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To test the hypothesis that high soil moisture favors When examined after 12 wk, the largest numbers of infected

infection of ponderosa pine by Verticicladiella wagenerii, 160 seedlings were observed in the wettest soil treatments with

I-yr-old ponderosa pine seedlings were inoculated with V. numbers decreasing significantly (P= 0.05) as soil treatments

wagenerii and subjected to two relatively dry and three became drier (12 of 15 to 0 of 20 seedlings infected).

relatively wet soil moisture treatments in the greenhouse.

Verticicladiella wagenerii Kendrick causes a wilt-type MATERIALS AND METHODS

root disease of conifers in the western United States.
Principal hosts include Douglas - fir [Pseudotsuga The study involved two similar experiments conducted

menziesii (Mirb.) Franco], ponderosa pine (Pinus in the spring of 1972 and the spring of 1973. A Holland

ponderosa Laws.), Jeffrey pine (P. jeffreyi Grev. and sandy loam, A12 horizon, from the Blodgett Research

Balf.), and the piflon pines. Other conifers, for example Forest, El Dorado County, California, was used in the

sugar pine (P. lambertiana Dougl.) and white fir (Abies investigation. A soil moisture release curve was prepared

concolor Lindl. and Gord.), have been infected on rare (16); the soil contained 31.2% water (w/ w) at 1/3 bar and

occasions. 17.6% at 15 bars in a pressure membrane apparatus.
One-yr-old ponderosa pine seedlings were planted one

Foliar symptoms caused by V. wagenerii include seedling each in equal amounts of soil in containers 18 cm

reduction of terminal growth, crown thinning, and needle tall and I 1 cm in diameter. Seedlings were inoculated by

chlorosis. These are similar to symptoms associated with taping a 3-cm-long inoculum block to the roots 3 cm

other root pathogens of conifers. Diagnostic evidence of below the root crown. In 1972, seedlings were planted and

infection by V. wagenerii is a dark purple-brown to black inoculated simultaneously. In 1973, seedlings were

stain in the sapwood of host roots and lower bole. established in pots for 1 mo prior to inoculation. To

The fungus invades host root systems and moves prepare inoculum blocks, pine dowels were boiled in a

rapidly up to the root crown. The darkly pigmented 10% solution of malt extract for 2 hr, placed in glass jars

hyphae grow through the tracheids and interfere with and sterilized for 30 min at 121 C. A piece of agar

host water uptake (18). Infected trees usually die within 2- colonized by V. wagenerii was introduced into each jar,

3 yr. Bark beetles are often involved in the actual killing, and jars were stored at a constant temperature of 18 C for

Cool temperatures (18 C or lower) favor infection by 8 wk. At the end of that time, the dowels were covered

some strains of V. wagenerii (18), but little is known about with V. wagenerii hyphae and appeared to be thoroughly

other environmental conditions that influence infection, colonized. The isolate used to prepare the inoculum was

In the central Sierra Nevada where ponderosa pine is the obtained from a dying ponderosa pine east of the

main host affected, many of the largest and most active Blodgett Research Forest.

infection centers have been found in low-lying sites. In A variation of the frequency of irrigation technique was

such locations, soil moisture content generally is high, used to generate the soil moisture treatments employed

especially in winter and spring when observations (8, 11, 13). Soil moisture in all treatments commenced at

indicate that the fungus is most actively infecting and 1/ 3 bar tension and plants were allowed to extract water

colonizing roots. The studies reported here and in an from the soil until preselected stresses below 1/3 bar were

earlier abstract (9) were initiated to test the hypothesis reached. When these points were attained, the entire

that high soil moisture may favor infection and disease system was watered back to 1/3 bar.

development. The treatments used were as follows:
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(seedlings with noncolonized dowels taped to the roots). RESULTS
Treatment JA.-Soil moisture was maintained nearsaturation. A total of 31 of 60 ponderosa pine seedlings inoculatedTreatment 1B.--Soil moisture was maintained near in 1972 and 17 of 100 inoculated in 1973 exhibited stained

1/3 bar tension (fluctuating between 1/3 and 1.0 bar). sapwood. Verticicladiella wagenerii was isolated easilyfrom stained seedlings. The largest numbers of infectedTreatment G C.-Soil moisture was allowed to decrease seedlings were in the wettest soil treatments with numbersfrom 1/ 3 bar to 15 bars tension and then was immediately decreasing rapidly with increased dryness of the soilwatered back to 1/3 bar. treatments (Fig. 1). The smallest numbers of infectedTreatment 1D.-Soil moisture was allowed to decrease seedlings occurred in treatments subjected to the greatestfrom 1/3 bar tension to 15 bars and was kept at or below moisture stresses; treatments 2D and 2E resulted in nothis tension for 10 days before watering, infected seedlings. Differences were significant (P =0.05)1973 Experiments.--Unless otherwise noted, seedlings between numbers of trees infected in treatments I A andwere inoculated at the beginning of moisture treatments. ID, and I B and ID in the 1972 experiment, between 2AEach treatment included 20 inoculated seedlings and and 2C, 2A and 2D, 2A and 2E, 2B and 2D, and 2B andthree controls. 2E in the 1973 experiment, and between pooled wet
Treatment 2A.-Soil moisture was maintained near treatments and pooled dry treatments for 1972 and again

1/3 bar. for 1973.
- mComparison of mean values for colonization patternsTreatment 2B.-Soil moisture fluctuated between ./3 (Fig. 2, Table I) showed that with successively drier soilbar and 5 bars. treatments: (i) colonized circumference decreased, (ii)Treatment 2C.-Soil moisture was allowed to decrease total vertical colonization decreased, (iii) colonizationfrom 1/3 bar to 15 bars and then was immediately above the inoculum block decreased, (iv) colonizationwatered back to 1/3 bar. below the inoculum block increased, and (v) the stained

Treatment 2D.-Soil moisture was allowed to decrease tissue midpoint shifted downward. However, allfrom 1/3 bar to 15 bars tension and seedlings then were colonization parameters were extremely variable withininoculated. The pots were watered back to 1/3 bar treatments, and the analyses of variance showed that onlyimmediately after inoculation, and moisture treatment the F-value for stained tissue midpoint comparisons waswas continued as in 2C. high enough to reject the null hypothesis of no significantTreatment 2E.-Soil moisture was allowed to decrease differences. The only significant differences were betweenfrom 1/3 bar to below 15 bars tension for 10 days; pots stained tissue midpoints of treatments IA and ID andwere rewatered to 1 / 3 bar, and the moisture treatment treatments 1 B and 1 D, which suggested that stained tissuewas continued as in 2C. midpoints of wet treatments were higher than those of
Treatment IA was watered twice daily. Other

treatments were weighed every other day to determine
whether or not additional watering was required. In 1972,
potted seedlings were kept in a lathhouse where the
average ambient temperature was 18.3 C and the highest 20temperature recorded was 22.2 C. In 1973, potted Uninfected Seedlingsseedlings were kept in a greenhouse where the average Infected Seedlings
ambient temperature was 21.1 C and the highest
temperature recorded was 26.7 C. Soil temperatures in 15
different treatments were never found to differ by more U)
than 1 C.

Eighty days after inoculation, all seedlings were U)
removed from the soil and examined. Foliar symptoms, c 0
presence or absence of stained sapwood, percentage of -
stem circumference stained, and extent of stained tissue E-0
above and below the inoculum block were recorded for
each seedling. Isolations were made from seedlings with .

stained tissue to confirm the presence of the fungus.
Fisher-Yates tests of significance in 2 X 2 contingency

tables (1, 14) were used to compare numbers of seedlings
infected in different treatments. One-factor analyses of A B C D A B C D Evariance were used to compare lengths of stained tissue Treatments - 1972 Treatments- 1973above and below the inoculum block, total stain lengths, Decreasing H20--, Decreasing H2 0---stain midpoint locations, and arc-sine transformation of Fig. 1. Numbers of inoculated ponderosa pine seedlingsthe percentage of circumference stained of infected trees infected by Verticicladiella wagenerii under different soilin the various treatments. For purposes of pooled moisture treatments. Treatments are: 1972 Experiments: Aabove 1/3 bar tension, B near 1/3 bar tension, C 1/3 bar to 15comparisons, treatments IA, IB, 2A, and 2B were bars tension, D 1/3 bar to 15 bars tension plus 10 days; 1973 Aconsidered to be wet (nonstressed) treatments, while I C, near I / 3 bar tension, B 1 / 3 bar to 5 bars tension, C 1/3 bar to 151 D, 2C, 2D, and 2E were considered to be dry (stressed) bars tension, D 1/3 bar to 15 bars tension, inoculation at 15 bars,treatments. E 1/3 bar to 15 bars tension plus 10 days, inoculated at 15 bars.
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treatments that involved moisture stress below 15 bars few infected seedlings showed no external symptoms
soil water tension. before the experiment was terminated.

There were no apparent differences in foliar symptoms
between infected seedlings in different soil moisture DISCUSSION
treatments. The most common symptom observed was a
failure of new needles to attain normal length Although the extent of V. wagenerii colonization
accompanied by a slight yellowing of older needles- differed very little between infected trees in wet and dry
Scattered dead needles appeared on some infected treatments, the significant differences in numbers of
seedlings, but only one exhibited total needle necrosis. A infections suggest strongly that the infectivity of V.

wagenerii is favored by high soil moisture. In this respect,
the fungus appears to be similar to wilt pathogens such as

100. Fusarium oxysporum and Verticillium spp. that are

90- favored by wet soil conditions (5). It is also similar to the

80 Colonized Inoculun root pathogens Thielaviopsis basicola, Pythium ultimum,
70- Tissue Block and Pythium irregulare, for which high soil moisture

E 60- 0 favors infection (2, 17) but dissimilar to many other soil
S50-/ Soil__ fungi for which growth and infectivity occur over a wide

E40 / Surfoce range of soil moisture conditions (3, 4, 6, 7, 10, 12,15, 19,
X> 30. • _20). Occasionally preference for dry conditions among

o. •this latter group has been shown.
.• - 1 i The number of seedlings that became infected in the

_oo. Midpoint of 1972 and 1973 experiments of this study differed
0203 oj- Colonized considerably. This difference may be the result of

';A -ise differences in temperatures, the average in 1973 being
about 3 C higher than in 1972. Smith (18) has shown that

-50 temperatures influence infectivity of V. wagenerii.
-60• Whether soil moisture is influencing infection through
-607 its effects on the pathogen, the host, or both cannot be
-70

-80 determined from this study. However, when seedlings
A B C D A B C were stressed prior to and after inoculation (Treatment

Treatments -1972 Treatments- 1973 2D), no infection occurred compared to 10-40% infection
Decreasing H20 --a Decreasing H2 0 - when seedlings were stressed only after inoculation

Fig. 2. Mean values for vertical colonization of ponderosa pine (Treatment 2C, also IC). Hence, host resistance may not
seedlings by Verticicladiella wagenerii under different soil be weakened as a result of moisture stress. Nor does near
moisture treatments. Treatments are: 1972 A above 1/3 bar saturation appear to increase infection over 1/3 bar
tension, B near 1/3 bar tension, C 1/3 bar to 15 bars tension, D tension. It has been suggested (P. J. Zinke, personal
1/3 bar to 15 bars tension plus 10 days; 1973 A near 1/3 bar communication) that the fungus may be favored in wet
tension, B1/3 barto5bars tension, C /3bartolbarstension, soils as a result of decreased reduction-oxidation

potential and associated increase in soluble manganese
levels.

Implications of a relationship between high soil
TABLE I. Mean percentage circumference of inoculated moisture and successful infection by V. wagenerii may be

ponderosa pine seedlings stained by Verticicladiella wagenerii far-reaching to forest managers. Possibly, the disease may
under different soil moisture treatments be limited or controlled by manipulating forest stands on

Mean % of stem poorly drained sites. Conversion of pure stands of host
Treatment circumference stained species and establishment and maintenance of mixed

I A. Above 1 / 3 bar tension 85 species stands, particularly on wet sites, could contribute

I B. Near I/3 bar tension 73 greatly to reducing loss caused by V. wagenerii.

I C. 1/3 bar to 15 bars tension 66
I D. 1/3 bar to 15 bars tension
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