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Ectomycorrhizal fungi associated with
Arctostaphylos contribute to Pseudotsuga
menziesii establishment

Thomas R. Horton, Thomas D. Bruns, and V. Thomas Parker

Abstract: Chaparral on the central coast of California can occur as relatively stable patches of ectomycorrhizal
Arctostaphylodirectly adjacent to arbuscular mycorrhiz&étienostomaVegetation surveys and seedling survival assays
show thatPseudotsugastablishes only irArctostaphylosWe found no significant differences betwe@rctostaphylos
and Adenostoman allelopathy; light; temperature; or soil NH NO;, or K. Arctostaphylossoils tended to be higher
in phosphate and were lower in pH, Ca, Mg, Ni, and Cr than those #denostomaAfter 1 year of growth of
Pseudotsugaeedlings in arArctostaphylogatch, 17 species of fungi colonized bddseudotsugand Arctostaphylos
Fifty-six of 66 seedlings were colonized by fungi that also coloni2ectostaphyloswithin the same soil core. Forty-
nine percent of thé>seudotsugactomycorrhizal biomass was colonized by fungi that were also associated with
Arctostaphyloswithin the same core. Another 12% was colonized by fungi known to associateAndthstaphylos
from different cores. After 4 months of growtRseudotsugaeedlings in four of fiveArctostaphylosplots were
ectomycorrhizal and colonized by fungi in Russulaceae, Thelephoraceae, and AmaniRsmatotsugaeedlings in
two of five Adenostomaplots were ectomycorrhizal but colonized by only two species of fungi in Thelephoraceae.
These results provide compelling evidence that ectomycorrhizal fungi associatednsitistaphyloscontribute to
Pseudotsugaeedling establishment.

Key words arbutoid, Douglas-fir, ectomycorrhizae, manzanita, RFLP, PCR.

Résumé: Sur la cbte centrale de la Californie, le chaparral peut se présenter sous forme de plages relativement stables
d’Arctostaphylosectomycorhizien directement adjacent a dedénostomanycorhizien arbusculaire. Les observations

sur la végétation et des essais de survie de plantules montrent gselelotsugae s'établit que dans les plages
d’ArctostaphylosLes auteurs n'ont percu aucune différence significative en&kectostaphyloset I’Adenostomajuant a
I'allélopathie, la lumiére, la température ou les NHNO;™ ou K du sol. Les sols souArctostaphylosont tendance a

contenir plus de phosphate, ont des pH plus bas et contiennent moins de Ca, Mg, Ni et Cr que ceux sous

I’ AdenostomaAprés 1 année de croissance des plantulePsludotsugalans une plage érctostaphyloson retrouve

17 espéces de champignons colonisant a la foBsleudotsugat I’ Arctostaphylos Sur 66 plantules, 56 sont colonisées

par un champignon qui colonise égalemeritr¢tostaphylosdans la méme carotte de sol. Quarant-neuf pourcent de la
biomasse ectomycorhizienne @seudotsugast colonisée par des champignons qui sont également associés avec

I' Arctostaphylosdans la méme carotte de sol. Un autre 12% est colonisé par des champignons aptes a coloniser

I" Arctostaphylogel qu’'observé dans d’autres carottes. Apres 4 mois de croissance, les plantissuti®tsuga

provenant de quatre des cinq parcelleArdtostaphylogportent des ectomycorhizes formées par des champignons
appartenant aux Russulaceae, Thelephoraceae et Amanitaceae. Dans deux parcelles surAdegatdmdes

plantules duPseudotsugant des ectomycorhizes, mais seulement avec deux espéces de Thelephoraceae. Ces résultats
démontrent clairement que les champignons ectomycorhiziens associstadtaphyloscontribuent a I'établissement

des plantules dPseudotsuga

Mots clés: arbutoides, sapin Douglas, ectomycorhizes, manzanita, RFLP, PCR.

[Traduit par la Rédaction]
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though these two species occur as adjacent pure patchBze sites wherePseudotsugaloes and does not establish

within the chaparral (Parker 1991; Sparling 1994). SomgArctostaphylosand Adenostomgpatches, respectively) for

ectomycorrhizal fungi can associate witseudotsugaand  differences in temperature extremes, light incidence,

Arctostaphylos spp. (Trappe 1962; Zak 19@6 1976; allelopathic inhibition, soil nutrients, and ectomycorrhizal

Molina and Trappe 1982 1982). In contrast, Adenostoma inoculum.

forms arbuscular mycorrhizae (Allen 1991) and presumably

does not support ectomycorrhizal networks Rseudotsuga Methods

These mycorrhizal relationships suggest tRseudotsuga

establishment in our area may be influenced by mycorrhizakiie characteristics

fungi associated witirctostaphylos The research was conducted on the central coast of California
The sharing of ectomycorrhizal fungi between within the 9000-ha Marin Municipal Water District watershed and

Pseudotsugand Arbutusor Arctostaphylosspp. may play a  contains a mosaic of forest, chaparral, and grassland communities.

major role in plant community dynamics (Molina and The Watersh_ed experiences great heterogent_alty in microclimate be-

Trappe 1988; Perry et al. 1989). Unidentified microorgan- Cgusoe of rain Shadlows of three mo“ma'”.dr'c:g‘? Sysltems h(HOV"e(')'

isms in soil associated witArctostaphylosand Arbutusmay 1970). Mean annual precipitation ranges widely from less than 45

. . : to over 1000 mm and occurs principally in winter. Mean annual
enhancePseudotsugaeedling growth, survival, mycorrhizal temperatures range from 12 to 14°C.

root formation, and nitrogenase activity (Amaranthus and |, this part of California, both the mixed evergreen forest and
Perry 1989; Amaranthus et al. 1990). Perry et al. (1989thaparral communities are stable aspects of the vegetation land-
present a theoretical model in which soil microorganismsscape because of the Mediterranean climate, topography, soil type,
Pseudotsugaand arbutoid members of Ericaceae maintainand fire history. Depending on current climatic trends and fire his-
one another through disturbance cycles. In this model, funtory, however, vegetation boundaries are dynamic and mixtures of
gal networks of some species remain relatively intactPecies from both communities occur in some locations.

through disturbance events because they form associations Ihe forest and chaparral communities include species that are
with plant members of both the post-disturbance chaparrz%Pca"y dominant depending on microclimatic and topographic fea-
ures of the watershed. Our study focused on forests consisting

and the subsequent foreSt' . principally of Lithocarpus densiflora(Hook. & Arn.) Rehd.
Pure culture synthesis experiments demonstrate that songnbark oak)Pseudotsuga menziesirbutus menziesiursh (Pa-

fungal species that form ectomycorrhizae witkeudotsuga cific madrone), Umbellularia californica (Hook. & Arn.) Nutt.

will form arbutoid mycorrhizae withArctostaphylospp. un-  (California bay laurel), an@Quercus wislizeniA. DC. (interior live

der controlled conditions (Zak 19@6197@; Molina and  0ak) (nomenclature after Hickman 1993). The chaparral commu-

Trappe 1984). The arbutoid mycorrhizal morphology is Nity included Arctostaphylos glandulos&astw. ssp.glandulosa

found in species oArbutusand Arctostaphylosand is char- Eastw. andAdenostoma fasc_:lculaturnomlnatlng as a mosaic of.

acterized by the combined presence of a mantle, Hartig nel atches with other species scattered throughout including

and in particular, intracellular penetration of the epidermal eanothus cuneatugHook.) Nutt. and Q. wislizenii Both
P ! P P Arctostaphylosand Adenostomaresprout from a burl and may

cells by fungal hyphae (Smith and Read 1997). Although thensintain active mycorrhizal associations after fire (Molina and
specificity of mycorrhizal associations under field conditionsTrappe 1988; Amaranthus and Perry 1989).

is influenced by many ecological factors not found in labo-

ratory rr_lanipulations (Harley_ and _Smi_th 1983; Molina et f”"l-Vegetation surveys

1992), field collections of fruit bodies in pure stands also in-  vegetation in the study area was divided into three zones and

dicate that some ectomycorrhizal fungal species will associsurveyed in January, 1991 (Fig. 1). The forest zone is described

ate with bothPseudotsugand Arctostaphylosspp. (Trappe above. The mixed zone contained trees under 50 years old and in-

1962). Recently, Simard et al. (1997) demonstrated carbopluded dead chaparral as an understory (Sparling 1994). In both of

flow betweenP. menziesiiand Betula papyriferaMarsh. these zones, tree composition and dominance was determined

(white birch), suggesting the two plants were connected b@long six randomly chosen 50-m transects. The point quarter

common mycelia. Horton and Bruns (1998) showed thagethod was used for the forest survey (Mueller-Dombois and
. |

. . e lenberg 1974). Relative density, relative basal area, and relative
most fungi in a mixed stand dPseudotsuga menziesind frequency for each tree species was summed for an importance

Pinus mu_r'cat":D' _Don C_Olomzed roots of both plant species value (IV) (Mueller-Dombois and Ellenberg 1974). The third zone
when their roots intermingled. was the chaparral zone and is described above. Live chaparral with
Several factors must be considered to determine whethestablishedPseudotsugdrees was avoided for all aspects of the

mycorrhizal fungi influence seedling establishment in onestudy; however, these areas were dominatedAbgtostaphylos
vegetation patch compared with another. First, environmenIhe chaparral and mixed zones were sampled for shrub density
tal variables that influence plant establishment such as lightVith 2 x 2 mplots at 10 random points along each of six randomly
moisture, allelopathic inhibition, and soil nutrients should plggek;ja:gén:)r:rgposv?/tcr:sh;gﬁné::)zgrna%tfehriest?czeglfetshgfw%eo%da%agaﬁsl
not explain differential establishment. Second,_ mycor_rh|za haparral relative cover was estimated using the percent cover of
inoculum should vary between patches and differential €sgjecies in the quadrats (Barbour et al. 1987). All of the remaining
tablishment of plant species should be correlated. A relatedyperiments were conducted in the chaparral zone.

study showed thaArctostaphylospatches had higher soil

mpisture levels tharAdenostomapatche; (Dunn 1994). In ?eedling survival

this study, we document the establishment pattern of seeds ofPseudotsuga menziesibtained from tree seed zone
Pseudotsugan chaparral based on vegetation surveys an®96 (Schopmeyer 1974) were planted between late January and
survival of Pseudotsugaeedlings in chaparral. We also ana- late February 1992. Three replicate locations were chosen for
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Fig. 1. Diagram of a typical research location (not to scale). In general, the vegetation is made up of forest and chaparral
communities. The forest consists of a heterogeneous mixture of several tree species and the chaparral consists of a mosaic of
Arctostaphylosand Adenostomaatches. At the forest edge, dead chaparral is encountered with an overstsgufotsugaBeyond

the forest edge, individual trees have established only in patches oAftestaphylosFor this study, three zones of vegetation were
defined: forest, chaparral, and mixdd. , chaparral zone WitltostaphylostZ, chaparral zone witiAdenostomaXl , mixed zone;

[, forest zone;* PseudotsugaX, dead chaparral.

planting. At each location, adjacent patchesAoftostaphylosand sensor was placed at ground level to measure light levels. Because
Adenostomawere present. All patches included occasional both plant species are evergreen, seasonal light differences were
Q. wislizeniiand C. cuneatusAt each location, 10 plots were dis- considered negligible. Light data are presented as a percentage of
persed in an area of approximately 18 within one patch of each  full sunlight.

vegetation type. Care was taken to choose large patches and not to

plant near the edges. N®seudotsugavere within 100 m of any llel th

planting location. Plots were not placed in animal trails. Each plotA elopathy . _ 2

was a 10 x 30 cm area planted with 15 seeds. The seeds were S%_Branch and leaf material was (_:ollected within a 1-area of

face sterilized in 5% bleach for 5 min, rinsed, and soaked in dis’\"ctostaphylosor Adenostomdollowing the protocol of Chou and
tiled water for 2 h. Before planting seeds, the soil was turned and/lu/ler (1972). Collection occurred in April 1992, at least 2 weeks
mixed to a depth of approximately 10 cm. Plots were covered Withafter any rain and during the period of seedling growth. Leachate

0.625 cm wire mesh screens to prevent herbivory. Field maminggvasbcolle;]:teddbly sfpraying_ ‘? LI of doils_tilledivvfgter ‘ln“th r}perir?d
were monitored for germination and survival. Several plots wereP" branch and leaf material placed in a f-fannel. The leachate
as then vacuum filtered through a rinsed Whatman No. 5 filter

severely disturbed by deer during the germination period and wer&’ . .
replantgd. Seedlingysurvival da%a arg shown aspthe percent aper.Pseudotsugaeeds were soakedrf@ h in aleachate or dis-

germinants alive per location (10 plots pooled per location,3). |I_Ied water (control) an_d pl_aced between two s_imilarly soaked
' Fisher heavy-duty germination papers. Germination papers were

presterilized by boiling them in distilled water for 30 min and then
Environmental conditions dried at 65°C for 20 min. For each vegetation type, 9 replicates
ere set up with 10 seeds each. Seeds and papers were enclosed in
sterile Petri dish, sealed with Parafilm, and placed in a controlled
growth chamber (22°C, 12 h light : 12 h dark photoperiod).
rminants were harvested after 6 days of growth and the radicle
gth measured.

Temperature extremes were measured at approximately week
intervals from May 3 through July 19, 1992, beneath the canopy o
Arctostaphylosor Adenostomapatches. Two thermometers were
used. One thermometer was placed near a seedling plot of each Ege
the two vegetation types (seedling survival experiment) and rotate n
after each reading to a new location within that vegetation type. A
total of seven readings were taken for each vegetation type. TheSoil nutrients
mometers were placed on level ground beneath open-ended alumi- Soil was collected in five replicate patches each of
num foil shields to avoid heating by direct sunlight. Arctostaphylosand Adenostomavegetation in December 1996. For

Light penetration beneath the canopies Afctostaphylosor each replicate, four 2.5 cm diameter x 20 cm deep soil cores were
Adenostomavas measured on January 7, 1992, between 11:00 andooled. The soil samples were air-dried for 72 h in a ventilated
12:00. Data were collected at 27 locations within both 60°C oven and passed through a 2-mm soil sieve. The samples
Arctostaphylosand Adenostomaatches wheré@seudotsugaeed-  were then sent to the DANR (Division of Agriculture and Natural
lings were planted for the seedling survival experiment. Data weréResources) Analytical Laboratory, University of California, Davis,
collected on a cloudy day to reduce variation from solar flecks. Wefor analysis. The soils were analyzed for pH, NN, NOs-N,
alternated between vegetation patches every three readings. A LBray-P, exchangeable K, exchangeable Ca, exchangeable Mg, and
COR 185B quantum photometer with a LI-COR 190SB quantumtotal Ni and Cr.
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Ectomycorrhizal sporocarps teria for sorting mycorrhizas into fungal species included color,
Sporocarp sampling occurred from 1989 through 1996 whilefeatures of the mantle such as cystidia, branching pattern, and
conducting various experiments in the area. Sampling was not sysharacteristics of rhizomorphs following Agerer (1994). One
tematic. From January to July 1992, patches that contained plantg@lycorrhizal root tip from each morphotype was sectioned to con-
Pseudotsugaeedlings were sampled weekly. In this area, the peakirm the presence of a Hartig net. Mycorrhizal root samples were
fruiting season is January through April, and this period was surlyophilized in preparation for biomass measurements, molecular
veyed for sporocarps more intensely throughout the study. analyses, and storage. All samples were processed through the
lyophilization step within 2 weeks after removal from the field. To
quantify the mycorrhizas we measured the dry weight of each
This bioassay was conducted to investigate if fungi present a§'orPhotype for each core and each plant species. We intentionally
mycorrhizae onArctostaphyloswvould colonizePseudotsugaeed- split the mycorrhizae ]‘rom each.core into more categories than was
lings during their first year of growth. In February 1996, three 25-necessary and combined the biomass of like types only after mo-
m transects were laid out in onirctostaphylospatch. Transects |€cular identifications were complete. This way, we avoided com-
were about 10 m apart and generally parallel except for the diffi-Pining different species with similar morphotypes. This was

culty of maneuvering in the chaparral. NRseudotsugarees were ~ Particularly important for morphotypes within a family group
closer than 100 m from any point along the transects. Every 5 ifRussulaceae, Thelephoraceae, etc.), which often had subtle differ-

along the transects, 15 seeds were planted in four 10 cm diamet&fceS that were quickly recognized only after experience or con-

circles. The diameter of the circles was chosen to facilitate harvest'derable analysis of morphology. This approach allowed for a

with a 10 cm diameter soil corer. Seeds were otherwise treated arf@Pid sorting of root tips so as to preserve DNA for the molecular

sown as described under seedling survival experiment. In Novem/dentification of the symbionts.
ber 1996, seedlings from the circle that had the greatest survival at

points along the transect were harvested by driving a 10 cm diamggentification of fungi and plants from mycorrhizae
ter soil corer down 40 cm. Of the five possible points along each pNA was extracted individually from one to three root tips as
transect, the four with the greatest seedling survival were selectegascribed in Gardes and Bruns (1993). Several tips were extracted
for harvest. This was necessary as two of the transects had ofiggether only when part of a single clump. When available, two
point in which all seedlings had died; on the third transect, thereplicates from each morphotype in each core were extracted. DNA
point with the fewest surviving seedlings was thrown out. In total,\yas also extracted from small pieces of voucher sporocarps (from
12 soil cores were taken, bagged in the field, and brought back tghe hymenium) by the same method.
laboratory for processing. AlPseudotsugaand Arctostaphylos Species level characterizations of the ectomycorrhizal fungal
roots were collected from the soil cores for this experiment. Som%ymbionts were based on PCR amplification of the internal tran-
Quercus ectomycorrhizae were later identified using molecular g inaq spacer (ITS) region of the rRNA gene using ITS-1F and
methods (see section on Identification of fungi and plants from|TS_4B, or ITS-1F and ITS-4 as primer pairs (White et al. 1990;
mycorrhizae); these data are not included. Gardes and Bruns 1993). Both primer pairs preferentially amplify
specific fragments of fungal DNA from mixtures of plant and fun-
Field bioassay 2 gal DNA. We used reagents, protocols, and cycling parameters de-
This bioassay was conducted to investigate if there was a differscribed previously (Gardes and Bruns 1996). We characterized the
ence betweerrctostaphylosand Adenostomaatches in terms of |TS region by restriction fragment length polymorphism (RFLP)
the presence of ectomycorrhizal species capable of colonizingnalysis, which was used to match mycorrhizae to one another and
Pseudotsugaseedlings. It was known that aRseudotsugaseed-  to sporocarps of voucher collections. Species-level identification
lings would likely die in theAdenostomaplots by the end of the was determined by identical RFLP matches with digests of three
summer (Horton 1992), so these seedlings were harvested aftehzymes,Alul, and Hinfl, and Dpnll. The plant-specific primer
4 months of growth. In February 199®seudotsugeseed was pair 28KJ and TW14 was used to amplify a portion of the 28S
planted in one patch each éfctostaphylosasndAdenostomaege-  gene in the nuclear rRNA repeat from the mycorrhizal root extracts
tation. No Pseudotsugarees were closer than 100 m from any (Cullings 1992). The two plant species can be unambiguously dif-
plots. Seeds were treated and sown as described for the seedlifgrentiated with RFLP patterns generated when this region is di-
survival experiment. Seed was planted in five plots in each vegetagested with the restriction enzynizpnll.
tion type, and 15 seeds were sown in each plot within a 10 cm di-  Basidiomycete family identification from morphotypes whose
ameter circle. In June 1996, seedlings were harvested from afjngal RFLPs were not matched to sporocarps was conducted us-
plots to assess ectomycorrhizal colonization. Only ectomycorrhizaghg a working version of the mitochondrial large subunit rRNA
attached to the seedlings were collected for this experiment. Wgene database (Bruns et al. 1998) (PCR amplification with primer
use the plot cores as the experimental unit and did not quantifajr ML-5 and ML-6). Determination of the fungal division

Field bioassay 1

ectomycorrhizal colonization for each seedling. (Ascomycota or Basidiomycota) was accomplished with a database
of the 5.8S nuclear rRNA gene (Cullings and Vogler 1998). Se-
Processing of soil cores and seedlings guencing was done by the cyclic reaction termination method us-

The soil cores were individually soaked overnight in water.ing fluorescence labeled dideoxyribonucleotide triphosphates. The
Pseudotsuga seedlings were carefully removed and their processing of samples for sequencing were performed following
ectomycorrhizae excised. Mycorrhizae in the remaining soilsthe instructions for the sequencing kit (PRISM Ready Reaction
(Field bioassay 1) were collected by rinsing the soils through a NoDiedioxy Terminator Cycle sequencing Kit, Perkin-Elmer Corp.).
35 soil sieve (0.5 mm mesh size) before sorting by morphology unElectrophoresis and data collection were done on an ABI Model
der a dissecting microscope. 377 DNA sequencer (Perkin-Elmer Corp.). DNA sequencing Anal-

Most Pseudotsugactomycorrhizae were attached to the seed-ysis (version 2.01) and Sequence Navigator software were used to
lings and plant identification was obvious. Mycorrhizae from the process the raw data. Sequences were aligned by visual estimation
bulk soil were first sorted based on their distinct branchingusing matrices created in PAUP 3.1.1 (Swofford 1993). Identifica-
morphologies (robust—pinnate and fine—arbutddeudotsugand  tions were based on phylogenetic analysis with PAUP 3.1.1 and the
Arctostaphylos respectively). The plant species of unbranched,heuristic search option. If no ITS-RFLP match was found for
single root tips were later identified using molecular methods. Cri-basidiomycetes identified to family, we labeled the fungus by its
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Fig. 2. Mean importance value (V) and relative cover for tree
and shrub species, respectively. (A) Tree species found in the
forest and mixed zones (mean + Sk 6). IV = relative

density + basal area + frequency of each species. The forest

97

Fig. 3. Pseudotsugaeedling survival in the chaparral zone for
the 1992 field season. Seedlings were planted in either
Arctostaphylosor Adenostomaatches. Data represent post-
germination survival of planted seeds (mean = 8K 3). The

zone consists of a number of tree species. (B) Shrub species in area without shading represents the summer drought period.

chaparral and mixed zones (mean * $Es 6). The chaparral
zone consists of several species. All chaparral species in the
mixed zone were dead. The mixed zone consists primarily of
deadArctostaphyloswith an overstory ofPseudotsugd] , forest
zone;¥Z , mixed zond:] , chaparral zone.
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Table 1. Weekly high and low temperatures (°C) for
Arctostaphylosand Adenostomaatches from May 3 through July
19, 1992 A = 7).

Range
Lowest Highest Mean = SE
Arctostaphylos  Low 7.5 12.0 9.6+0.8
High 29.0 35.0 31.9+0f
Adenostoma Low 8.0 13.5 9.8+£0.&
High 28.0 36.5 32.6x110

Note: Values in each temperature category followed by the same letter
are not significantly different.

differences betweeArctostaphyloandAdenostomdor these data.
Statistical tests were conducted with a critical valuenof 0.05.

Results

family group name after replacing the ending with -oid followed Vegetation survey and seedling survival

by a number for that group (i.e., if the first unknown ITS-RFLP

Pseudotsuga menziesiias codominant with.ithocarpus

type is in the Russulaceae it becomes russuloid 1; if the fifth ungnd Arbutusin the forest zone, but was dominant in the
known ITS-RFLP type is a member of the Thelephoraceae, it bepived zone (Fig. 2A). In the chaparral zoragtostaphylos

comes thelephoroid 5). Agaricoid refers to fungal sequences who
placement in the database was in an unresolved region that i
Tricholomatacea

cludes members of the Cortinariaceae,
Nematolomaceae, and Strophariaceae.

Statistical analyses

*Shared dominance withAdenostoma Ceanothus and
;buercus(Fig. 2B). The live chaparral was essentially a mo-

Saic of adjacent patches dominated by eitAestostaphylos

or Adenostoma However, in patches wher@seudotsuga
was established (mixed zone), the dead understory of chap-
arral was dominated bprctostaphylogFig. 2B). Mortality

Percentages were arcsine transformed for statistical analyses agd experimental seedlings had slowed considerably in

back transformed for graphical presentation. Studentests were

used to test for differences between vegetation types in temper
ture and light. ANOVA was used to test for differences in

allelopathic inhibition of Arctostaphylosand Adenostomaleaf
leachates and sterile water &seudotsugaoot growth; Petri dish

Arctostaphylospatches at least a month before the summer

6Hrought ended, but all seedlings diedAdenostomaatches

(Fig. 3).

means were used as replicates. Soil pH and nutrient level data d&nvironmental conditions

viated from a normal distribution (Kolmogorov—Smirnoff test for

There were with no differences betweductostaphylos

goodness of fit) and the Mann-Whitnéytest was used to test for and Adenostomdor weekly high and low temperature ex-
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Table 2. Soil pH and nutrient levels ifrctostaphylosand Adenostomaatches if = 5 patches, 4 pooled

samples each).

Mean (SE) Mann-Whitney
Soil parameter Arctostaphylos Adenostoma P value
pH 4.5 (0.1) 5.0 (0.1) 0.02
NH,* (ppm) 22.6 (3.2) 30.2 (5.6) 0.40
NO;™ (ppm) 1.2 (0.2) 1.2 (0.7) 0.53
Bray-P (ppm) 158.8 (39.0) 61.2 (13.1) 0.12
Exchangeable K (mequiv./100 g) 0.62 (0.12) 0.54 (0.1) 0.75
Exchangeable Ca (mequiv./100 g) 3.32 (1.01) 7.94 (1.45) 0.08
Exchangeable Mg (mequiv./100 g) 2.6 (0.2) 9.4 (0.9) <0.01
Total Cr (ppm) 236.8 (66.1) 458.4 (77.5) 0.05
Total Ni (ppm) 217.0 (25.2) 469.4 (63.9) 0.02
Table 3. Fungal fruit bodies collected beneath patches of Allelopathy

Arctostaphylosand Adenostoma

Species and author

\Voucher
collection No.

Arctostaphylos
Amanita gemmatgFr.) Bertillor??
Cortinarius sp. 1
Inocybe geophilgSow. ex Fr.) Kummer
Inocybe whiteis.l. (B. & Br.) Sacc.
Laccaria amythesteo-occidentaliueller®
Lactarius loculentusBurlingham
Lactarius xanthogalactu®eck
Leccinum manzanita&hiers
Melanogaster ambiguugVitt.) Tulasné
Russula cremoricoloEarle
Russula silvicolaShaffer
Russula splacitss.l. Burlingham
Russula brevipe®eck
Tricholoma flavovirengPers. Ex Fr.)
Tricholoma manzanita®aroni & Ovrebo
Tricholoma saponaceurgFr.) Kummer
Xerocomus zellerMurr.
Xerocomus spadiceusr.

Adenostoma
Cortinarius sp. 2
Laccaria amethysteo-occidentdlis
Lactarius loculentus
Lactarius xanthogalactus
Rhizopogon mengdillen, Trappe, &
Horton (sp.nov.)

trh 122
trh 116
trh 244
trh 246

trh 127
trh 253
trh 333

trh 68

trh 22
trh 66
trh 70
hdt 54451
trh 237
trh 132
trh 197
trh 245

trh 234
trh 235

trh 338
trh 172
trh 179
trh 174
trh 201

Note: Footnotes show literature that identifies a species can associate
with both Pseudotsugand Arctostaphylosor otherwise has a broad host = 4
range. ITS-RFLP patterns of all species were produced for comparison toPseudotsuga Agaricoid 24 was relatively abundant on

ectomycorrhizal samples.
*Trappe 1962.
PLargent et al. 1980.
‘Molina and Trappe 1982
9Molina et al. 1992.

tremes (Table 1). Although the canopy éfctostaphylos
tended to reduce the amount of light reaching the groundolonizedArctostaphylosn the same core. Forty-nine per-
more than that oAdenostomg28.5 + 2.5 and 34.9 + 2.2%
full sunlight, respectivelyn = 27, mean = SE), no signifi-

cant difference was detecte ¢ 0.10).

None of the treatments in the allelopathy experiment
(leachates ofrctostaphylosAdenostomaor the water con-
trol) were significantly different in their effect on radical
growth (mm) of PseudotsuggP > 0.10). Leachate treat-
ments did not affect the germination dPseudotsuga
menziesii

Soil nutrients

There was no difference detected between the two vegeta-
tion types for soil ammonium, nitrate, phosphate, and K (Ta-
ble 2), although the variance in phosphate was quite high in
the soils. The soils inArctostaphylospatches were more
acidic than those ilhdenostomaatches. There were lower
levels of Ca, Mg, Cr, and Ni in thArctostaphylossoils than
in the Adenostomasoils.

Ectomycorrhizal sporocarps

Sporocarps of more species of ectomycorrhizal fungi were
collected beneathArctostaphyloghanAdenostomgTable 3).
Fewer fruit bodies occurred in thedenostomahan in the
Arctostaphylogdata not shown).

Field bioassay 1

We identified a total of 40 mycorrhizal fungi associated
with eitherArctostaphylosPseudotsugaor both (Fig. 4, Ta-
ble 4). All cores contained mycorrhizae of both plant spe-
cies. Of the 31 ITS-RFLP types associated with
Arctostaphylos 17 were also associated withseudotsuga.
Nine species were unique to Pseudotsuga. Members of the
Russulaceae were frequent and abundant on the roots of both
Arctostaphylosand Pseudotsugalactarius xanthogalactus
Peck was a frequent and abundant ectomycorrhizal type on

Pseudotsug#ut occurred in only two cores. Some fungi ap-
peared specific toArctostaphylos abundantly colonizing
only that plant when they occurred in a core: russuloid 32,
agaricoid 31, Russula placita s.I., amanitoid 3, and
ascomycete 5.

Fifty-six of the 66 Pseudotsugaeedlings (85%) that sur-
vived to the harvest date were colonized by fungi that also

cent of the totalPseudotsugactomycorrhizal biomass was

colonized by fungi that colonizeArctostaphyloswithin the
same core, and another 23% was colonized by fungi known
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Fig. 4. Mean percentage of ectomycorrhizal biomass each fungus species contributed to each plant’s total. Fungal species are arranged
according toArctostaphylosabundance except those that occurred onlyPseudotsugaPseudotsugassociated with 17 of the 35

fungi that were observed on thrctostaphylogoots. Ascomycete 5 and Ascomycete 7 coloniBsgtudotsugan minor amounts.

Values above bars represent the number of cores (from a total of 12) in which that fungus occurred if greater than one.
Pseudotsugal, Arctostaphylos
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to colonizeArctostaphylosbut from a different core. Only types were similar, survival was higher irctostaphylos
27% of the totalPseudotsugactomycorrhizal biomass was These results, along with those of Sparling (1994) strongly

colonized by fungi that were unique tseudotsuga suggest that conditions foPseudotsugaestablishment are
met in the Arctostaphylosbut not in the Adenostoma
Field bioassay 2 patches.
We harvested th&seudotsugaeedlings for this experi- There were no differences detected between

ment in early June and some seedlings were already showingctostaphylosand Adenostoman terms of soil surface tem-
signs of stress in thAdenostomaSix ectomycorrhizal spe- peratures, light levels, and allelopathic inhibition. Our
cies in at least four families colonized the seedlings inallelopathy results agree with Horton (1992) who assessed
ArctostaphylosAmanita gemmatgFr.) Bertillon orAmanita  the allelopathic effect of the same plant specieCacumis
pantherina (DC Per. Fr.) Krombh., amanitoid Snocybe sativusL. seeds and with Tinnin and Kirkpatrick (1985),
whitei (B. & Br.) Sacc.,L. xanthogalactusrussuloid 1, and who assessed the allelopathic affects Afctostaphylos
thelephoroid 22. Only two species in the Thelephoraceaepatula Greene Arctostaphylos viscid&@arry, andCeanothus
thelephoroid 1033 and 1040 (Table 4), colonized seedlingselutinusDougl. onPseudotsuga menziesklost of the soil

in AdenostomaAll of the fungi from the Arctostaphylos nutrients were also not different between the two vegetation
plots and none of the fungi from thedenostomalots were  types. Although, our sample sizes for the nutrient analyses
observed in field bioassay 1 (compare species in Fig. 4). Acwere low, ammonium and Ca tended to be higher in
tive ectomycorrhizal inoculum was detected in four of five Adenostomasoils, while phosphate tended to be higher in
Arctostaphylosplots but in only two of five Adenostoma the Arctostaphylossoils.

plots. For the plots in which active inoculum was detected, The variables that differed the greatest between
69.1 + 0.06% and 67.0 + 0.002% of the seedlings were C°|°Arctostaphylosand Adenostomavere pH, Mg, Ni, Cr, and
nized by ectomycorrhizal fungi in thérctostaphylosand  resence of ectomycorrhizal fungus inoculum in the soils.

Adenostomarespectively. Pseudotsugaeedlings grow optimally at pH 5.5 but can tol-
erate a relatively wide range that covers values from both
Discussion vegetation types (Landis et al. 1994). High levels of Mg, Ni,
and Cr indicate a serpentine effect i&denostomasoils
Results from the vegetation survey and seedling surviva(Barbour et al. 1987). White (1971) reported that
experiments both support thBseudotsugaeedlings survive Pseudotsugaloes not occur in serpentine soils in Oregon.
in Arctostaphylospatches but not ilPAdenostomapatches. However, in the Wenatchee mountains of Washington state,
Although the seedling survival curves in the two vegetationPseudotsugds an important coniferous tree in serpentine
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Table 4. Restriction fragment band sizes (base pairs) for mycorrhizal morphotypes.

Fungus species and ITS-RFLP type Alul Hinfl Dpnll

Agaricoid 14 489/(399)/306/88 336/175/119/100 582/290
Agaricoid 23 689/84 339/300/120 511/203/95
Agaricoid 24 268/211/1941 369/342/253 871/262
Agaricoid 31 274/199/159/141 405/107 350/274/225/144
Amanita gemmatarh 122 410/251/106/91 372/121/98 641/240
Amanitoid 3 768/84 394/337/118 556/262
Amanitoid 5 336/246/212/91 399/358/121/98 565/268
Amanitoid 6 384/(230)/115 349/119 237/200/151/110
Amanitoid 11 406/223/103/87 373/236/129/118 345/240
Amanitoid 12 463/137/86 332/113 543/197

Boletus aereugr. trh 282 506/326/86 250/230/178 355/293/234
Cenococcum geophiluin 376/183 149/109 312/153

Inocybe whitei s.ltrh 246 606/182 334/304/105 535/293
Lactarius loculentugrh 253 521/375/89 411/258/122/111 335/260/130/110
Lactarius xanthogalactugh 333 540/142/134/92 415/264/121/110 353/274/135/111
rflp 1f/4-40? 246/116/97 382 280/201/192

rflp 1f/4-17 234/225/190 249/175/104 331/222

rflp 1f/4-12 367/292/212 495/205/109 414/194/133/102
rflp 1f/4-22 234/225/190 249/175/104 331/222

rflp 1f/4-48 363/301/223 310/(288)/196/171/120 419/201/135
Ascomycete 5P° 422/196 268/209/131 318/213
Ascomycete F° 500/105 316/257 301/201

rflp 1f/4-82 761 316/274/127 423/287
Basidiomycete 3° 575/92 337/182/127 382/203

rflp 9 458/134/83 323/123 541/190

rflp 19 390/206/95 369/123 269/227/129/99
rflp 20 480/155/85 320/200/125 500/200

rflp 21 385/211/96 362/113 272/227/131/103
rflp 30 500/138/113/86 323/273/82 209/195/138

rflp 675 538/193/89 354/283/112/93 572/257
Rhizopogon parksiSmith trh 125 732/88 235/122/113/80 319/260/244
Russula placites.l. hdt 54451 510/(370)/274/84 348/238/155/119 625/209
Russuloid 1 515/(347)/261/92 374/125/101 318/205/173/96
Russuloid 17 542/133/92 417/266/114 349/275/137/103
Russuloid 32 520/161/89 361/269/119/94 303/259/200
Thelephoroid 10 459/114/90 362/116 225/194/146
Thelephoroid 15 495/130/104/90 336/241/118/99 371/224/193/146
Thelephoroid 22 462/124/97 369/188/127/103 532/291
Thelephoroid 1033 349/207/101 (566)/380/236/184/102 553/161/141/98
Thelephoroid 1040 365/121/98 384/97 235/197/146
Tricholoma manzanita¢rh 197 301/286/118/98/81 378/189/130/119 578/150/96
Xerocomus zellerirh 234 542/188/162/93 380/247/100 370/293/135

Note: Voucher collections are noted for sporocarps that matched the mycorrhizae. Band sizes in parentheses are submolar, while those that are
underlined are double bands of roughly the same size. SporocaBslaifis aeruesnd Rhizopogon parksiwere found in the local forest; authorities for

these species are given here.

#Fungal DNA was amplified with ITS-1f and ITS-4.
*Type was identified as a Basidiomycete or Ascomycete by phylogenetic analysis of the 5.8S gene.

soils (Franklin and Dyrness 1973). Indeed, in our areamoisture and P as well as other nutrients. However, we were
Pseudotsugastablishes frequently in serpentine soils, oftenparticularly interested in whether ectomycorrhizal fungi as-
associated with the serpentine endemfcectostaphylos
hookeri spp. montana(Eastw.) P. Wells (Parker 1991). Ap- uted toPseudotsug@stablishment and we turn to these data

parently, serpentine soils do not act as a critical factor connow.

trolling Pseudotsugastablishment in our study area.

Of the factors investigated here and by Dunn (1994), soiectomycorrhizal inoculum forPseudotsugaestablishment.
moisture, P, and fungal inoculum best expl&seudotsuga The second most common plant species Adenostoma
establishment. Decoupling these factors is problematic sincpatches wasCeanothus cuneatusCeanothus spp. are
mycorrhizal fungi provide plants with greater access to soilthought to only associate with arbuscular mycorrhizal fungi

sociated withArctostaphylosbut not Adenostomacontrib-

It appears thaAdenostomaatches did not offer adequate

© 1999 NRC Canada



Horton et al. 101

(Rose 1980; Rose and Trappe 1980; Rose and Youngbegpecies. Seedlings that associate with an established fungal
1980). At this point, the mycorrhizal status Aflenostomas  mycelium may not need to allocate any resources to produce
unclear. Although intracellular fungal hyphae are usuallyfungal biomass (Newman 1988). Seedlings in the
present, including some labyrinthine hyphal structures, weAdenostomaatches may have been colonized by fungi that
have never observed clear ectomycorrhizal or arbusculavere themselves attempting to establish and may have re-
mycorrhizal morphologies. Still, some sporocarps ofquired substantial carbon inputs to generate fungal biomass.
ectomycorrhizal fungi were collected inAdenostoma Seedlings in theArctostaphylospatches were associated
patches. These fungi may have been associated with smallith existing fungal networks and survival was greatly in-
Arctostaphylosor Quercusplants that occurred at distances creased even though other conditions such as light and nutri-
of about 10 m from the sporocarpsdenostomdas been re- ents were not particularly favorable.

ported to be both an ectomycorrhizal (Cooper 1922) and

arbuscular mycorrhizal (Allen 1991) plant. Like other

woody plants in the Rosaceae (Smith and Read 1997)Acknowledgments
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