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Effects of Frankia on field performance of Alnus clones and seedlings
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Abstract

Field performance of tissue cultured clones and seedlings of Alnus viridis ssp. crispa, A. glutinosa, A.
incana, and A. japonica was assessed five years after outplanting in central Ontario. Half the individuals
were inoculated with a mixture of four Frankia isolates prior to planting. Inoculation produced
significant increases (25% to 33%) in biomass production of two clones of A. glutinosa and one of A.
incana. Woody biomass increments for the first five years, averaged across all clones and seedlings, were
highest in A. japonica and A. incana (4.3 and 3.7Mgha™'yr™', respectively). Individual tree growth
improved markedly in lower slope positions, but total plot biomass did not show similar gains in
downslope positions owing to higher mortality and aphid (Paraprociphilus tessellatus) infestation.
Aphids occurred in 22% of Frankia-inoculated individuals, and 15% of non-inoculated individuals. The
fastest growing species, A. incana and A. japonica, were most susceptible to aphid attack. Growth of
the best clones of A. glutinosa and A. incana exceeded seedling growth by 51% and 76%, respectively.
The high growth variation in clones of the same species with similar geographic origins and the excellent
performance of tissue cultured stock suggest that rapid genetic gains in an Alnus breeding program
might be obtained by clonal propagation.

Introduction 1984) should make it possible to capture these
gains in the field.
Concomitant with interest in the genus Alnus

has been an explosive growth of research on

An ability of alders (Alnus sp.) to fix atmos-
pheric nitrogen and grow rapidly has prompted

interest in their use in biomass energy planta-
tions, either in single-species stands (Pregent and
Camire, 1985) or in mixed plantings with other
fast-growing hardwoods such as Populus spp.
(Cote and Camire, 1987). There is a large
potential, mostly untapped, for genetic gains via
selection and hybridization of Alnus sp. (Hall
and Maynard, 1979). Furthermore, the develop-
ment of tissue culture techniques for production
of clonal alder stock (Tremblay and Lalonde,

Frankia, the N,-fixing symbiont of alders and
other actinorhizal plants. Since the first well-
documented isolation of Frankia in pure culture
(Callaham et al., 1978), many additional isolates
have been obtained, and their mode of infection,
host specificity, genetic variation, physiological
characteristics, etc. have been studied in great
detail (Schwintzer and Tjepkema, 1990). Many
studies have revealed significant variation in
response of different alder clones to a particular
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Frankia isolate, or in response of a particular
alder clone to different Frankia isolates (Carpen-
ter et al., 1984, Dawson and Sun, 1981, Dillon
and Baker, 1982; Huss-Danell, 1980; Normand
and Lalonde, 1982; Sellstedt et al., 1986; Simon
et al., 1985; Steele et al., 1989; Weber et al.,
1989). These studies were all performed under
controlled conditions. Thus, although the poten-
tial for improved yields of selected Alnus—Fran-
kia combinations under field conditions is widely
recognized, there is limited evidence that these
yields can be obtained.

There are risks associated with clonal forestry
of fast-growing hardwoods such as Alnus sp. A
desire for product uniformity and reduced pro-
cessing costs may encourage managers to plant a
limited range of clones, despite recommenda-
tions of scientists to maintain a broad genetic
base. Resistance to insects and fungal diseases is
a major concern for fast-growing trees. Alder
provenances that perform well under normal
weather conditions may be damaged by unusual-
ly low late spring or early fall temperatures
(Cannell et al., 1987; Tremblay and Lalonde,
1987), or by prolonged drought. There may be
additional risks in introducing a clonal host
plant — N,-fixing symbiont combination selected
for maximum growth under controlled condi-
tions, if higher nitrogen levels cause increased
insect or frost damage.

As more field trials are established and
evaluated, and results are made available to a
larger audience, the benefits and risks associated
with clonal forestry will be more precisely de-
fined. Here we present results of a study compar-
ing the performance of alders grown from seeds
or from tissue culture, both with and without
Frankia inoculation prior to outplanting. Our

aim was to show that theoretical gains in biomass
yield obtained with clonal propagation and Fran-
kia inoculation could be realized in the field.

Methods

The alders were planted at the Petawawa Na-
tional Forestry Institute (PNFI), in Chalk River,
Ontario (45° 58'N, 77° 23'W). Mean tempera-
tures are —13°C in January and 20°C in July, and
annual precipitation is 80 cm. The soil at the field
site is a well-drained, slightly acid (pH 5.8 in
water) sandy loam formed on glacial till, and is
relatively fertile for this region. It was farmed in
the early 1900s, abandoned, cleared around
1960, and kept in grass until being tilled in 1984
and planted with alders in 1985.

At the time of the study, the plantation
contained S-year-old individuals of four Alnus
species (Table 1). Nomenclature follows Furlow
(1979). It included three clones and seedlings of
A. glutinosa (black alder, a FEurasian tree
species). Two clones and seedlings of A. incana
spp. incana (grey alder, a Eurasian tree) were
planted. Two clones of A. japonica (an east-
Asian tree species) were planted, but seedlings
were not available. For A. viridis ssp. crispa
(green alder, a small shrub of North American
boreal forests), clone AC-4 was selected for lack
of nodule formation (Tremblay et al., 1984).
However, subsequent investigations revealed
that it had formed numerous effective Frankia
nodules in the field. For convenience, we will
refer to the subspecies name crispa as a
“species’” throughout the text.

The clonal alder stock was micropropagated in
winter and spring 1985 according to Perinet and

Table 1. Source of Alnus clones and seedlings planted at the field site

Species Clonef(s) Origin Reference
A. glutinosa AG-1 Germany 1

A. glutinosa AG-3,AG-8 Russia (53°N, 43°E) 2

A. glutinosa seedlings (‘AG-0") Russia (53°N, 43°E)

A.incana Al-1, AI-2 Ontario (Swedish ancestry) 2
A.incana seedlings (‘AI-0”) Ontario (Swedish ancestry)

A. japonica AJ-6, AJ-7 Scotland (ancestry unknown) 2

A. crispa ACH4 Quebec 3

A. crispa seedlings (‘AC-0") Northern Ontario

References: 1, Perinet and Lalonde (1983); 2, Tremblay and Lalonde (1984); 3, Tremblay et al. (1984).



Tremblay (1987) at Rhizotec Inc. (St.-Jean
Chrysostome, Quebec). One or two weeks after
the rooted plantlets were transferred to a peat-
vermiculite medium, half were inoculated
(Perinet et al., 1985) with a mixture of Frankia
isolates ACNla, AGNIlg, TN18*“b, and
ARgN22d. The purportedly non-nodulating
clone AC-4 was not inoculated. Half of the
seedling stock, grown at PNFI, was also inocu-
lated three weeks after germination with the
same mixture of Frankia isolates.

In June 1985, the alders were taken directly
from their containers and planted at the field site
in a split plot, randomized block design at a
spacing of 0.5m by 1.0m. Each of five blocks
(aligned perpendicular to the slope) contained
one plot per species (Fig. 1). Three buffer rows
of unmeasured trees were used to split each plot
into areas containing inoculated and uninocu-
lated individuals. The entire plot was surrounded
by two buffer rows of unmeasured trees. Each
split plot contained 26-32 individuals for each
individual clone (seedlot) available for measure-
ments. The two to four clones (seedlots) of each
species were randomly mixed within each split
plot. Thus, the total number of uninoculated
individuals measured per plot was 104128 for
A. glutinosa, 78-96 for A. incana, and 52—-64 for
A. crispa and A. japonica. Numbers of inocu-
lated individuals were the same except for A.
crispa, at 26-32 per plot (AC-4 was not in-
cluded).

During the winter of 1989-90, all trees were
harvested by cutting the stem(s) at 10 cm above

Elevation (m)
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Fig. 1. Vertical gradient across the planting site, showing the
relative positions of blocks 1-5. The slope faces east.
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the ground surface (this stump height was chosen
to encourage coppicing). Height, diameter at
1.3m (dbh) and fresh weight were recorded.
When multiple stems were present, height and
diameter were recorded only for the largest
stem, but fresh weights included all stems. If
fruits were present, this was noted. Many trees
were infested by woolly aphids (Paraprociphilus
tessellatus), and this was noted as well. Within
each split plot, all individuals of each clone or
seedlot were pooled and passed through a chip-
per, and three samples were randomly taken and
measured for fresh and dry (at 80°C) weights. If
substantial numbers of aphid-infested trees were
present, these were chipped and processed
separately. Dead trees were also processed
separately. Samples were analyzed for total
Kjeldahl-N using a K,S0O,-CuSO,-H,SO, digest
and selenium catalyst on an aluminum block
heater; an automated system (Tecator AB,
Hoganas, Sweden) was used for distillations and
titrations.

Effects of the Frankia treatment upon indi-
vidual clones (or seedlots) were examined using a
two-way analysis of variance (ANOVA) that
included block and inoculation treatment as
main effects. The interaction term was included
in the analysis of individual tree biomass values,
but not for total biomass or nitrogen accumula-
tion within plots. For the overall analysis, clone
(or seedlot) mean values were calculated for
each of the block — Frankia treatment combina-
tions. These values were used in an analysis of
variance that included block, clone (or seedlot),
and Frankia treatment effects, and the respective
interactions. Overall mean values were separated
using Duncan’s multiple range test.

Results

Highly significant clonal (seedlot) variation in
mortality, aphid infestation, fruiting, and aver-
age tree biomass was evident in the ANOVA
(Table 2). After five years in the field, overall
survival exceeded 97% except for the two A.
japonica clones and the A. glutinosa clone AG-1
(Table 3). Aphid infestation varied by species,
with A. incana most severely affected, followed
by A. japonica. Nearly all individuals of A.
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Table 2. F-values and significance levels for ANOVA of mortality, aphid infestation, fruiting, and average tree biomass

Source of dF Mortality Aphids Fruiting Biomass
variation
F P F P F P F P

Clone 10 26.36 0.001 29.46 0.001 285.92 0.001 30.03 0.001
Block 4 19.72 0.001 41.29 0.001 9.29 0.001 7.15 0.002
Treatment 1 3.55 0.068 5.30 0.027 0.51 0.479 3.44 0.072
CxB 40 5.24 0.001 6.62 0.001 2.73 0.001 1.48 0.117
CxT 9 0.54 0.832 2.15 0.050 1.67 0.132 1.18 0.340
BxT 4 1.40 0.253 6.21 0.001 0.51 0.732 1.19 0.331
Table 3. Clonal variation in mortality, aphid infestation, fruiting, and growth properties
Clone Mortality Aphids Fruiting Height Dbh Biomass Total-N

(%) (%) (%) (m) (cm) (g/tree) (mgg™)
AC-O 04c 3.0¢c 96.5a 1.71h 058g 3429f 10.09a
AC4 0.0c 0.0c 92.7a 191¢g 0.80f 557.3¢ 9.24b
AG-0 1.1c 25¢ 12e 3.10f 1.89¢ 621.9de 7.52de
AG-1 10.0b 7.6c 75.1b 3.03f 191e 790.3 cd 8.50¢
AG-3 03¢ 13c 0.6e 3.52¢ 2.32cd 938.8¢c 7.68d
AG-8 1.1c 0.0c 0.7¢ 3.40¢e 2.18d 672.6de 7.03¢
Al-0 29¢ 40.6a 46.7¢ 3.9¢ 2.26d 787.4cd 5.70f
Al-1 1.6¢ 46.2a 20.3d 4.07bc 2.09de 691.7 de 5.61f
Al-2 03¢ 43.7a 42.4c 4.60a 2.63b 1386.5 ab 5.90f
Al-6 14.3b 26.0b 0.0e 4.20b 2.85a 1502.5a 5.61f
AJ-7 27a 23.0b 0.0e 3.78d 2.53bc 1200.0b 5.72¢

Note: Means in columns followed by the same letter do not differ significantly (p <0.05, Duncan’s multiple range test).

crispa were sexually mature, as were 70% of the
individuals in clone AG-1, and 20-47% of in-
dividuals in the two clones and one seedlot of A.
incana. Alnus japonica clone AJ-6 and A. incana
clone AI-2 had the highest average tree biomass,
while A. crispa seedlings (AC-0) had the lowest.
Total nitrogen concentrations generally varied
inversely with tree size, with highest levels in A.
crispa and lowest levels in A. incana and A.
japonica. However, total-N varied significantly
among clones of A. glutinosa independently of
their size differences.

Variation among blocks was also highly signifi-
cant in the ANOVA (Table 2). In A. glutinosa
and A. japonica, mortality increased downslope,
and was particularly high in block 5 at the base
of the slope (Table 4). Fruiting of A. glutinosa
and A. incana declined in the lower slope posi-
tions. Aphid infestation was lowest in midslope
positions, and increased greatly at the bottom of
the slope. Excluding aphid-infested trees, there
was a strong trend toward higher individual tree
biomass of A. incana and A. japonica in the
lower slope positions (Fig. 2). Aphid infestation

Table 4. Species and block variation in mortality, aphid infestation, and fruiting

Block Mortality (%) Aphid infestation (%) Fruiting (%)

cri® glu inc jap cri glu inc jap cri glu inc Jap
1 0.0 0.0 0.0 2.7 8.0 2.6 87.5 43.5 93.3 26.8 39.9 0.0
2 0.0 2.0 1.0 4.6 1.1 1.2 0.5 8.0 96.7 23.0 42.6 0.0
3 1.4 1.3 2.4 20.4 0.0 1.3 0.6 311 95.8 21.8 44.8 0.0
4 0.0 2.0 4.2 21.5 0.0 6.0 44.8 16.8 94.5 16.5 22.4 0.0
5 0.0 11.4 0.0 41.0 0.0 3.9 86.1 57.6 95.9 9.4 28.3 0.0

*cri, A. crispa; glu, A. glutinosa; inc, A. incana; jap., A. japonica.
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Fig. 2. Effect of aphid infestation on individual tree biomass
of A. incana, A. japonica, and A. glutinosa at different slope
positions.

was detrimental to growth, and the magnitude of
this growth loss increased downslope.

The Frankia inoculation treatment had signifi-
cant (p <0.05) effects on aphid infestation, and
weakly significant (p <0.10) effects on mortality
and average tree biomass across all clones (Table
2). Of those trees inoculated as greenhouse
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seedlings with the mixed Frankia isolates, 22%
were infested by aphids, compared to 15% of
those that received no inoculation treatment.
The inoculation treatment was also associated
with a slight reduction in overall mortality, from
5.8% to 4.6%.

Frankia inoculation had positive effects on A.
glutinosa clones AG-8 and AG-1, with gains in
total biomass production of 33% and 25%,
respectively, for the inoculated individuals
(Table 5). Clone AI-1 also showed a significant
(p <0.05) biomass increase of 27% with the
inoculation treatment. Frankia inoculation had a
weakly significant (p <0.10) negative effect on
biomass production of A. incana seedlings (Al-
0), and significantly (p <0.05) reduced their
individual tree biomass and total-N concentra-
tions. Most clones showed a non-significant trend
toward higher total-N accumulations in subplots
with Frankia-inoculated individuals. Clone AI-2
had the highest rates of biomass and N accumu-
lation, at 5.5 Mg ha™' yr™' and 31.7 kg N ha ™"
yr ', respectively.

Total plot biomass values were relatively low
at the top of the slope (block 1) and increased in
the midslope positions (Table 6). Total biomass
of A. japonica and A. crispa declined again at
base of the slope. Averaging across blocks,
woody biomass accumulation during the first five
years of growth was 1.5Mg ha™' yr™' for A.
crispa, 3.0 Mg ha™' yr™' for A. glutinosa, 3.7 Mg
ha™' yr' for A. incana, and 4.4 Mg ha™' yr™!
for A. japonica.

Although nearly all individuals of A. crispa

2 .
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B
= 1.2
o0
0
£
0 0.8
@
0.4
0
Ag1 Ai0 Ail

Ai2
Fig. 3. Average individual tree biomass (mean * SE) for

sexually mature and immature individuals of different clones
and seedlings.



300 Hendrickson et al.

Table 5. Effects of Frankia inoculation (+ = inoculated, — = uninoculated) on alder growth and N accumulation
Clone Biomass (g/tree) Biomass (Mgha ') Total-N (mgg ') Total-N (kgha™")

+ - + - + - + -
AG-0 599 624 12.0 12.2 7.11 7.69 85.0 94.3
AG-1 887* 719 16.0* 12.8 8.47 8.19 136.1 104.2
AG-3 999* 879 19.8 17.5 7.32 8.01 144.8 138.8
AG-8 769* 576 15.0% 11.3 6.65 7.44 99.3 84.1
Al-0 677* 865 13.4 16.7 5.45* 6.18 72.3* 100.2
Al-1 759* 625 15.2* 12.0 5.43 5.71 88.2 69.4
Al-2 1355 1420 27.1 28.0 6.00 5.66 161.4 155.8
Al-6 1562 1428 26.8 23.0 5.46 5.80 145.5 134.4
AJ-7 1379* 999 19.4 13.6 5.42 5.65 101.5 76.3
* Inoculation treatments differ significantly (p <0.05).
Table 6. Total biomass (Mgha ') by species and block
Block A. crispa A. glutinosa A.incana A. japonica
1 7.89 13.18 14.64 18.57
2 8.25 14.55 14.17 23.66
3 8.99 15.86 22.23 22.38
4 6.40 13.87 21.45 26.94
5 5.94 16.49 20.18 17.14
Mean 7.49 14.79 18.53 21.74

were sexually mature, only some individuals of
A. incana and of A. glutinosa clone AG-1 had
produced fruits by year 5. Sexually mature
individuals tended to be larger, with greater
average tree biomass (Fig. 3).

Discussion
Clonal variation

Stock derived from tissue culture was generally
superior to seedling stock, although there were
marked differences in growth among clones
within a species. Variation was high even be-
tween clones of similar geographic origins. For
example, individual tree biomass of clone AI-2
averaged twice that of Al-1, and clone AG-3
exceeded AG-8 by 40%. Also note that most
individuals of the German clone of A. glutinosa
(AG-1) were sexually mature at age 5, while the
Russian clones (AG-3 and AG-8) were not.
These results provide encouraging evidence that
the high degree of natural variation within and
among alder species (Hall and Maynard, 1979)
can be captured using clonal propagation. Clonal

stock might also be expected to show more
uniform growth in plantations. Compared to the
A. incana seedlings (AI-0), clones Al-1 and AI-2
both showed less variance in heights and diame-
ters at the field site (p <0.001, F-test of var-
iances). However, variances for the A. glutinosa
clones did not differ from seedlings of this
species.

Frankia inoculation

Inoculation with a mixed culture of Frankia
isolates yielded significant increases in biomass
production of 25% to 33% in two A. glutinosa
clones and one A. incana clone. These gains
were similar to those previously observed for
these species in a nearby study in which a single
Frankia isolate (ACN1g) was used to inoculate
non-clonal stock (Burgess et al., 1986, Hendrick-
son et al., 1991). Gains from Frankia inoculation
were not as dramatic as those for different clonal
lines, suggesting that selection of Alnus could
be given higher priority than selection of actin-
orhizal symbionts in yield improvement pro-
grams.

Apart from our earlier work, we are aware of



only one other field study of Alnus — Frankia
interactions, that of Teissier du Cros et al.
(1984). These authors observed both growth
increases and decreases for different alder
species following inoculation of nursery soil with
an A. rubra isolate. Thus, available field data
agree with greenhouse experiments indicating
that no single Frankia isolate, or even a mixture
of isolates, will be optimal for all Alnus clones or
species.

Field-planted alders will normally become
nodulated. Most soils contain abundant Frankia
populations even in the absence of suitable host
plants (Huss-Danell and Frej, 1986; Smolander,
1990; Smolander and Sundman, 1987). Native
Frankia populations show considerable variation
within small areas, and even a single nodule may
contain two recognizably different strains (Ben-
son and Hanna, 1983; Simonet et al., 1989).

We observed an overall poor growth and lack
of response to inoculation at the top of the slope,
probably associated with the limiting effects of
low water availability on growth and nitrogenase
activity in Alnus spp. (Hennessey et al., 1989;
Sundstrom and Huss-Danell, 1987). Frankia
inoculation also appeared to provide less benefit
in plots at the bottom of the slope. We noted that
greater frost damage occurred there, and inocu-
lated individuals may have been more strongly
affected. Frost hardiness problems led to aban-
donment of an alder breeding program in Japan
(Hall and Maynard, 1979) and seriously limit the
use of A. rubra in Britain (Cannell et al., 1987).
Greater mortality at the bottom of the slope
could also have resulted from increased self-
thinning associated with higher individual tree
growth rates.

Aphid attack

In an earlier study, we found that the faster
growing species A. japonica and A. incana were
resistant to attack of an alder leaf miner, Fenusa
dohrnii (Hendrickson et al., 1991). However,
these two species were most often attacked by
aphids in the present study, and infested in-
dividuals showed highly significant growth losses.
Alnus japonica was also preferentially attacked
by yellow bellied sapsuckers (Sphyrapicus varius)
in our earlier study. The higher susceptibility of
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these species to herbivory conforms with the
notion of a tradeoff between growth and defense
(e.g., Coley et al., 1985).

Slower-growing individuals at the top of the
slope were not significantly affected by aphids,
while the magnitude of the growth loss increased
downslope. This suggests that a growth-defense
tradeoff may also occur within species, as ob-
served for A. glutinosa in our previous study
(Hendrickson et al., 1991). Under improved site
conditions, individuals within a given species
may allocate a lower proportion of energy re-
sources to defense. This strategy succeeds only if
increased growth compensates for increased her-
bivory.

Conclusions

The large clonal variation observed in the pres-
ent study suggests that rapid gains could be made
in growth of Alnus sp. by combining selection of
promising individuals with clonal propagation.
Alnus incana, A. glutinosa, and A. japonica all
appear to warrant additional study under the
climatic conditions of central Ontario. The
former two species have shown some coppicing
ability following the harvest in our study area (D
Burgess, pers. commun.), which may be a valu-
able trait in biomass plantations. Although fur-
ther gains might be achieved by introducing
selected Frankia—Alnus combinations, planta-
tion failure owing to lack of soil inoculum is
unlikely at most sites. However, growth losses
due to herbivory, disease, drought, or lack of
frost tolerance are serious concerns and a con-
tinual selection program would likely be required
for successful use of Alnus in biomass planta-
tions.
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