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Abstract. Inoculum of Douglas fir root diseases caused by the fungi Fusarium and

Cylindrocarpon is carried from crop to crop in reused containers. Soaking containers for

90 seconds in 80 °C water removed ≈99% of Fusarium and 100% of Cylindrocarpon
inoculum between growing cycles. Overall seedling growth was also improved: seedlings

grown in containers soaked between growing cycles were 10% taller and had 20% more

biomass than seedlings grown in nonsoaked containers. We obtained a 13% increase in the

number of deliverable seedlings from containers soaked in hot water between crops, from

the use of copper coated containers, or from both practices combined.

cals, problems of chemical disposal, and higher
efficacy against pathogens (Dumroese et al.,
1993; James and Sears, 1990; Peterson 1990,
1991).

Another potential problem with container-
grown seedlings is poor root egress from the
upper portions of the root plug after planting
(Burdett, 1978, 1979a). New roots often fail
to grow in a natural pattern (Balisky et al.,
1995) that can affect seedling stability
(Burdett, 1978) and may limit seedling ac-
cess to nutrients, water, and mycorrhizal in-
oculum (Dumroese, 2000). Researchers have
found a coating of copper on interior surfaces
of containers changes Douglas fir root mor-
phology at the nursery and improves root
egress and form after outplanting (Burdett,
1978; Burdett and Martin, 1982; Wenny et
al., 1988; Wenny and Woollen, 1989). This
technique is also effective on many other
horticultural plants (Appleton, 1993; Arnold,
1996; Brass et al., 1996).

In a pilot study, a copper-coating was also
effective in reducing seedling infection and
colonization by F. proliferatum (Dumroese et
al., 1995). This was not surprising since cop-
per is also one of the oldest and most effective
fungicides (Pirone, 1978). Copper sulfate and
lime (Bordeaux mixture) has widespread tox-
icity against many plant pathogenic fungi
(Johnson, 1935), cuprous oxide effectively
protects seeds against seed-borne pathogenic
fungi (Horsfall, 1932), and several other in-
soluble copper compounds, applied as sprays
or dusts, protect plants against pathogens
(Walker, 1969). Although toxic at high con-
centrations, copper is an essential nutrient for
Fusarium sp. at low concentrations (Stein-
berg, 1950; Woltz and Jones, 1981).

Our objectives were to quantify the rate of
fungal inoculum build-up on reused seedling
containers, how that affected seedling growth,
and compare the efficacy of hot water treat-
ments with the copper-coated containers for
controlling fungal inoculum in a commercial
nursery setting.

Materials and Methods

Our experiment was a completely random-
ized two container type × two cleaning treat-
ment factorial arrangement conducted for five
growing cycles. The two container types were
Styroblock and Copperblock containers that
were identical (160 cavities per container
aligned in 10 rows and 16 columns, 90-mL
cavity volume, and 764 cavities per m2; Bea-
ver Plastics, Edmonton, Alberta, Canada) ex-
cept that Copperblocks have a proprietary
copper oxychloride coating on cavity walls.
Cleaning treatments were either no container
cleaning (control) or submerging (soaking)
containers in hot water (77 to 82 °C) for 90 s.
We assigned three containers to each con-
tainer type–soaking combination to serve as
replicates and these containers remained within
that treatment for five growing cycles. For
each 10-month growing cycle, the same
northern Idaho source of Douglas fir was
sown in March and seedlings were harvested
in December. We randomly placed all con-
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Douglas fir [Pseudotsuga menziesii
(Mirbel) Franco] is commonly grown for re-
forestation in the northern Rocky Mountains
and Pacific Northwest. Seedlings are usually
grown as a 1-year crop at high densities (up to
1076 seedlings/m2) in styrofoam or hard plas-
tic containers that are reused for several crops.
Seedling production in containers is often ham-
pered by Fusarium root disease (James et al.,
1987), and losses vary with seedlot and nurs-
ery. Fusarium proliferatum (Matsushima)
Nirenberg is the most common species, and
often the most virulent pathogen, infesting
containers and colonizing seedlings (Dumroese
et al., 1993; James et al., 1997). Another root
pathogen found in nursery environments is
Cylindrocarpon (Beyer-Ericson et al., 1991),
commonly found in the rhizosphere of con-
tainer-grown conifer nursery stock (James et
al., 1994; Kope et al., 1996). Many
Cylindrocarpon sp. are readily isolated from
roots of symptomatic and nonsymptomatic seed-
lings in inland Pacific Northwest nurseries

(James et al., 1994). Often, infected plants lack
aboveground symptoms (e.g., chlorotic or ne-
crotic foliage) despite extensive root decay.
Cylindrocarpon sp. may act in conjunction
with other root pathogens to cause major dis-
ease problems (Bloomberg and Sutherland,
1971; Duda and Sierota, 1987).

Generally, root disease is difficult to con-
trol because root systems usually are exten-
sively colonized before shoot symptoms appear
(James et al., 1987), and chemical fungicide
applications are generally ineffective (James,
1986a; James et al., 1988b). Therefore, inte-
grated pest management is the best alternative
to control root disease (James et al., 1990).

Reducing inoculum of pathogenic organ-
isms is important for limiting seedling infection
(James et al., 1990). Although seeds may be an
important source of Fusarium (James, 1986b),
inoculum may also be carried from crop to crop
on interior walls of reused containers (James et
al., 1988a; James and Gilligan, 1988a; Sturrock
and Dennis, 1988), and it may be particularly
concentrated at the bottom of containers (James,
1989; James and Gilligan, 1988b).

Immersion in hot water is a common method
to sterilize plastic pots (Hartmann et al., 1990)
and works well for both styrofoam and plastic
containers used in reforestation nurseries
(Sturrock and Dennis, 1988; James, 1989;
James and Woollen, 1989). In forest nursery
situations, hot water is preferable to chemical
treatments such as sodium metabisulfite or
bleach solutions due to reduced potential for
worker exposure to irritating or toxic chemi-
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tainers within a production crop of Douglas fir
at the Univ. of Idaho Forest Research Nursery
that were grown following our basic regime
(Wenny and Dumroese, 1992) and without
fungicides. Seedlings were grown the first two
growing cycles in a 1 sphagnum peat moss : 1
vermiculite (v/v) growing medium in a fully-
enclosed greenhouse. We grew seedlings the
final three growing cycles in a 7 sphagnum
peat moss : 3 Douglas fir sawdust (v/v)
medium; seedlings were started inside the
greenhouse and moved to an open-sided
greenhouse when seedlings were at ≈75% of
target height.

After each growing cycle and from a ran-
domly-selected starting point, we systemati-
cally extracted 20 seedlings from each
container (60 seedlings per container type–
soaking combination), avoiding seedlings in
the outer two rows and two columns to mini-
mize edge effects. Seedlings were classified as
deliverable or cull based on nursery criteria:
stem diameter >2.3 mm; height >15 cm, but
<30 cm; and firm root plug. Roots were gently
washed to remove adhering medium. We
measured seedling root volume using
Burdett’s (root collar to tip of terminal bud),
and stem diameter at the root collar (RCD).
From each seedling, 10 root tips, each ≈1 cm
long, were randomly removed, surface steril-
ized in a 1 bleach (5.25% sodium hypochlo-
rite) : 10 water (v/v) solution for 1 min, rinsed
in sterile water, and aseptically placed on a
Komada’s selective medium (Komada, 1975).
Root tips were incubated under cool-white
fluorescent, diurnal light (12-h photoperiod)
at 22 to 24 °C for 7 d. Although isolations were
made onto Komada’s medium which was ini-
tially designed to isolate Fusarium oxysporum

Schlect. from natural soil (Komada, 1975),
our subsequent work indicated that this me-
dium is selective for other Fusarium sp. (James
et al., 1989, 1997), Cylindrocarpon sp.
(Dumroese et al., 2000; James et al., 1997),
and Trichoderma sp. (Mousseaux et al., 1998)
as well.

Fungal identification involved obtaining
single-spore isolates from colonies on
Komada’s medium and culturing them on both
carnation leaf agar (Fisher et al., 1982) and
potato dextrose agar. Fusarium species were
identified based on the presence or absence of
chlamydospores, macroconidial morphology,
and the production of microconidia on chains
or in false heads borne on mono- or
polyphialides (Nelson et al., 1983). Cylindro-
carpon sp. were identified using Booth’s (1966)
taxonomy; our identifications were based on
macroconidial morphology, length, and
septations and presence or absence of micro-
conidia and chlamydospores. Seedlings were
classified as infected if one or more root tips
were colonized. Percent colonization was cal-
culated by dividing the number of root tips
infected by the total number of root tips sampled
for all seedlings within the treatment. Seedling
biomass was determined after drying shoots
and roots at 60 °C to constant weight.

One month after seedlings were extracted
from containers, we assayed containers for
residual Fusarium inoculum. Two pieces of
styrofoam, each ≈0.5 cm3, were removed from
the bottom drainage hole of 10 randomly se-
lected cavities per container (30 cavities per
container/soaking combination), placed on
Komada’s selective medium and incubated as
described above. Immediately after sampling,
containers assigned to the soaking treatment

were immersed, allowed to dry, and then the
same cavities were resampled to assess the
efficacy of the soak. This technique did not
affect the ability of individual cavities to hold
medium in subsequent cycles.

Statistical analysis. Percentage data were
transformed using the arcsin of the square root
of the value. We used a general linear model
(PROC GLM; SAS Institute, 1989). The error
term for main effects (container type and soak-
ing) was the residual variation of these vari-
ables averaged over time (cycles). Treatment
means were separated using Tukey’s honestly
significant different test (HSD) when P ≤ 0.05.
Data were back transformed as necessary for
tables.

Results

Seedling morphology. The interactions of
cycle × container type and cycle × soak were
both significant for height and RCD (Table 1)
and the trend was the same: heights and RCDs
were similar the first two cycles regardless of
container type or soak, but seedlings the last
three cycles were 5% taller with 12% thicker
stems when grown in Copperblocks or 16%
taller with 10% thicker stems when grown in
soaked containers. The cycle × container type
interaction was significant for shoot weight
and root volume: shoot weight was reduced
13% the first cycle in Copperblocks when
compared to Styroblocks, but subsequently
Copperblocks yielded seedlings with 15%
heavier shoots. Likewise, root volume was 8%
lower for seedlings grown in Copperblocks
the first two cycles but 8% higher the last three
cycles when compared to Styroblocks.

The soak × container type interaction was

Table 1. Sources of variation and P values for Douglas fir seedling morphological characteristics and number of deliverable seedlings
when new crops of seedlings were grown in each of five growing cycles in reused Styroblock or Copperblock containers either
soaked or not soaked in hot water between cycles.

Deliverable
Source of variation df Height RCD Shoot wt Root wt Root volume seedlings
Container 1 0.3 0.01 0.3 0.8 0.8 0.0006
Soak 1 0.0005 0.003 0.0001 0.0006 0.02 0.002
Soak × container 1 0.007 0.02 0.002 0.008 0.03 0.0006
Replicate (soak × container)z 8
Cycle 4 0.0001 0.0001 0.0001 0.002 0.0001 0.003
Cycle × soak 4 0.03 0.03 0.7 0.3 0.3 0.005
Cycle × container 4 0.04 0.0008 0.04 0.3 0.01 0.2
Cycle × soak × container 4 0.2 0.8 0.99 0.8 0.8 0.07
Error 32
zThe error term for main effects (container type and soaking) was the residual variation of these variables averaged over time
(cycles).

Table 2. Means (±SD) of Douglas fir seedling morphological characteristics and number of deliverable seedlings averaged over five
growing cycles when new cops were grown each cycle in reused containers either soaked or not soaked in hot water between cycles.

Height RCD Shoot wt Root wt Root volume Deliverable
Treatment  (cm) (mm) (g) (g) (cc) seedlings (n)

Styroblock
No soak 20.7 ± 6.0z 2.56 ± 0.43 0.99 ± 0.28 0.74 ± 0.13 3.13 ± 0.77 110 ± 10
Soaky 24.3 ± 4.1 2.86 ± 0.32 1.35 ± 0.30 0.92 ± 0.08 3.82 ± 0.69 124 ± 4

Copperblock
No soak 22.5 ± 3.9 2.82 ± 0.24 1.16 ± 0.14 0.81 ± 0.10 3.42 ± 0.46 125 ± 6
Soak 23.3 ± 3.8 2.88 ± 0.21 1.25 ± 0.19 0.84 ± 0.11 3.48 ± 0.48 124 ± 7
zn = 300 for height, RCD, shoot and root weight, and root volume for each treatment. For deliverable seedlings, the value shown is
the mean number of seedlings considered deliverable per container (160 cavities) per treatment over all growing cycles.
ySubmerged in hot water (77 to 82 °C) for 90 s between growing cycles.
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higher infection levels by Cylindrocarpon sp.
(54%) than those grown in Styroblocks (46%).

Deliverable seedlings. Because containers
were new and yet to be soaked, it was not
surprising that similar numbers of seedlings
were deliverable at the end of the first cycle
regardless of treatment. Thereafter, more seed-
lings were deliverable in soaked containers
(5%, 3%, 15%, and 5% for cycles 2, 3, 4, and
5, respectively) resulting in a significant cycle
× soak interaction (Table 1). Numbers of seed-
lings that were deliverable in Copperblocks
(regardless of soaking treatment) and the
soaked Styroblocks were similar and higher
than nonsoaked Styroblocks, leading to a sig-
nificant soak × container type interaction
(Tables 1 and 2). On average, Copperblocks
and Styroblocks soaked in hot water yielded
13% more deliverable seedlings than
nonsoaked Styroblocks (Table 2).

Discussion

The reductions in seedling growth during
the first two growing cycles in Copperblocks
were expected, as other studies at our nursery
using Copperblocks have yielded similar re-
sults (Dumroese et al., 1995; Dumroese, 2000).
Generally, the reduced growth is thought to be
either copper phytotoxicity or nutritional prob-
lems due to the copper ions, which can be
avoided by modifying the fertilizer regime
(Landis and van Steenis, 2000; van Steenis,
1994). We speculate the nutritional aspect is
more likely as Hunt (1990) found significantly
better height, stem diameter, and shoot weights
when Douglas fir seedlings were grown in
Copperblocks. Further, Copperblocks in this
study were interspersed among a production
lot being grown with a fertilizer regime spe-
cific for Styroblocks. Moreover, other studies
at the Univ. of Idaho showed that Douglas fir
seedlings treated with cupric carbonate had
similar height, RCD, and biomass to controls
(Wenny and Woollen, 1989; Woollen, 1986).
Since copper oxychloride is more soluble than
cupric carbonate, it is likely that medium chem-
istry, nutrient availability, and subsequent seed-
ling growth would be impacted more by this
form of copper. Despite this temporary growth
reduction that did not reduce the number of
deliverable seedlings and that could probably
be ameliorated by adjustments to the fertilizer

Table 3. Morphological characteristics of Douglas fir seedlings averaged over five growing cycles when
new crops of seedlings were grown in reused containers either soaked or not soaked in hot water
between cycles.

Treatment Height (cm) RCD (mm) Shoot wt (g) Root wt (g) Root volume (cc)
No soak 21.6z 2.69 1.07 0.77 3.3
Soaky 23.8 2.87 1.30 0.88 3.6
P value 0.07 0.04 0.02 0.003 0.005
zn = 600 for each treatment.
ySubmerged in hot water (77 to 82 °C) for 90 s between growing cycles.

significant for all characteristics (Table 1). In
general, Copperblocks yielded similar seed-
lings with or without soaking, whereas
Styroblocks soaked in hot water yielded larger
seedlings than nontreated Styroblocks (Table
2). For morphology characteristics, seedlings
were significantly larger when grown in con-
tainers soaked in hot water between cycles
(Table 3).

Container infestation. We isolated seven
Fusarium sp. from containers and seedlings:
F. acuminatum Ell. & Ev., F. avenaceum (Fr.)
Sacc., F. graminearum Schwabe., F. oxy-
sporum, F. proliferatum, F. sambucinum
Fuckel, and F. sporotrichioides Sherb. The
three-way interaction of cycle, container type,
and soak was significant for container infesta-
tion by Fusarium sp., but not for F. proliferatum
(Table 4). Cycle interacted significantly with
both container and soaking for Fusarium sp.
and F. proliferatum (Table 4). Copperblocks
had half the level of Fusarium sp. infestation
for the first three growing cycles when com-
pared to Styroblocks, but levels were similar
the final two cycles. Conversely, soaked and
nonsoaked containers had similar Fusarium
sp. infestation after the first cycle but thereaf-
ter residual inoculum levels in soaked contain-
ers were about half those of nonsoaked con-
tainers. Growing cycle was significant (Table
4). The two-way interaction of container and
soak was nonsignificant (Table 4), but overall,
soaking was significant as nonsoaked contain-
ers were infested more (86%) than those soaked
(59%).

For Cylindrocarpon, cycle interacted sig-
nificantly with soak (Table 4): Cylindrocarpon
was absent on cavity walls the first three
growing cycles but 45% and 25% of the cavi-
ties were infested, respectively, the last two
cycles. A soak × container type interaction
was lacking and container type was not sig-

nificant (Table 4). However, significantly
higher amounts of Cylindrocarpon were found
on seedlings growing in soaked containers
(34%) than nonsoaked containers (13%).

After soaking, the number of cavities in-
fested with Fusarium sp., F. proliferatum, or
Cylindrocarpon ranged from 0% to 3% and
none of the interactions or main effects were
significant. We failed to isolate Cylindrocarpon
sp. after soaking (data not shown).

Seedling infection and colonization. Cycle
interacted significantly with soak for seedling
infection and colonization by Fusarium sp.
and Cylindrocarpon sp. (Table 4). After the
first growing cycle, seedling infection and
colonization by Fusarium sp. was ≈2× greater
on seedlings growing in containers to be soaked
(64% infection; 24% colonization) than in the
control; in the next three growing cycles, in-
fection and colonization were similar and high
(90% + infection; ≈60% colonization) regard-
less of soaking treatment. After the final grow-
ing cycle, infection and colonization were
very low but 2× greater in the nonsoaked
containers (≈29% infection; ≈8% coloniza-
tion). For Cylindrocarpon sp., infection and
colonization started at very low levels (≈10%
infection; ≈5% colonization) regardless of
treatment and steadily increased with addi-
tional growing cycles; ranks changed annually
between seedlings growing in soaked and
nonsoaked containers. However, by the end of
the fifth cycle, seedling infection and coloni-
zation by Cylindrocarpon sp. was similar and
very high (99%+ infection and ≈66% coloni-
zation) for both treatments. As was the case
with other variables, growing cycle was sig-
nificant (Table 4). Except for container type
significantly affecting infection by
Cylindrocarpon sp., all other sources of
variation lacked significance (Table 4). Over-
all, seedlings grown in Copperblocks had

Table 4. Sources of variation and P values for container infestation and Douglas fir seedling infection and colonization by Fusarium sp., F. proliferatum, and
Cylindrocarpon sp. when new crops of seedlings were grown in each of five growing cycles in reused Styroblock or Copperblock containers either soaked or
not soaked in hot water between cycles.

Container infestation Seedling infection and colonization
Fusarium F. Cylindrocarpon Fusarium sp. F. proliferatum Cylindrocarpon sp.

Source of variation df  sp. proliferatum sp. Infection Colonization Infection Colonization Infection Colonization
Container 1 0.07 0.5 0.16 0.3 0.2 0.7 0.5 0.03 0.3
Soak 1 0.04 0.15 0.006 0.99 0.4 0.4 0.4 0.12 0.3
Soak × container 1 0.2 0.3 0.6 0.5 0.3 0.9 0.7 0.2 0.064
Replicate (soak × container)z 8
Cycle 4 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Cycle × soak 4 0.0006 0.005 0.0009 0.007 0.01 0.6 0.7 0.052 0.04
Cycle × container 4 0.001 0.02 0.2 0.3 0.16 0.7 0.9 0.6 0.3
Cycle × soak × container 4 0.03 0.14 0.3 0.13 0.2 0.3 0.6 0.4 0.9
Error 32
zThe error term for main effects (container type and soaking) was the residual variation of these variables averaged over time (cycles).
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regime (van Steenis, 1994), seedling growth
in the latter growing cycles was enhanced,
perhaps because of reductions in fungal inocu-
lum afforded by the copper.

Soaking containers in hot water was
effective in reducing fungal inoculum,
particularly with Cylindrocarpon sp. Our 90-
s soak at 80 °C removed 100% of Cylindro-
carpon, much better than the 35% effective-
ness reported with a 10-s dip at the same
temperature (Peterson, 1991). Previous work
indicated that optimum soaking temperatures
vary by soaking duration (James and Woollen,
1989; Sturrock and Dennis, 1988). Despite
inoculum reductions, Fusarium levels re-
bounded during subsequent growing cycles,
but never to the level found in non-soaked
containers. Because Fusarium is ubiquitous
and inoculum may be introduced in a variety
of ways, high levels of Fusarium isolated from
soaked containers at the end of a growing
cycle was not surprising. As might be ex-
pected, high container infestation, regardless
of treatment, also resulted in high seedling
infection rates and colonization levels.

A problem with this type of work is corre-
lating seedling infection by the organisms and
subsequent disease expression. Fusarium iso-
lates often display a wide range of virulence
(James et al., 1986; Tint, 1945), but most
isolates readily colonize cortical cells of seed-
ling roots (Bloomberg, 1966; James and
Gilligan, 1988c). Bloomberg and Lock (1972)
concluded that several different diseases of
conifer seedlings were probably caused by
different strains of F. oxysporum. Further,
virulent isolates may be collected from non-
symptomatic seedlings whereas nonpathogenic
isolates can be found on dead or dying seed-
lings (James et al., 1989). Some isolates might
become aggressive pathogens only when host
seedlings are stressed (Bloomberg, 1971,
1973).

The lack of significant differences between
container types and soaking treatments in re-
gard to Fusarium sp., F. proliferatum, and
Cylindrocarpon sp. infection and coloniza-
tion of seedlings reaffirms our difficulties in
correlating organisms and populations and
their impacts on seedling crops. Despite this, it
appears that soaking containers or coating
them with copper will benefit growers be-
cause seedlings are larger and more are deliv-
erable.

Economic implications. In the Pacific
Northwest, Douglas fir seedlings grown in a
standard container (the same container used in
this study) sell for ≈$125 per thousand. For a
crop of 100,000 sown cavities, a nursery man-
ager would need 625 containers. Currently,
Copperblocks cost 32% more than Styroblocks
so the Copperblocks would require an addi-
tional investment of ≈$812. However, our data
suggests that Copperblocks would yield an
average of 13% more seedlings per growing
cycle over five growing cycles compared to
nontreated Styroblocks, requiring only an ad-
ditional 1300 seedlings be produced annually
in Copperblocks to justify the extra expense.

The economic return possible by soaking
containers in hot water is more difficult to

ascertain because of the vagaries of potential
systems that could be employed to treat
containers. Currently in the Pacific North-
west, many nurseries representing a range of
annual seedling production from 300,000 or
12,000,000 are soaking containers between
crops. Some systems are very sophisticated
while others are improvised. The Univ. of
Idaho uses a natural-gas-heated tank into which
a simple home-made metal cage holding 24
containers is lowered by hand (total cost of
tank, materials, and labor for cage estimated at
$5,000). The University produces ≈600,000
plants annually using two different containers
(≈7,000 containers total) with a retail value
ranging from $280 to $1,750 per thousand. A
two-person crew can load, soak, and unload 24
containers about every 10 min (including re-
trieval and delivery times with hand carts,
waiting for the water to reach appropriate
temperature, and so on) for a total labor cost of
about $1,250. Assuming a more conservative
gain of 5% by soaking Styroblocks between
cycles (rather than 13% found in this study for
the more susceptible Douglas fir), we estimate
the annual retail value of the additional seed-
lings at ≈$23,000, indicating the system would
pay for itself after one growing cycle.
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