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Abstract

This study examined colonization of Frankia on actinorhizal red alder (Alnus rubra) and snowbrush (Ceanothus velutinus)
in soils from three stands located at the H.J. Andrews experimental forest in the western Cascade Range of Oregon: an
8-year-old clear-cut planted with Douglas-fir (Pseudotsuga menziesii), a young 20-year-old Douglas-fir plantation with an
understory of snowbrush, and an old-growth Douglas-fir forest.

Ten soil samples were collected from within each of the three stands; in each of these soils, plants were grown in a mix of
soil-vermiculite—perlite (2:1:1). Alder plants were grown for 6 months and snowbrush for a year. More alder than snowbrush
survived and nodulated.

Of the plants that survived, 89% of the red alder nodulated; only 25% of the snowbrush produced nodules. More red alder
plants nodulated when grown in clear-cut soils (100%) than in other soils, and more snowbrush nodulated (51%) when grown
in soils from the 20-year-old plantation.

Red alder biomass and nodule weight were highest when plants were grown in clear-cut soils. Snowbrush biomass and
nodule weight were highest on soils from the young stand. The biomass of snowbrush plants grown in clear-cut soils averaged
higher in bottom slope soils than in soils from any other position within the clear-cut. Correlations between plant biomass,
nodule weight, and acetylene reduction activity were positive and statistically significant for both species.

Differences in Frankia with regard to red alder and snowbrush were apparent in these study sites. The limited nodulation
in snowbrush might have been due to an insufficient population of an effective Frankia population. Establishing snowbrush
on this study site will require developing techniques for inoculating snowbrush seedlings with the relevant Frankia and then
outplanting the inoculated seedlings on the sites. © 2001 Elsevier Science B.V. All rights reserved.
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(Waring and Schlesinger, 1985; Perry, 1994). Alnus
is found on mesic sites across a range of elevations;
Ceanothus is commonly found on relatively dry
sites at mid-elevations (Johnson, 1968; Franklin and
Dyrness, 1973; Conard et al., 1985; Harrington et al.,
1994). Both Alnus and Ceanothus are early coloniz-
ers after disturbances such as clear-cuts and fires.
Of the Alnus species, red alder (Alnus rubra Bong.)
has an important ecological value in forestry because
of its nitrogen-fixing capability and its commercial
value. Red alder, which grows fast and dominates
sites quickly, covers 13% of the coastal commercial
forest land of Oregon and Washington (Resch, 1988).
Of eight species of Ceanothus in Oregon, snowbrush
(Ceanothus velutinus Dougl.) is especially impor-
tant in forest ecosystems because of its widespread
occurrence and abundant regeneration after fire.

Red alder and snowbrush contribute to the nitrogen
balance of forest ecosystems through a root symbiosis
with a nitrogen-fixing endophyte Frankia, a sporulat-
ing, filamentous actinomycete. Four host-specificity
groups for Frankia have been recognized by Baker
(1987): (1) strains that nodulate Alnus and Myrica;
(2) strains that nodulate Casuarina and Myrica; (3)
strains that nodulate the Elaeagnaceae and Myrica,
and (4) strains that nodulate only the Elacagnaceae.
Baker (1987) was not able to group the Frankia
associated with Ceanothus because isolation from
Ceanothus nodules has not been successful.

The presence of actinorhizal plants in Pacific
Northwest forests is important because these forests
are limited by nitrogen (Perry, 1994). Annual nitro-
gen fixation rates for red alder have been estimated at
about 100kg/ha/year (Bormann and DeBell, 1981);
estimates for snowbrush average about 80 kg/ha/year
(Cromack et al., 1979).

Actinorhizal plants in the Pacific Northwest are
pioneers occupying sites that have not supported acti-
norhizal plants for hundreds of years, which raises the
question of how long Frankia survives without acti-
norhizal hosts. Past studies in the Pacific Northwest
generally have found abundant nodulation on alders
but variable nodulation on snowbrush (Zavitkovski
and Newton, 1967, 1968; Wollum et al.,, 1968;
Youngberg and Wollum, 1976; Youngberg et al.,
1979; Binkley, 1981). Wollum et al. (1968) found
that snowbrush nodulated better when growing on
sites formerly occupied by mid-aged conifer stands

than on sites formerly occupied by old-growth; they
hypothesized that Frankia declined over time in the
absence of host plants.

This study was thus initiated to examine coloniza-
tion of Frankia on red alder and snowbrush grown in
soils from three Oregon sites: an 8-year-old clear-cut
planted with Douglas-fir, a young (20-year-old)
Douglas-fir plantation with an understory of snow-
brush, and an old-growth Douglas-fir forest. The
study was designed to determine whether the thick
snowbrush cover present in the understory of the
20-year-old plantation would serve as a good source
of Frankia inoculum for snowbrush, and whether
some of the Frankia strains nodulating snowbrush
would also nodulate red alder. The study would also
answer whether the old-growth stand soil that had
been devoid of actinorhizal plants for hundreds of
years could induce nodule formation and nitrogen
fixation for both red alder and snowbrush.

2. Materials and methods
2.1. Site description

We used soils from three sites on the H.J. Andrews
experimental forest in the western Cascade Range,
Oregon: (1) an 8-year-old clear-cut planted with
Douglas-fir; (2) a young (20-year-old) Douglas-fir
plantation with an understory of snowbrush; and (3)
an old-growth stand dominated by Douglas-fir. All
sites were within 1km of each other in the Western
Hemlock Zone of Franklin and Dyrness (1973). The
H.J. Andrews experimental forest is located 80km
east of Eugene on the Blue River Ranger District of
the Willamette National Forest (44°15'N, 122°10'W).
Climate is mild, with dry summers that last about
3 months and wet winters. Precipitation averages
2400 mm a year, with most of it falling in the winter
and early spring as rain or snow (Waring et al., 1978).

The clear-cut site is at 890 m above sea level. The
site faces southeast on a slope averaging 22°. For-
merly occupied by an old-growth forest of Douglas-fir,
western hemlock (Tsuga heterophylla (Raf.) Sarg.),
and western redcedar (Thuja plicata D. Don), the site
was clear-cut in 1981, and logging slash was broad-
cast burned in 1982. Douglas-fir (900 seedlings per
hectare) was planted 6 months after slash burning.
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Although snowbrush normally regenerates abun-
dantly following clearcutting and slash burning on
such sites (F. Swanson, J.F. Franklin, D.A. Perry, and
S.V. Gregory, unpublished), snowbrush cover on the
study site remained quite low. At the time of soil col-
lection (November 1990), snowbrush was unevenly
distributed, with a few large plants growing on flats at
slope bottoms and scattered small plants elsewhere.
Spot surveys 8 years after broadcast burning showed
that the larger plants at slope bottoms had nodulated,
but the small plants growing on middle and upper
slopes had not. Planted Douglas-fir has grown quite
well on the site.

The 20-year-old Douglas-fir plantation with an
understory of snowbrush, referred to as the “young
stand”, is at 976 m above sea level, approximately
1000m from the other two stands. The site faces
southwest, on a slope averaging 13°. There was abun-
dant snowbrush cover in the understory of this site at
the time of sampling.

The old-growth forest, directly adjacent to the upper
boundary of the clear-cut, is at 1000 m above sea level
and also faces southwest, on a slope averaging 5°. It is
dominated by Douglas-fir trees up to several hundred
years of age; also present are mature western hem-
lock and western redcedar. The understory consists of
scattered shrubs, mostly vine maple (Acer circinatum
Pursh), huckleberry (Vaccinium spp.), rhododendron
(Rhododendron macrophyllum D. Don), wood sorrel
(Oxalis oregana Nutt.), Pacific yew (Taxus brevifolia
Nutt.), and mountain Oregon grape (Berberis nervosa
Pursh).

2.2. Soil collection

Ten soil samples were collected from two tran-
sects in each site in early November of 1990. In the
clear-cut, the first transect originated at a randomly
chosen point on a flat at the base of a 22° slope
and extended 60 m up-slope at right angles to the
contour. The second transect was installed parallel to
and 30 m distant from the first. Five sampling points
were selected along each transect, one each at the bot-
tom of the slope, lower mid-slope, mid-slope, upper
mid-slope, and the top of the slope. At each sampling
point, soils were collected at four spots surrounding
the point and pooled to make a single sample. Sam-
ples were taken 1 m from the sample point in each of

four compass directions. This sampling scheme was
chosen so that samples reflected a range of slope po-
sitions within the clear-cut. The same procedure was
used in the young stand and old-growth stand, except
that the slopes in those stands were less steep than in
the clear-cut.

All soil samples were obtained from mineral soil to
a depth of 15 cm. Samples were labeled, covered with
ice in a cooler, and taken to the laboratory on the day
of sampling, where they were stored in a cold room
at 4°C until further processing.

2.3. Plant culture

Two greenhouse bioassays were conducted, one
with red alder and the other with snowbrush. Red
alder seeds were surface sterilized with 30% hydrogen
peroxide for 15min and then rinsed with sterilized
distilled water. Snowbrush seeds in a mesh tea in-
fuser were immersed in boiling water for 5 min, then
soaked overnight in tap water. They were surface ster-
ilized with 30% hydrogen peroxide for 15 min, rinsed
with sterilized distilled water, and partially immersed
in potato dextrose agar in glass vials as described by
Rose and Youngberg (1981); they were then left in a
cold room (4°C) for 3 months for stratification.

Five surface sterilized red alder seeds were planted
in 150 ml Ray Leach tubes containing one of the 30
soil samples in a mixture of soil-vermiculite—perlite
(2:1:1); five germinating snowbrush seeds were
planted the same way. At 4 weeks, tubes were thinned
to one plant each. The alder bioassay was initi-
ated with 360 seedlings (12 for each soil sample)
and the snowbrush bioassay with 300 (10 for each
sample).

While the plants were growing in the greenhouse,
the temperature was kept at 21°C during the day and
16°C during the night; sodium-vapor lamps (11,000
Ix) maintained a 14h photoperiod. When needed,
plants were watered twice daily; otherwise they were
watered once a day. To avoid cross contamination
from splash during irrigation, different treatments
were separated by at least 20-30 cm. In order to min-
imize location effect, plants were rotated to different
bench locations once or twice a week.

An N-free mineral solution (Pregent and Camire,
1985) was used to fertilize plants. From 6 weeks
after planting until harvest, 10 ml of a 1:4 dilution of
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full strength solution was used to fertilize each plant
weekly.

2.4. Data collection

Alder plants were harvested after 24 weeks and
snowbrush plants after 48 weeks. Four variables
were measured for each species: total plant biomass,
nodule weight, acetylene reduction activity per
plant, and acetylene reduction activity per gram of
nodule.

Prior to harvesting, we measured nitrogenase activ-
ity using the acetylene reduction technique described
by Koo (1989) and Rojas et al. (1992), in which whole
root systems of living plants are assayed. Each red
alder plant was placed in a 525 ml plastic tube (PVC)
so that the root systems were sealed off from the plant
tops by means of a perforated rubber stopper. Snow-
brush plants were also placed in PVC tubes, but the
whole plant (roots plus tops) was contained within the
tube. Each snowbrush tube was sealed with a regular
non-perforated rubber stopper.

The sealed plastic tubes were injected with puri-
fied acetylene to 10% of the total gas volume of
the tube. After 2h of incubation at room tempera-
ture, a 0.1 ml gas sample was withdrawn from each
tube and analyzed for acetylene and ethylene with
a Hewlett-Packard 5830A gas chromatograph fitted
with a 2.0m x 2.1 mm stainless steel column filled
with 80-100 mesh Porapak R. Oven temperature
was adjusted to 70°C. Injection temperature and
flame-ionization detector temperature were each ad-
justed to 100°C. Flow rate of the nitrogen carrier gas
was adjusted to 40 ml per minute (Li and Castellano,
1987; Koo, 1989; Rojas et al., 1992).

At harvest, nodules were picked from roots and
transferred to test tubes. Roots and tops (leaves and
stems) were separated and stored in individual paper
bags. Nodules, roots, and tops were oven dried for 3
days at 80°C prior to weighing.

2.5. Data analysis

Statistical analyses were performed with SAS for
Windows, version 6.10 (SAS Institute, Inc., 1996).
Data analysis involved using a model for a completely
randomized design with subsampling (Petersen,
1985). In the model, species was nested within soil

samples and soil samples were nested within stand
locations (clear-cut, young stand, or old growth).

Because the design was unbalanced (unequal num-
ber of trees on the different soil samples), the regular
F statistic (mean square for effect/mean square for
error) does not have an F distribution. We used
approximate F tests as described by Steel and Torrie
(1980) and Littell et al. (1991) to test for location
effect and for significant sources of variation.

Logarithmic transformation (logjg) was not nece-
ssary for red alder. For snowbrush, logarithmic trans-
formation was used for all four variables in order to
satisfy the ANOVA assumptions of constant variance
and normality. Pearson correlations between plant
biomass, acetylene reduction, and nodule weight were
also calculated.

To determine whether slope position within sites
affected biomass and acetylene reduction, we used a
one-way ANOVA. If the ANOVA indicated significant
differences, we used the Bonferroni method as a mean
separation technique (o« = 0.005). Because soils for
this experiment were collected from two parallel tran-
sects within each site, there were two replications of
each slope position.

3. Results

3.1. Differences in survival and nodulation
percentage

3.1.1. Red alder

Of the 360 red alder seedlings planted in the
three soils, 337 survived — 103 on clear-cut soils
(86%), 115 on young stand soils (96%), and 119 on
old-growth soils (99%). All surviving seedlings on
clear-cut soils nodulated, 90% of the survivors nodu-
lated in young stand soils, and 77% on old-growth
soils.

3.1.2. Snowbrush

Of the 300 snowbrush plants, 237 survived — 93
on clear-cut soils (93%), 70 on young stand soils
(70%), and 74 on old-growth soils (74%). Nodulation
was low in soils from all sites; only 59 of the 237
surviving plants produced nodules — 21 in clear-cut
soils (23%), 36 in young stand soils (51%), and 2 in
old-growth soils (3%).
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3.2. Differences among age classes

3.2.1. Red alder

Plant biomass was greatest for seedlings grown on
the clear-cut soils (P = 0.01) (Fig. 1A), as was nod-
ule weight (P = 0.05) (Fig. 1B). Acetylene reduc-
tion activity did not vary among soils (P = 0.6549)
(Fig. 1C), but acetylene reduction activity per gram
of nodule was lowest in clear-cut soils (P = 0.05)
(Fig. 1D). Soils within locations were a significant
(P < 0.0001) source of variation for alder biomass,
nodule weight, and acetylation reduction per plant and
per gram nodule (Table 1).

All tested correlations among alder response
variables were statistically significant (statistically
non-zero). Nodule weight correlated positively with
plant biomass (p = 0.60, P < 0.01). Plant acetylene
reduction correlated positively with plant biomass
(p =0.86, P < 0.01) and, more weakly, with nodule
weight (p = 0.41, P = 0.03).

3.2.2. Snowbrush

As with red alder, all snowbrush variables ex-
cept acetylene reduction activity per plant varied
with soil source; however, specific responses dif-
fered (Fig. 2). Whereas biomass and nodule weight
for alder were highest on clear-cut soils, these vari-
ables were highest for snowbrush on young stand
soils. Acetylene reduction activity per gram of nod-
ule was highest in old-growth soils. Soils within
stands were a significant (P < 0.0001) source of
variation for plant biomass, nodule weight, and
acetylene reduction per plant and per gram nodule
(Table 2).

All tested correlations among snowbrush variables
were statistically significant (statistically non-zero).
Plant biomass was strongly correlated with nodule
weight (p = 0.84, P < 0.01) and with plant acety-
lene reduction (p = 0.72, P < 0.01). Nodule weight
correlated positively with plant acetylene reduction
(p =0.73, P < 0.01).

3.3. Slope-related differences within age classes

3.3.1. Red alder

Patterns of within-stand variation (slope position)
for red alder biomass and whole plant acetylene
reduction activity showed no difference between
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Fig. 1. Means and 95% confidence limits for (A) biomass
(gram/tree); (B) nodule weight (gram/tree); (C) acetylene reduction
(mmol CyHy/tree/hour), and (D) acetylene reduction per gram nod-
ule (mmol C,Hj/gram nodule/hour) of red alder seedlings grown
on soils of the clear-cut, young, or old-growth stands.

means at the five positions (bottom slope, lower
mid-slope, mid-slope, upper mid-slope, and top of
the slope) along the two transects for any of the three
stands.
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Fig. 2. Means and 95% confidence limits for (A) biomass (gram/plant); (B) nodule weight (gram/plant); (C) acetylene reduction (mmol
CyHa/plant/hour), and (D) acetylene reduction per gram nodule (mmol CoHp/gram nodule/hour) of snowbrush plants grown on soils of
the clear-cut, young, or old-growth stands.

3.3.2. Snowbrush ever, the one-way ANOVA for plant biomass in the

Snowbrush biomass and plant acetylene reduction clear-cut indicated that some position means dif-
in the young stand and the old growth showed no fered (P = 0.0049). The biomass of plants grown
significant differences among slope positions. How- in bottom slope soils was greater than those grown
Table 1
Analysis of variance for red alder®
Source Biomass Nodule wt. (g) A.R. per plant AR. per gram nodule

df F P df F P df F P df F P

Locations 2 253 0.10 2 6.26 0.00 2 043 0.65 2 444 0.02
Soils within locations 27 2747 <0.0001 26 3.09 <0.0001 27 15.67 <0.0001 26 3.29 <0.0001
Trees within soils within locations 302 270 307 270

2 F: approximate F statistic based on means square; A.R.: acetylene reduction activity.

Table 2

Analysis of variance for snowbrush logjo®

Source Biomass Nodule wt. (g) A.R. per plant A.R. per gram nodule
df F P df F P df F P df F P

Locations 2 372 0.04 2 528 0.02 2 0.16 0.85 2 727 0.01

Soils within locations 26 1524 <0.0001 10 791 <0.0001 26 623 <0.0001 10 5.89 <0.0001

Plants within soils within locations 208 46 208 46

2 F: approximate F statistic based on means square, A.R.: acetylene reduction activity.
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by position.

in soils from any other position within the clear-cut
(Fig. 3), and plants grown in top slope soils produced
more biomass than those grown in upper mid-slope
soils. Acetylene reduction in the clear-cut showed no
significant differences among positions.

4. Discussion

When we account for differences in the number of
plants nodulating, the sites and species are very dif-
ferent. Red alder plants nodulated well in soils from
clear-cut, young, and old-growth stands. Snowbrush
plants, on the other hand, nodulated poorly in soils
from all three stands. Our hypothesis that nodule
biomass and acetylene reduction for both red alder
and snowbrush would be greatest in soils from the
young stand and least in soils from the old-growth
forest was not supported for red alder, but it was
partially supported for snowbrush. Plant biomass,
nodule weight (for all plants), and acetylene reduction
per gram of nodule varied significantly among the
soils from the three sites, but acetylene reduction per
plant (nodulated and non-nodulated) did not. For both
species, all four measurements were highly variable
within stands.

Contrary to our expectations, red alder plants pro-
duced more nodules and biomass when grown in
clear-cut soils than in soils from any other location
(nodulation calculated using all plants). But red alder
plants exhibited the lowest rate of acetylene reduction
per gram of nodule when grown in clear-cut soils,
probably because of the well-known inverse relation

between nodule weight and nitrogenase activity per
unit weight (Wheeler et al., 1981; Sempavalan et al.,
1995). As expected, snowbrush plants produced more
nodules and biomass when grown in young stand soils
than in soils from the other locations (nodulation cal-
culated using all plants). At the time of sampling, the
young stand had a healthy and thick snowbrush cover
that probably served as a good source of Frankia
inoculum.

For red alder or snowbrush plants to grow, nodulate,
and fix atmospheric nitrogen on soils from the clear-
cut or the old-growth stand, Frankia populations in
the soil must have either survived without hosts and
stayed infectious until the establishment of actinorhi-
zal plants, or dispersed onto the sites from elsewhere.
The occurrence of Frankia in soils without hosts is due
to the ability of this microorganism to survive saproph-
ytically either in the soil (Smolander and Sundman,
1987) or by becoming dormant (Molina et al., 1994).
It is also possible that Frankia spores were introduced
into these stands by an unknown dispersal agent. Re-
search conducted elsewhere has identified some verte-
brates and invertebrates as being good dispersal agents
of Frankia spores (Reddell and Spain, 1991; Paschke
and Dawson, 1993; Burleigh and Dawson, 1995; Li et
al., 1997).

If the nodulation potential for snowbrush in the
old-growth stand that formerly occupied the clear-cut
was similar to that in the present old-growth stand
(where only 3% of plants nodulated), then either pop-
ulations of snowbrush-nodulating Frankia must have
increased since clearcutting or the nodulation poten-
tial of existing populations must have increased. The
nodulation percentage differed among soils from dif-
ferent slope positions in the clear-cut: of the 21 snow-
brush plants that nodulated in the clear-cut (23%), 12
were on soils from the bottom slope, 3 were from the
lower mid-slope, 1 was from the upper mid-slope,
and 5 were from the top of the slope. This tells us that
Frankia populations at the bottom of the slope had
increased — probably either because spores moved
downslope with precipitation or because the popu-
lation had been rebuilt via the presence of healthy
snowbrush plants — and that the limited nodulation
on the middle and upper slopes may have been due
to insufficient snowbrush-nodulating Frankia strains.

The strain or strains of Frankia that induce root
nodulation in red alder and snowbrush may be
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plant-specific (i.e. unable to cross-inoculate other
hosts); however, red alder nodulated well in soils
from young stands and elsewhere where there was
snowbrush but no alder.

The differences between red alder (which grew best
on soils from the clear-cut) and snowbrush (which
grew best on young stand soils) may have been re-
lated to the nutritional demands of either the plants
or the Frankia, or it could have been due to changes
in the physiological state of the Frankia population
and the annual cycle of Frankia spore germination,
growth, and sporulation (Myrold and Huss-Danell,
1994). The Frankia strains of these two actinorhizal
plants are plant-specific; we were able to isolate and
culture Frankia from red alder but not from snow-
brush. Isolation and identification of the infective
Frankia from Ceanothus has not been reported, and
no pure-culture infective Frankia currently exists
for Ceanothus. Clawson et al. (1998) reported that
Frankia strains living in root nodules of Ceanothus
did not share a common symbiotic origin with Frankia
from other actinorhizal plants. Based on the extent of
the restriction fragment length polymorphism from
single nodules, Baker and Mullin (1994) reported a
diversity of Frankia in C. americanus. The diversity
of Frankia, however, may not accurately reflect the
diversity of Frankia populations in the soil (Baker
and Mullin, 1994).

N.S. Rojas, D.A. Perry, C.Y. Li, and L.M. Ganio
(in preparation), working with soils collected from
four locations along a slope transect from the same
clear-cut in the H.J. Andrews experimental forest,
also found strong differences in nodulation be-
tween red alder and snowbrush, with alder nodu-
lating more readily on soils from middle and up-
per slopes and snowbrush on soils from the bottom
of the slope; they speculate that the existence of
strains with different adaptations may reflect a sur-
vival mechanism of the nitrogen-fixing endophyte
Frankia.

Successful establishment of snowbrush on sites
in the H.J. Andrews experimental forest will require
developing techniques to inoculate Frankia specif-
ically into snowbrush. Such inoculation will im-
prove seedling growth in the nursery. Outplanting the
inoculated nursery seedlings in planting sites devoid
of snowbrush-nodulating Frankia will benefit seedling
survival and growth.
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