).  The units pg Al/g in
soil and mg Al/L irr solution are similar but not cx-
actly equir.alent becausc so;l bulk density was nol
1.0. Bulk densities tvpicall,v rangcd from 0.5 to
0.8 in these so;ls. Concentrat ions of ( i l  (0-?BB

mg/L) in the AlClj.6HrO mcdia arc typical of those
used in cultule media (Stevens 197,X. l lobinson
l97B) and should havc had no influence on grorvlh
oI Annillario. The media $,ere seeded t'ith the
three isolates on separate plates us;ng a 5 mm oofk
borcr and 5 fepl icat ions of each treatment. Media
pH $'as taken bcfor-c autoclal ing. Cultures were
incubated at 20oC. Diamdcr grovth of mvcelium
lras mcasured in each plate alier 130 dals b,y aver-
aging t$.o perpendicular mcasulcmcnts.

BulfererL Media. One percent mdlt cxtract mc-
dia t'ere buffcrcd to pH 4, 5. and 6 b1- adding
0.1 \{ citric acid and 0.1 \{ trisodium citrate
(l lcKcnzic I  969). 1.0 N KOH and I.0 N H(l l  lere
used to adjust the final pH. AlCl:.6H.O wa-s added
in concentrat ions of 0. 100. 200. and 300 mg
Al/L. The mcdia in pclr i  plales were seeded wilh
plugs ofthe three isolates using a 5 mm colk borer
and l0 repl icat ions pcr trcatmenl. CultL-rres were
incubaLed at 2Oo(1. Diameter growth of thc
mycelium n'rs mcdsurcd in each plate after i30 days
by averaging trvo perpcndicular mcasurements.

Stat stica Analysis

Two-rvav analvsis ol va ance was used to exam-
ine relationships among fungal growth. Al ttrnr:en-
tration and pH in bulfered Al rnedia at dillerent
pH levels. Onc-r,av analysis of variance was used
1rl tesl gro$,th dillercnccs among fungal isolates.
A Newrnan-Keuls multiple-range test \\,as used to
determine signficancc. Regression analrsis rvas
uscd lo e\arnine lelat ionships between soi l  pH and
e\lractable Al concentrations. fungal gro1tth and
Al conccntrat ions in soi l  extract media. and fun-
gal grot'th and AI and pH in non-buffcrcd and
buffered rnedia. SLudenl l tests were used to de-
terminc i f  rnr:ans ofsoi l  pH. and water exlraclable
and 2N KCI Al liom hilih and low severitr stands
t'crc diffcrcnt. The statistical package SYSTAT
(Wilkinson I9[i9) was used on an Applc Slacin-
tosh l lci  computcr.
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Besults and Discussion

Relationships Betv,teen Armillaria Incidence
and pH and Al  in  the F e ld

It has been dillicult to lind strong rclationships be
t$een expression of Arrni l lar ia rooL cl isease and
field variables frecausc manv factors are involved,
suc'h as host vigor. ahiol ic stresses (1ight. ternper.-
alure, moisture. nutr ients. pH). presenco or tr ir-
sence ol iroculum. insects, other discases, and
managemcnt activitics such as pdrtial cuttinfl
(W'argo and Harrington l99l).  Reaves er al.
(1990) also suggested Lhat burning mav inhihir Ar-
milloria bv stirnulating antagonistic lungi. V e do
not know lhc historv of burning on our srrcs,

AmtilkLitt is cLnsitlered a disease olrlcakened
trccs (\{rargo and Harrington l99l). Stress reducts
host vigor and compromises host clclenses. Alu-
minum to)aicitv lo roots increases plant stress
(Lllrich l983) so it was bvpothesizecl that Douglas-
fir grol'ing in soils in u'esreln Washington rvith rhe
highest extractable Al concentrat ions tould have
th .  h i - hc - t  A rm i l l . r r i a  r ' " , t  r o t  d i . , r - ,  - e r . r i r r .
Huse re r .  r h r -  oppo - i r c  - i l l J t i on  *a "  t b r rn , l .  S i r . .
'with lrigh clisease sevcritv had a significantlv lower
a!erage lr'aler cxtrdctable Al concentration in the
soi l  (9.0 + 3.I pg A1/g) comparcd to sitcs with
lo\{ scveritr  Q2.4 + 5.3 pg A1/g) (Table _t).  \o
disease r,".us observed on the sites t'ith Lhc highesr
'watcr and 2N KCI ertractable Al (Table 1).

It rvas erpccted thar soils u'ith rhc highesr cx-
tractable Al concentrations Iould also be the most
trcidic since Al concentrat ions incrcase t i th
decrcasing pII (Ll lr ich 1983). Horrever. there tas
not a signilicant felationship using regression anal-
vsis between soil pH and ertraclable Al in soils
liorn thc tl'enty{wo sites. Soil pH and 2N KCI ex-
tractable levcls t'ele not signilicartlv clillerent be-
tt 'een high and lot severitv si tes. 2N KCI
extractable Al avcraged 149 + 69 pglg in lo*
srvcriq'sites and 31ij + 164 pglg in high severiw
sites (Table t).  Soi l  pH avcraged 4.73 + 0.20
. rn r l  4 . l o  r  0 .  l t t  i r r  l r i g l r  a r rd  l , , r r  - e re r i r r  - i r e - .
respcctivelr,  (Table t).  Although Redfcrn (I978).
Shields and Hobbs (1979) anrt Singh (1983) found
that lol  pH lavorcd higher disease development
undcr f ield condit ions, Rerlfcrn and Fi l ip (I991)
sLlggested that data relating diseasc severilv and
soil pH in the field are gencrally inttnc,lusive.

Bccause the influence of soil Al and pH on Ar-
millodo severity was not clear from the field data,
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a scries of laboratory- experiments rvcrc underlakcn
to determine the inf luencc ofAl and pH on,,{nni l
lona growth in culture. This involvcd deterrnina-
t ion oi grouth on soi l  cxtract mcdia and
non-buffcred and buffered rncdia containing vari-
ous concentrat ions ol Al al dif ferent pl l  levels.

Armillaia Growth on Soll Extract N/ledia

Averagc diameter gro$rh of the three Annillatia
isolates in culture on five soil extract agars is shorvn
in !-igure J in relation to later extractable Al con-
ccntralions tiom these soils. There were no signfi-
cant diffcrcnces in gror.th among the three isolates
so pooled data rlere used. Annillaio, di;.meter
growth tcnded to dccrease with increasing soil wa-
ter extractable Al concentrarions (l-igurc l). The
logari lhmic regression (r = 0.86, n :  5) is sig-
n i f i . cn r  a r  t '  <  0 .O i .  Lu t  t he  l i r r . u r  r eg r . . s i un  i -
not (r = - 0.74). (;rorvth clata oI this type are com-
monly not l incar. Cor.relat ions betwccn Armil laia
diameter gror,".th and 2N KCI extractable Al and
pH tere not sippificant. These data tentativelv sup-
porl the data in l'ahle I which sho* that soils rith
higher average extractable Al have lowcr disease
incidence. while pH t'as nor significanr.

O  r n

0 10 20 l0 ,10 50 60
Water extractable Al (mg/g)

l"isure 1 A!,ir!se colorl- dilmerer aire.60 dals ol rce.4i.
ntilhna osto,-.te ;salarcs ft()m {esten WashinsloD
grosn on soil extract agar in reladon ro {arer r:x-
ta.trirle Al fron Lhose soils. Sranoaro e.rors ano
l o s a d t h D i .  n i s r e s s i o D  L i  i t =  0 . 8 6 . n  =  5 . p
<  o . n i l l J . ,  - l o 8 . , .  t l r  i , " . | . . d , , * r o r  x " - i , i
n g r r l i . , r r  1 r  =  , r . / + . r = r i )

Armillaria Growth on Non-buffereo alo
Buffered l\,4edia

In older to separatc the effeots of Al and pH on
Amtillaio, growth in vitro, the three isolates.rvere
grown on both non-buffered and buffered media.
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-r\gain there *ere no signif icanl dif lercnees in
grol,".th among the three isolates so pooled data
were used. In the non-buffered Al media growth
decreasecl with inclea-sing Al (Figurc 2). The corre-
lation bctr,cen fungal growth and media AI con-
centrat ion $as high (r :  -0.t ' i1. n :  90. p (

0.00I). Thcse isolates of,4nnillana appeared very
sensit i \e Lo Al. Alunrinurn has been lcrund by others
to neEiatilel,v influence the growth ol lungi in cul-
LL:re (FiresLone er (r l .  19{33. \ Iuchovej er (,L 19B0,
Orcl lana er al.  1975. Thompson and Medve
1984). The independent ellicts of Al:rnd pH, how-
ever. (annot be evalrraLed using an unbuffcrcd
medium sirce pH lell from 5.8 in the 0 mg Al/L
lreatment to 2.6 in thr:200 mg Al/L t lcatmcnt.

r00 200
Al concentration (mg/L)

100 200
Al concentralion (mg/L)

0 100 200 300
Al concentralion (mg/L)

Figure 3. Colonv dianreter after 30 da,r-. of three ,,lrnillaria

ovorae isolates frorn resten \\ ashington h nlatnn

b Al .o.centraridr io buf.r.d mcdia ar (A) pH 1.

r = -0.8,1. r :  120. r) < 0.005, (B) pH 5. r :
-0.,11. n :  120. p < 0.01 and (C) pH 6, r =
-0 .30 .n  =  l l 9 ,  p  <  0 .011 .

predisposes the planL to A1 injLrrv (Parkcr et al.
1988). What mechanism is inr.olr.ed with,4rmil
lar ia is unknown.

Armilkria grorvth in culture was strongly in-
fluenccd by mcdia pH in thc absence ofAl. Colonv
diameter increased *i th decreasing pH (Figure 4)
(r - -0.92, n 90, p ( 0.001). The highcst ratc
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Figure 2 . Colonl diameter after ilO dals of three .'lru irand

ovoroc isolates fron resten tr mhnrgton n relation

to trl concenrrtion in non buffered media. I{edia
pH ranged f iom 2 .8  (200 ms A l /L )  ro  6 .0  (0  ms
A l l L , l .  r :  0 . 8 1 . n : 9 0 - p  {  0 . 0 0 1  f o r  l n r e l r
regressnr) [t)e.

A buffered media \ras rrsed to cvaluale thest:
independent elfects. ln bufiered Al media at pH
,1. grorvLh of,4. ostoyce decreased substantially l.ith
increasing Al (Figure 34. r = -0.84. n = I20,
p < 0.005). At pH 5 and 6 plowlh decl ine r, ias
less with increasing Al concenLration (Figurc 38,
r  =  -0 .41 ,  n  =  120 .  p  (  0 .01  and  l ' i gu le  3C .
r = -0.30. n = 119, p < 0.01). Thus. grorth
seemed to be more affected by A1 at pH 4 than
at pH 5 or 6. A tr.o-r,".av A\OVA shot'ed Al, pH.
and the interaction betrveen pH and A1 to be sig-
nif icanl. Ir  nulr ient solLrt;on studies of plants. i t
is wcll-docurncntcd that raising the pH generall,v
relieves Al toxicit,v (Parker et al. l98B). It is un-
clcar n'hcthcr this is duc to decreased solubilitt
, , f  { 1 ' -  a t  l r i ghe r  pH .  f , ' r 'mc t i o r r  u l  r r , , n - t o r i ,  ,  um-
plexes. or a phvsiological response wherebv low pH
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E
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of groivth \ !as observed at pH 4. \r lorr ison ( l  974)
fourrd that the effect of pH or Annillarkt grctrth
varied r,ith thc firngal isolatc; some isolates grew
best on acidic media while others grew best on
alkalinc rncdia. l'urther t'ork bv I'lorrison reported
by Redfern and Fi l ip (1991) sugplcstcd that these
difler-ences u,ere actuallv rclatccl to species. ,,lnnil-
laitL osto\ae ancl A. npl[ea grew bcttcr in acidic
soil $,hereas A. galtica was cithcr unaffcctcd b_y
pH or {avorecl b_"- alkaline soil.

l - )n  rn l :<  { i r  Racnnnca to  A l

T,aboratory studies are helpful in examining
rcsponscs o{ fungi to specific environrnental 1ac-

tors. but the,v don't necessar-ily explain host rc-
sponse. Another lactor to consicler is host response
tu  su i l  41 .  Du r r3 l . r s - f i r  m r \  no l  I ' e  a .  -F r r : i l i ! F  1 , ,
Al as ArmilLaia. At pH 11.,1 to ii.6. Douglas-fir
seedling grorvth in solution culture lqas not nega-
tivcl,v affccted at concentrations as high as 4000
mg Al/L (Keltjens 1990). r'hereas Armilktia
shor.ed grorth reductions at concenlrations < 300
mg Al/L at pII  4 (Figure 3A). l l ,van et al.  ( l986a,
l986b) also lbrurd that Douglas-fir seedlings *erc
relativel,v tolera.nt to high levels of A1. Funhcrmore.
Keltjens (1990) suggcsted that in acidic lbrest soils
vith pH ) 4.0 and low Ca ancl Mg. moderatc Al
concenlral ions in thc soi l  solut ion mav play a
beneficial role b,v alleviating the adverse cffccts o{
higb II* concentrations in the soil solution. Organic
acids in soil solulions can also amelioratc Al toxic
ity by cornplexing Al (l'arkcr et al. l9BB). The role
of soil Al and pH in the Douglas-fir/Armillaria nrot
rot relat ionship is not complelelv undcrstood and
ncccls furthcr studv.
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