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Prediction of Long-Term Canker Disease Damage  
from the Responses of Juvenile Poplar Clones to Inoculation with Septoria musiva 

Jerry E. Weiland, JoAnne C. Stanosz, and Glen R. Stanosz, Department of Plant Pathology, University of Wis-
consin–Madison, Madison 53706-1598 

Populus spp. and their hybrids are 
among the fastest growing trees in temper-
ate regions. Plantations of superior, vegeta-
tively propagated poplar genotypes 
(clones) grown on high quality sites with 
management of competing vegetation have 
produced impressive yields (8,17). Thus, 
interest in short-rotation intensive culture 
(SRIC) poplar production has accelerated 
with growing demands for traditional for-
est products and biofuels. In Oregon, 
Washington, and British Columbia, for 
example, SRIC plantations already can be 
important sources of fiber and lumber 
(10,19,25,36).  

Widespread adoption of SRIC poplar 
production in the eastern United States and 
Canada, however, is hindered by the occur-
rence of serious leafspot and canker dis-

eases caused by Mycosphaerella populo-
rum (anamorph = Septoria musiva) 
(3,12,23,24,34,39). Leafspot reduces pho-
tosynthetic capacity of affected leaves and 
can cause premature defoliation. Severely 
cankered branches and stems are prone to 
breakage and can be completely girdled. 
Highly susceptible trees often are killed, 
and wood from cankered stems is of low 
quality and undesirable for most com-
mercial uses.  

Previous investigators have reported 
variation in responses of poplar clones to 
inoculation with S. musiva or a range in the 
degree of damage caused by canker dis-
eases sometimes attributed to S. musiva 
(3,5,6,9,12,15–18,23,34,39,40). Our objec-
tives were to produce differential responses 
of juvenile poplar clones to inoculation 
with S. musiva and to determine whether 
these responses were predictive of canker 
disease damage previously observed for 
the same clones in longer-term field trials. 
Both a field and a greenhouse experiment 
were conducted, and the predictive poten-
tials of response data from each experi-
ment were compared.  

MATERIALS AND METHODS 
Field experiment. Clonal selection, 

propagation, and establishment. Twenty-
seven poplar clones were selected to repre-
sent a range in canker disease damage in 
field plantings as reported in literature or 

observed by authors of the present study 
(Table 1). Based on this information about 
incidence and severity of cankers, each 
clone was placed into one of three canker 
disease damage categories (low, intermedi-
ate, and high). For example, clone DN34 
(assigned to our low-damage category) 
previously received canker disease ratings 
of 1.2 and 0.2 (for harsh and good sites, 
respectively, in the north-central United 
States) on a scale of 0 (low) to 3 (high) (9). 
This same clone also received canker dis-
ease ratings of 0.1 and 0.4 (at ages 3 and 9 
years, respectively, in New York) on a 0-
to-3 scale (12). In contrast, clone 
NC11382, (assigned to our high-damage 
category) received canker disease ratings 
of 3.0 and 2.5 (for harsh and good sites, 
respectively) (9) and 2.8 and 1.8 (at ages 3 
and 9 years, respectively) (12).  

Dormant cuttings of these clones were 
rooted in 15-by-6-cm fiber pots (Kord 
Products Ltd., Brampton, Ontario, Can-
ada), containing MetroMix 360 (The Scotts 
Company, Marysville, OH) in a green-
house in March 1998, and moved outside 
in April. In May, rooted cuttings were 
transplanted (in a completely randomized 
design on a spacing of 1.2 by 1.2 m) into 
each of two plots at the University of Wis-
consin–Madison West Madison Agricul-
tural Research Station. Soil at the site is 
well-drained to moderately well-drained 
Plano silt loam that previously was planted 
in alfalfa. Plot 1 was planted on 9 to 10 
May and plot 2 on 21 to 22 May. Bottoms 
of fiber pots were removed and sides were 
sliced with a utility knife at the time of 
transplanting to facilitate root emergence. 
Each tree was mulched with a 0.91 × 0.91 
m square of perforated black plastic (Vis-
pore tree mats; Treessentials Co., Mendota 
Heights, MN) and each plot was sur-
rounded by a two-row border of clone 
NM6. Subsequent plot maintenance in-
cluded pruning to maintain a single leader 
and both mechanical and chemical (gly-
phosate) management of competing vege-
tation.  

Inoculation. Inoculum was produced 
from a single-conidial isolate of S. musiva 
(isolate 92-49A, DAOM 229444) obtained 
from a hybrid poplar leaf lesion. This iso-
late induced cankers after inoculation of 
poplar stems in previous studies (15,32). 
Conidia (1.7 × 106 spores/ml) stored in 
sterile water at –80°C were streaked in 
three equally spaced lines on the surface of 
20 ml of malt extract agar (MEA; 10 g of 
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malt extract, 20 g of agar, and 1,000 ml of 
water) in 84-mm-diameter petri dishes and 
allowed to grow for 2 weeks at 21°C under 
continuous fluorescent light. Plugs of in-
oculum (5 mm in diameter) then were cut 
from colony margins.  

In the field experiment, up to 22 trees 
per clone in each plot (dependent on sur-
vival and size) were inoculated. Dates of 
inoculation were 22 to 23 and 28 to 29 July 
for plots 1 and 2, respectively. Each stem 
was inoculated by removing the fourth or 
fifth fully expanded leaf and placing a plug 
of inoculum on the resulting wound with 
the mycelium side toward the stem. The 
inoculum plug was held in place using a 
piece of plastic foam and parafilm (Ameri-
can National Can, Menasha, WI), as de-
scribed previously (13,15). Additionally, 
up to five trees of each clone per plot were 
used as controls by applying a sterile MEA 
plug onto the fresh wound. Plastic foam 
and parafilm were removed 2 weeks after 
inoculation and a small spot of latex paint 
was applied above each inoculated and 
control leaf scar to aid in finding the inocu-

lation site during harvest. The appearance 
of cankers that developed in response to 
inoculation was noted at intervals during 
the growing season.  

Canker evaluation. Responses of clones 
to inoculation in the field experiment were 
evaluated following harvest of plots 1 and 
2 on 17 to 18 and 29 to 30 November 
1998, respectively. A 30-cm-long segment 
of each stem, centered on the inoculation 
point, was collected and stored in a plastic 
bag at 5°C for up to 2 weeks, until the 
presence or absence of a canker on each 
segment was recorded. When a canker was 
present, the outer bark was carefully peeled 
away, working from healthy bark toward 
the inoculation point to reveal the canker 
margin. The length of the canker, as indi-
cated by darkly discolored or necrotic tis-
sue, was measured to the nearest milli-
meter along the stem axis. The percentage 
of the stem circumference affected by the 
canker, as indicated by darkly discolored or 
necrotic tissue (hereafter referred to as 
“girdle”), was visually estimated to the 
nearest 10%. 

Reisolation of the pathogen. Reisolation 
of S. musiva was attempted from 2 or 3 
control trees and 10 cankered trees each of 
four clones (NC11004, NC11396, 
NC11505, and NC5262) from each plot of 
the field experiment (10 control and 40 
inoculated trees per plot). Stem segments 
from plot 1 were surface disinfested by 
immersion for 30 s in 95% ethanol. Five 
chips of wood or bark from the margin of 
each canker (or the analogous location on 
control stems) were aseptically transferred 
to each of two plates containing S. musiva 
medium (SMM), an amended V8 juice 
agar that was developed to facilitate isola-
tion of this fungus from poplar cankers (32). 
Plating of chips was completed within 2 
weeks of harvest of each plot. The plates 
then were placed in an incubator at 21°C, 30 
cm below continuous fluorescent light, as 
described by Krupinsky (11), for 1 to 2 
weeks. Stem segments from plot 2 were 
surface disinfested by immersion for 30 s in 
95% ethanol, 2 min in 1.05% sodium hy-
pochlorite solution with Tween 80 (Fisher 
Scientific Co., Toronto, Ontario, Canada) at 

Table 1. Poplar clones, parentage, assigned canker disease damage categories, references, and responses to inoculation with Septoria musiva in a 1998 
field experiment (in order of increasing severity of girdle)a 

     Canker length (mm) Girdle (%) 

Clone (synonyms) Parb Catc Refd Incid. (no.)e Mean No. Range SE Mean No. Range SE 

DTAC2 5 × 2 Low 12 28 (40) 10 11 6–13 0.62 14 11 10–20 1.52 
117.53 4 × 7 Low OA 20 (41) 13 8 7–21 1.50 15 8 10–30 2.67 
NC5377 (Wisconsin 5) 4 × 7 Low 7,9,23,24 23 (35) 10 7 4–19 2.00 16 7 10–20 2.02 
DN74 (Stormont) 4 × 7 Low 4,9 28 (40) 14 11 6–23 1.61 16 11 10–30 2.03 
DN34 (NC5326, Eugenei) 4 × 7 Low 7,9,12,23,24 35 (40) 11 14 5–17 0.99 17 14 10–20 1.25 
DN177 (Spijk) 4 × 7 Low 4,9 52 (42) 13 22 4–27 1.38 17 22 10–40 1.99 
D105 4 Low OA 12 (41) 14 5 11–22 1.98 18 5 10–20 2.00 
DN164 4 × 7 Low OA 26 (39) 17 10 8–37 2.51 18 10 10–30 2.49 
NC11004 (Siouxland) 4 × 7 High 9 65 (40) 21 26 5–43 1.93 27 26 10–50 2.26 
NC5271 (NE19) 10 × 9 Int. 7,9,12,20, 

22–24,27 
 

70 (40) 
 

23 
 

28 
 

14–37 
 

1.15 
 

28 
 

28 
 

10–40 
 

2.12 
NE222 4 × 9 Int. 9,21,27 34 (41) 20 14 7–29 1.91 29 14 10–50 2.94 
NE332 12 × 2 Int. 12 63 (40) 20 25 7–42 2.06 29 25 10–70 3.41 
MWH20 4 × 6 High OA 68 (38) 20 26 4–40 1.53 31 26 10–60 2.85 
NM6 (NM104, Max 5) 7 × 6 Low 4,9,12,34 50 (40) 22 20 10–32 1.32 33 20 10–60 2.70 
MWH4 4 × 6 High OA 50 (34) 18 17 9–28 1.40 34 17 10–70 3.83 
MWH5 4 × 6 High OA 60 (40) 16 24 8–27 0.98 34 24 10–70 3.18 
13277 13 High OA 41 (32) 19 13 10–32 1.62 38 13 30–50 2.49 
NC5260 (Tristis 1) 14 × 1 Int. 7,9,23 48 (25) 24 12 11–35 2.40 46 12 20–70 4.52 
NC11432 (NC5334, NE252) 5 × 13 High 7,9,21,23, 

24,27 
 

53 (15) 
 

25 
 

8 
 

9–35 
 

2.93 
 

46 
 

8 
 

20–70 
 

5.32 
NC11396 (NE49) 6 × 2 High 9,12 97 (39) 26 38 6–49 1.84 48 38 10–100 3.67 
MWH18 4 × 6 High OA 76 (38) 30 29 11–50 1.81 51 29 20–90 3.52 
NE308 10 × 11 High 1,9,12 83 (40) 32 33 14–50 1.75 52 33 30–70 2.06 
NE351 4 × 9 High 9,24,27 81 (31) 34 25 15–49 1.70 57 25 20–80 2.81 
NC5331 (NE299) 8 × 13 High 7,9,22,23,27 90 (41) 37 37 22–51 1.43 68 37 30–100 2.91 
NC5262 (NE387) 3 × 2 High 7,9,20, 

22–24,27 
 

79 (39) 
 

36 
 

31 
 

17–61 
 

1.78 
 

72 
 

31 
 

30–100 
 

3.25 
NC11382 (NE27) 10 × 2 High 9,12 98 (41) 43 40 23–60 1.22 74 40 40–100 2.40 
NC11505 (Kingston, NE388) 6 × 13 High 12,13,24 98 (40) 53 26f 43–68 1.01 94 39 70–100 1.49 

a Trees were inoculated by removing the fourth or fifth fully expanded leaf and placing a plug of medium bearing mycelium on the resulting wound. Re-
sponses were evaluated approximately 4 months later. SE = standard error. 

b Parentage. Numbers refer to Populus spp. and hybrids as follows: 1 = balsamifera, 2 = berolinensis, 3 = candicans, 4 = deltoides, 5 = deltoides var. 
angulata, 6 = maximowiczii, 7 = nigra, 8 = nigra var. betulifolia, 9 = nigra var. caudina, 10 = nigra var. charkowiensis, 11 = nigra var. incrassata, 12 = 
simonii, 13 = trichocarpa, and 14 = tristis. 

c Assigned damage category. Canker disease damage categories were assigned based on information from past field trials, as referenced in the next col-
umn; Int. = intermediate. 

d Numbers refer to literature cited except OA, which refers to observations by the authors of the present study of trees in clonal field trials located at Ar-
lington, WI (unpublished). 

e Incidence (%) and number in parentheses. 
f Due to an error, data for calculation of mean length were obtained for only 26 individuals of this clone. 
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two drops per liter, and 30 s in 95% ethanol. 
Five chips from the margin of each canker 
then were plated onto each of two plates of 
SMM and also onto one plate of unamended 
V8 juice agar, then incubated as described 
above. The presence of S. musiva was de-
termined on the basis of pycnidia and co-
nidia as described by Sivanesan (28). No 
attempt was made to identify other organ-
isms that grew from chips.  

Greenhouse experiment. Clonal selec-
tion, propagation, and establishment. Re-
sponses of 15 of the clones used in the 
field experiment also were evaluated in a 
greenhouse experiment. Dormant cuttings 
were rooted in January 1999 in fiber pots 
as described above. Rooted cuttings were 
transplanted into 10-by-10-by-36-cm con-
tainers (Tall One pots; Stuewe and Sons, 
Inc., Corvallis, OR) 3 weeks after bud-
break. The soil medium was one-half 
Fafard mix #2 (Fafard, Inc, Agawam, MA) 
and one-half Plano silt loam from the Uni-
versity of Wisconsin’s West Madison Agri-
cultural Research Station. At the time of 
transplanting, fiber pots were sliced as 
described above. Half the trees of each 
clone were placed in a completely random-
ized design onto each of two greenhouse 
benches (plots). Natural light in the green-
house was supplemented with 400W high-
pressure sodium lamps to provide a 16-h 
photoperiod. Maximum recorded ambient 
greenhouse photon flux density was 1,590 
µmol s–1 m–2 and supplemental photon flux 
density averaged 117 µmol s–1 m–2 as 
measured with a LI-COR photometer 
(model LI-189; LI-COR, Inc., Lincoln, 
NE). The average maximum temperature 
was approximately 29°C and the average 
minimum temperature was approximately 
16°C. Plants were hand watered daily.  

Inoculation. Inoculum was produced 
from S. musiva isolate 92-49A and up to 45 
trees per clone in each plot were inoculated 
using the procedures described for the field 
experiment. Dates of inoculation were 2 
and 10 April for plots 1 and 2, respectively. 
Additionally, five trees per clone in each 
plot were included as controls (described 
above). Plastic foam and parafilm were 
removed 3 weeks after inoculation and a 
small spot of latex paint was applied above 
each inoculated and control leaf scar to aid 
in finding the inoculation site during har-
vest. The appearance of cankers that de-
veloped in response to inoculation was 
noted at intervals prior to harvest.  

Canker evaluation. Responses of clones 
to inoculation in the greenhouse experi-
ment were evaluated following harvest of 
plots 1 and 2 on 2 and 9 June 1999, respec-
tively. A 15-cm-long segment (when possi-
ble) of each stem, centered on the inocula-
tion point, was collected and stored in a 
plastic bag at 5°C for up to 2 weeks until 
presence or absence of a canker on each 
segment was recorded. When a canker was 
present, the outer bark was peeled to allow 
measurement of canker length and estima-

tion of girdle, as described above, except 
that girdle was estimated to the nearest 5%. 

Reisolation of the pathogen. In the 
greenhouse experiment, reisolation of S. 
musiva was attempted from 2 or 3 control 
trees and 10 cankered trees of each of four 
clones (NC11004, NC11396, NC11505, 
and NC5262) from each plot (10 control 
and 40 inoculated trees per plot). Stem 
segments were surface disinfested using 
the procedure for plot 1 of the field experi-
ment. Ten chips, five each from the upper 
and lower canker margins, were transferred 
aseptically to two plates containing SMM. 
Plating of chips was completed on the day 
of harvest of each plot. Plates then were 
incubated for 1 to 2 weeks as described 
above. The presence of S. musiva was de-
termined on the basis of pycnidia and co-
nidia of the pathogen. No attempt was 
made to identify other organisms that grew 
from chips.  

Statistical analyses. For each experi-
ment, data were analyzed to compare 
clonal responses to inoculation. Incidence 
data, regardless of clone, were analyzed 
using the �2 test of independence (29) to 
determine if canker incidence (i.e., can-
kered or not cankered) was independent of 
plot. Severity data (length and girdle) were 
analyzed by two-way analysis of variance 
(ANOVA) for effects of clone, plot, and 
interaction. Girdle data were converted 
into proportions (percentage of stem cir-
cumference affected by canker/100) and 
transformed by the arcsine of the square 
root to homogenize variance before analy-
ses. If plot effects were detected, subse-
quent analyses also were conducted using 
data for each plot separately. Additionally, 
the relationships among canker incidence, 
length, and girdle for each clone were ex-
amined by calculating Pearson correlation 
coefficients. Analyses were performed 
using Minitab Statistical Software (release 
12.2; Minitab Inc., State College, PA).  

Collected data (canker incidence, length, 
and girdle) also were analyzed as potential 
explanatory variables to determine whether 
they were predictive of the assigned long-
term canker disease damage categories 
(low, intermediate, and high). These cate-
gories are viewed as ordered categorical 
data requiring specific methods of analysis. 
Thus, methods for multinomial models 
with ordinal responses were used (2). Such 
models are an extension of standard (bi-
nary) logistic regression to the case with 
three or more ordered categories. A key 
underlying assumption of these models is 
that of proportional odds; this assumption 
effectively means that there is a common 
slope (in the logistic regression model) 
separating each pair of categories. A P 
value of less than 0.05 would indicate a 
failure of the proportional odds assumption 
(i.e., the collected data do not support the 
ordinal logistic model). To assess the per-
formance of the multinomial models (given 
that the proportional odds assumption was 

met), we calculated “prediction accuracy” 
as the proportion of the cases (poplar 
clones) that were successfully predicted by 
the particular model. A proportion close to 
1 (e.g., 24/27) suggests high model predic-
tion accuracy. The effects of the predictor 
variables (incidence, length, and girdle) are 
quantified by a P value (calculated by 
maximum likelihood) where each P value 
indicates the impact of a given variable 
after all other terms have been accounted 
for. A P value less than 0.05 indicates sta-
tistical significance. To test whether pre-
diction accuracy was dependent on inclu-
sion of clones for which long-term canker 
damage categories had been assigned on 
the basis of observations by the authors of 
the present study (rather than published 
reports), pooled mean girdle data from the 
field experiment also were reanalyzed with 
these eight clones omitted.  

In the implementation of model fitting to 
our data, means of incidence, length, and 
girdle for each clone were each used as 
predictors in logistic regression where the 
outcome variable was the disease damage 
category. All three predictors, each possi-
ble pair of predictors, and each predictor 
separately were tested for each of the two 
experiments. Finally, data from the 15 
clones common to both experiments were 
analyzed to allow direct comparison of the 
predictability of field and greenhouse ex-
periments. Logistic regression analyses 
were performed using SAS (version 8; 
SAS Institute, Cary, NC).  

RESULTS 
Field experiment. Canker characteris-

tics. Cankers were visible on the surface of 
some stems approximately 1 month after 
inoculation. Cankers that developed on 
inoculated trees closely resembled those 
attributed to natural infection of poplars by 
S. musiva in the field. The bark surface 
immediately overlying the cankers was 
sunken, darkly discolored greenish-brown 
to black, and necrotic. Bark on the face of 
the canker often split longitudinally. The 
canker margin on some of the trees was 
swollen due to production of callus. Can-
kers usually were longer than they were 
wide. When the outer bark was carefully 
removed, the canker usually extended be-
yond the margin visible at the bark surface. 
Inner bark and wood were discolored red-
dish-orange to black and discoloration 
often extended into the pith. No control 
trees developed cankers.  

Reisolation. S. musiva was identified 
from 48% (19/40) of the plot 1 cankers 
from which reisolation was attempted. 
Recovery from the plot 2 cankers, which 
additionally had been immersed in 1.05% 
sodium hypochlorite and a second immer-
sion in 95% ethanol, however, was only 
15% (6/40). The pathogen was not isolated 
from control trees.  

Canker incidence. Overall canker inci-
dence was similar in each plot, with can-
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kers detected on 294 of 506 (58%) inocu-
lated trees in plot 1 and on 279 of 506 
(55%) inoculated trees in plot 2. Because 
�2 analysis indicated that incidence was 
independent of plot (P = 0.341), pooled 
incidence data are presented (Table 1). The 
clone with the least canker incidence was 
D105, with five cankered trees out of the 
41 inoculated (12%). Clones NC11382 and 
NC11505 had the greatest canker incidence 

(98%, or 40/41 and 39/40, respectively). 
Mean incidence by clone was highly corre-
lated to mean length (r = 0.843, P < 0.001) 
and mean girdle (r = 0.832, P < 0.001) for 
the pooled data. Results were similar for 
analysis of plot 1 and 2 data separately 
(data not shown).  

Canker length. Overall mean canker 
length was slightly longer in plot 1 (27.5 
mm) than in plot 2 (25.5 mm). Two-way 

ANOVA indicated a significant effect of 
clone (P < 0.001) and plot (P < 0.001) on 
mean canker length, but no interaction (P = 
0.555). The difference in length was rela-
tively small and might be explained by the 
later inoculation of trees in plot 2; there-
fore, canker length data for both plots 
combined are presented in Table 1. Mean 
canker length varied more than fivefold 
between the most severely affected clone 
(NC11505 at 53 mm) and the least-affected 
clones (DTAC2 and NC5377 at 10 mm). 
Mean canker length by clone was posi-
tively correlated to mean girdle (r = 0.971, 
P < 0.001). Results were similar for analy-
sis of plot 1 and 2 data separately (data not 
shown).  

Canker girdle. Overall mean girdle was 
47% in plot 1 and 44% in plot 2. Two-way 
ANOVA indicated a significant effect of 
clone on girdle (P < 0.001), but no effect 
of plot (P = 0.254) or interaction (P = 
0.271). Mean girdle varied, however, ap-
proximately sevenfold between the most 
severely affected clone (NC11505 at 94%) 
and the least-affected clone (DTAC2 at 
14%) for the pooled data set (Table 1). 
Results were similar for analysis of plot 1 
and 2 data separately (data not shown).  

Prediction using field data. Results of 
logistic regression analyses indicated how 
well canker incidence, length, girdle data, 
or their combinations from the field ex-
periment predicted the assigned long-term 
canker disease damage categories (low, 
intermediate, or high). For example, in the 
model using the pooled mean girdle data as 
the sole predictor, clone DN34 had a much 
greater probability of placement in the low 
damage category (probability = 0.89) than 
in either the intermediate (probability = 
0.09) or high (probability = 0.02) damage 
categories (Table 2). For this model, the 
damage category with the highest probabil-
ity matched the assigned damage category 
for 24 of 27 clones (Tables 2 and 3) with 
incorrect prediction only for NC11004, 
NM6, and NC5260. Further, for eight of 
the nine clones that had been assigned to 
the low damage category (i.e., literature 
reports or our observations indicated low 
canker disease damage in the field), the 
probability of placement in the low dam-
age category based on the field experiment 
girdle data alone was �0.86 (Table 2). For 
12 of the 14 clones that had been assigned 
to the high damage category (i.e., literature 
reports or our observations indicated high 
canker disease damage in the field), the 
probability of placement in the low dam-
age category based on the field experiment 
canker girdle data alone was �0.11 (Table 
2). For this model, the corresponding pro-
portional odds assumption P value was 
sufficiently high (P = 0.280) to satisfy the 
assumptions for this model and the maxi-
mum likelihood estimate P value was low 
(P = 0.002), indicating the significant con-
tribution of girdle to the model after all 
other terms were accounted for (Table 3). 

Table 2. Poplar clones, assigned canker disease damage categories, and probabilities of placement of 
respective clones in those categories as indicated by logistic regression analysis using percentage of 
stem circumference girdled by cankers resulting from inoculation with Septoria musiva in a 1998 
field experimenta 

  Probability of placement in category 

Clone Assigned damage categoryb Low Intermediate High 

DTAC2 Low 0.96 0.03 0.01 
117.53 Low 0.94 0.05 0.01 
NC5377 Low 0.93 0.06 0.01 
DN74 Low 0.91 0.07 0.02 
DN34 Low 0.89 0.09 0.02 
DN177 Low 0.89 0.09 0.02 
D105 Low 0.86 0.11 0.02 
DN164 Low 0.86 0.11 0.02 
NC11004 High 0.36 0.42 0.22 
NC5271 Intermediate 0.31 0.43 0.26 
NE222 Intermediate 0.29 0.43 0.28 
NE332 Intermediate 0.26 0.43 0.31 
MWH20 High 0.18 0.40 0.41 
NM6 Low 0.14 0.37 0.49 
MWH4 High 0.11 0.33 0.55 
MWH5 High 0.10 0.31 0.59 
13277 High 0.04 0.17 0.79 
NC5260 Intermediate 0.01 0.04 0.95 
NC11432 High 0.01 0.04 0.95 
NC11396 High 0.00 0.03 0.97 
MWH18 High 0.00 0.01 0.98 
NE308 High 0.00 0.01 0.99 
NE351 High 0.00 0.00 1.00 
NC5331 High 0.00 0.00 1.00 
NC5262 High 0.00 0.00 1.00 
NC11382 High 0.00 0.00 1.00 
NC11505 High 0.00 0.00 1.00 

a Trees were inoculated by removing the fourth or fifth fully expanded leaf and placing a plug of me-
dium bearing mycelium over the resulting wound. Responses were evaluated approximately 4
months later. 

b Canker disease damage categories were assigned based on information from past field trials. 

Table 3. Results of logistic regression analyses of data from responses of 27 poplar clones of three 
canker disease damage categories to inoculation with Septoria musiva in a 1998 field experimenta 

   Maximum likelihood estimate P valueb 

Predictors Proportionc P valued Incidence Length Girdle 

Incidence, length,  
girdle 

23/27 0.2740 0.0720 0.2264 0.0205 

Incidence, length 20/27 0.1287 0.0729 0.1691 … 
Incidence, girdle 20/27 0.8030 0.1155 … 0.0224 
Length, girdle 24/27 0.1702 … 0.8300 0.0208 
Incidence 21/27 0.5255 0.0011 … … 
Length 19/27 0.0281 … 0.0036 … 
Girdle 24/27 0.2802 … … 0.0019 

a Trees were inoculated by removing the fourth or fifth fully expanded leaf and placing a plug of me-
dium bearing mycelium over the resulting wound. Responses were evaluated approximately 4 
months later. 

b A value of less than 0.05 indicates statistical significance (impact of a given variable after all other
terms have been accounted for). 

c Proportion of the 27 clones tested for which the canker disease damage category predicted by re-
sponses to inoculation matched the damage category assigned based on information from past field 
trials. 

d Proportional odds assumption P value; a value of less than 0.05 indicates a failure of the propor-
tional odds assumption (i.e., collected data do not support the ordinal logistic model). 
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None of the other models (using other 
variables singly or in combination) per-
formed better than the model using girdle 
alone (Table 3). For example, incidence 
or length alone performed worse than 
girdle alone; neither improved predict-
ability for a model that included girdle 
(Table 3). Accuracy of prediction using 
girdle alone was reduced only slightly 
when the data from plot 1 and 2 were 
analyzed separately (23 of 27 clones for 
each plot; data not shown). 

Results were very similar when data 
were reanalyzed with omission of the eight 
clones for which long-term canker disease 
damage categories had been assigned on 
the basis of observation by the authors of 
the present study. For example, in the 
model using pooled mean girdle data as the 
sole predictor, clone DN34 had a much 
greater probability of placement in the low 
damage category (probability = 0.87) than 
in either the intermediate (probability = 
0.12) or high (probability = 0.01) damage 
categories. For this model, the damage 
category with the highest probability 
matched the assigned damage category for 
16 of the 19 clones. The same three clones 
that were incorrectly predicted using all 
data also were incorrectly predicted using 
this reduced data set. Further, for five of 
the six clones that had been assigned to the 
low damage category, the probability of 
placement in the low damage category 
based on field experiment girdle data alone 
was �0.87. For eight of the nine clones that 
had been assigned to the high damage 
category, the probability of placement in 
the low damage category was �0.01. For 
this model, the corresponding proportional 
odds assumption P value was sufficiently 
high (P = 0.457) to satisfy assumptions for 
this model and the maximum likelihood 
estimate P value was low (P = 0.005), 
indicating the significant contribution of 
girdle to the model after all terms were 
accounted for.  

Greenhouse experiment. Canker char-
acteristics. Cankers were visible on the 

surface of some stems as early as 3 weeks 
after inoculation. These initially appeared 
as small, elliptical, greenish-black, water-
soaked lesions on the smooth green stem 
surfaces. As cankers developed, they often 
caused a constriction of affected stems. 
Otherwise, symptoms were similar to those 
described from the field experiment. No 
control trees developed cankers.  

Reisolation. S. musiva was identified 
from 98% (39/40) of the cankers from 
which reisolation was attempted from plot 
1. Similarly, the pathogen was reisolated 
from 100% (40/40) of the cankers from 
plot 2. The pathogen was not isolated from 
control trees.  

Canker incidence. Overall canker inci-
dence was similar in each plot, with can-
kers detected on 299 of 350 (85%) inocu-
lated trees in plot 1 and 294 of 350 (84%) 
inoculated trees in plot 2. Because �2 
analysis indicated that incidence was inde-
pendent of plot (P = 0.599), pooled inci-
dence data are presented (Table 4). The 
clone with the least canker incidence was 
117.53, with 25 cankered trees out of the 
40 inoculated (63%). Clones NM6 and 
NC11396 had the greatest canker incidence 
(98%, or 39/40 for each). Mean incidence 
by clone was slightly positively correlated 
to mean length (r = 0.373, P = 0.170) and 
mean girdle (r = 0.335, P = 0.223) for the 
pooled data. Results were similar for 
analysis of plot 1 and 2 data separately 
(data not shown).  

Canker length. Overall mean canker 
length was similar in plots 1 and 2 (30.6 
and 31.0 mm, respectively). Two-way 
ANOVA indicated a significant effect of 
clone (P < 0.001), but no effect of plot (P 
= 0.203) or interaction (P = 0.463). Canker 
length data for both plots combined are 
presented in Table 4. Mean canker length 
varied almost fourfold between the most 
severely affected clone (NC11505 at 47 
mm) and the least severely affected clone 
(NM6 at 13 mm). Mean length by clone 
was highly correlated with mean girdle (r = 
0.920, P < 0.001). Results were similar for 

analysis of plot 1 and 2 data separately 
(data not shown).  

Canker girdle. Overall mean girdle was 
slightly less in plot 1 (68%) than in plot 2 
(69%). Two-way ANOVA indicated a sig-
nificant effect of clone on girdle (P < 
0.001) but no effect of plot (P = 0.189). 
Mean girdle varied almost fourfold be-
tween the most severely affected clone 
(NC5262 at 99%) and the least-affected 
clone (NC5377 at 27%) for the pooled data 
set (Table 4). Although a clone–plot inter-
action (P = 0.003) was detected, results 
were similar for most clones when data 
from plots 1 and 2 were analyzed sepa-
rately (data not shown).  

Prediction using greenhouse data. Re-
sults of logistic regression analyses indi-
cated how well canker incidence, length, 
girdle data, or their combinations from the 
greenhouse experiment predicted the as-
signed long-term canker disease damage 
categories (low, intermediate, or high). For 
example, using pooled mean incidence, 
length, and girdle data in combination as 
predictors, clone DN34 had a much greater 
probability of placement in the low dam-
age category (probability = 1.00) than in 
either the intermediate (probability = 0.00) 
or high (probability = 0.00) damage cate-
gories (Table 5). For this model, the dam-
age category with the highest probability 
matched the assigned damage category for 
14 of 15 clones (Tables 5 and 6). However, 
for three of the seven clones that had been 
assigned to the low damage category (i.e., 
literature reports or our observations indi-
cated low canker disease damage in the 
field), the probability of placement in the 
low damage category based on the green-
house incidence, length, and girdle data in 
combination was �0.68 (Table 5). For all 
seven clones that had been assigned to the 
high damage category (i.e., literature re-
ports or our observations indicated high 
canker disease damage in the field), the 
probability of placement in the low dam-
age category based on the greenhouse inci-
dence, length, and girdle data used in com-

Table 4. Responses of poplar clones to inoculation with Septoria musiva in a 1999 greenhouse experimenta 

  Canker length (mm) Girdle (%) 

Clone Incidence % (no.) Mean No. Range SE Mean No. Range SE 

DTAC2 73 (40) 22 29 7–43 1.64 38 29 5–100 3.49 
117.53 63 (40) 24 25 5–42 2.30 78 25 10–100 5.89 
NC5377 75 (40) 14 30 2–27 1.42 27 30 5–55 2.73 
DN34 76 (90) 15 68 2–34 0.90 30 68 5–80 1.84 
DN177 88 (40) 34 35 10–46 1.44 64 35 25–100 3.65 
D105 83 (40) 35 33 7–45 1.54 74 33 10–100 3.75 
NC11004 85 (40) 37 34 12–54 1.73 76 34 30–100 4.49 
NE332 90 (40) 25 36 5–40 1.73 51 36 10–100 3.55 
NM6 98 (40) 13 39 2–27 1.00 33 39 5–60 2.42 
NC11396 98 (40) 32 39 8–49 1.35 81 39 15–100 3.96 
NE308 88 (40) 38 35 12–53 1.30 87 35 10–100 3.69 
NC5331 95 (40) 34 38 17–49 1.18 86 38 15–100 3.81 
NC5262 93 (40) 42 37 32–55 0.95 99 37 70–100 0.85 
NC11382 88 (40) 40 35 22–54 1.23 97 35 55–100 1.71 
NC11505 88 (90) 47 80 25–60 0.83 96 80 50–100 1.34�

a Trees were inoculated by removing the fourth or fifth fully expanded leaf and placing a plug of medium bearing mycelium on the resulting wound. Re-
sponses were evaluated approximately 2 months later; SE = standard error. 
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bination was �0.12 (Table 5). For this 
model, the corresponding proportional 
odds assumption P value was sufficiently 
high (P = 0.093) to satisfy the assumptions 
for this model (Table 6). Maximum likeli-
hood estimate P values for this model did 
not indicate significant contribution of 
each of the three predictors after all other 
terms were accounted for (Table 6). None 
of the other models (using other variables 
singly or in combination) performed better 
than the model using incidence, length, and 
girdle data in combination (Table 6). Accu-
racy of prediction using incidence, length, 
and girdle data in combination was reduced 
somewhat when the plot 1 and 2 data were 
analyzed separately (13 of 15 clones for 
plot 1 and 12 of 15 clones for plot 2; data 
not shown).  

Comparative predictability of field 
and greenhouse data. Comparison of the 
results of analysis of the data from the 15 
clones common to the two experiments 
indicated equal or greater prediction accu-
racies for all models when using field data 
compared with greenhouse data (Table 6). 
Using the field data, four different models 
had the damage category with the highest 

probability match the assigned damage 
category for 15 of 15 clones (Tables 5 and 
6). In addition, respective proportional 
odds assumption P values for each model 
were higher when field data were used 
compared with when greenhouse data were 
used. Thus, when field data were used, 
model assumptions were met for all mod-
els; when greenhouse data were used, 
model assumptions were not met for three 
of the seven models.  

DISCUSSION 
Although poplar clone breeding and se-

lection programs have been undertaken in 
the eastern United States and Canada 
(5,9,12,16,23,26,27,31,34), screening for 
long-term canker disease resistance by 
evaluating the responses of juvenile clones 
to inoculation with S. musiva is not rou-
tine. Previous reports of the artificial in-
oculation of young trees in the greenhouse 
or field studies describe canker develop-
ment and variation among clones after 
incubation periods ranging from a few 
weeks to one month (3,6,15,16,39,40). 
Differences among clones (on the basis of 
naturally occurring cankers that were 

sometimes attributed to S. musiva) in 
longer-term field trials also have been 
reported by many authors (5,9,12,17,18, 
23,34), but the cause or causes of these 
cankers often has not been confirmed. 
Limited information in the literature does 
suggest, however, that examination of 
responses of juvenile poplars might be 
useful in predicting longer-term perform-
ance. In as early as 1939, Bier (3) inocu-
lated young trees of several poplar species 
or hybrids with S. musiva in a greenhouse, 
and noted minimal canker development on 
clones that were damaged infrequently in 
the field compared with expanding and 
girdling cankers on clones known to be 
severely damaged in the field. Lo et al. 
(12), while not attributing canker damage 
in a clonal field trial to a particular patho-
gen, were able to show the positive corre-
lation between canker damage ratings as-
signed to 3-year-old trees with those of the 
same clones rated at the age of 9 years. In 
the current studies, inoculation of juvenile 
trees with an aggressive isolate of S. 
musiva resulted in quantitatively differen-
tial responses among a variety of poplar 
clones. Using logistic regression, a rela-
tionship was demonstrated between this 
quantitative incidence and severity data 
and longer-term canker disease damage 
(regardless of potential causal agent) that 
was reported previously from numerous 
studies over a wide geographic area. Our 
results indicate the potential to screen pop-
lar clones for longer-term canker disease 
damage by evaluating responses to artifi-
cial inoculation with S. musiva in one 
growing season in the field prior to large-
scale testing and release to growers.  

The artificial inoculation method used in 
these experiments did not appear to inter-
fere with achievement of our objectives. 
Although both ascospores and conidia are 
presumed to be essential in natural infec-
tion, extensive documentation of the rela-
tive importance of these inocula, various 
possible infection courts, and the timing of 
infection leading to cankers in nature is 
scarce (3,6,14,20,35,39). Thus, previous 
researchers also have relied on similar 
artificial methods to induce Septoria can-
kers on poplars (6,13,15,16,31,39). Provi-
sion of wounds, however, may allow the 
pathogen to bypass resistance mechanisms 
that operate during prepenetration, penetra-
tion, or establishment in a host and result 
in greater incidence or more severe disease 
than would be observed under natural con-
ditions. For example, NM6 appeared 
somewhat susceptible in our experiments, 
despite its apparently low incidence and 
severity of canker disease in the field. In 
general, however, our inoculation of fresh 
leaf scars with S. musiva mycelium on agar 
plugs led to reproducible, widely differen-
tial responses of clones in canker inci-
dence, length, and girdle. The predictive 
ability of these responses suggests that 
some factors important in minimizing 

Table 5. Assigned poplar clone canker disease damage categories and probabilities of placement of 
respective clones in those categories as indicated by logistic regression analysis using incidence, 
length, and percentage of stem circumference girdled by cankers resulting from inoculation with
Septoria musiva in a 1999 greenhouse experiment and data for the same 15 clones inoculated in a 
1998 field experimenta 

  Probability of placement in category 

Experiment, clone Assigned damage categoryb Low Intermediate High 

Greenhouse     
DTAC2 Low 1.00 0.00 0.00 
117.53 Low 1.00 0.00 0.00 
NC5377 Low 1.00 0.00 0.00 
DN34 Low 1.00 0.00 0.00 
DN177 Low 0.59 0.27 0.14 
D105 Low 0.58 0.27 0.15 
NC11004 High 0.12 0.24 0.64 
NE332 Intermediate 0.83 0.12 0.05 
NM6 Low 0.68 0.22 0.10 
NC11396 High 0.00 0.00 1.00 
NE308 High 0.00 0.00 1.00 
NC5331 High 0.00 0.00 1.00 
NC5262 High 0.00 0.00 1.00 
NC11382 High 0.00 0.00 1.00 
NC11505 High 0.00 0.00 1.00 

Field     
DTAC2 Low 1.00 0.00 0.00 
117.53 Low 1.00 0.00 0.00 
NC5377 Low 1.00 0.00 0.00 
DN34 Low 1.00 0.00 0.00 
DN177 Low 1.00 0.00 0.00 
D105 Low 1.00 0.00 0.00 
NC11004 High 0.00 0.01 0.99 
NE332 Intermediate 0.01 0.98 0.01 
NM6 Low 1.00 0.00 0.00 
NC11396 High 0.00 0.00 1.00 
NE308 High 0.00 0.00 1.00 
NC5331 High 0.00 0.00 1.00 
NC5262 High 0.00 0.00 1.00 
NC11382 High 0.00 0.00 1.00 
NC11505 High 0.00 0.00 1.00 

a Trees were inoculated by removing the fourth or fifth fully expanded leaf and placing a plug of me-
dium bearing mycelium over the resulting wound. Responses for greenhouse and field experiments
were evaluated 2 or 4 months later, respectively. 

b Canker disease damage categories were based on information from past field trials. 
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long-term canker disease damage in the 
field were expressed in spite of the artifici-
ality of the inoculation method.  

The potential range of responses of any 
poplar clone to natural populations of S. 
musiva for many years could limit extrapo-
lation from a short-term assay in which 
only one isolate of the pathogen is used. 
Although variation within S. musiva in 
color, morphology, growth rate, sporulation 
in culture (33,35,37), isozymes (30), and 
random amplified polymorphic DNA 
markers (37, 38) has been described, such 
differences have not been related to ag-
gressiveness. Variation in aggressiveness 
of isolates used in inoculation trials, how-
ever, has been reported by several re-
searchers (11,15,33). Krupinsky (11) iden-
tified differences in the severity of leaf 
disease produced by isolates among both 
location and regional collections. Although 
he urged the use of the most aggressive 
isolates in screening for disease resistance, 
Krupinsky noted that the full range of ag-
gressiveness was found within local collec-
tions and he did not find good evidence for 
clone–isolate interaction or specificity. 
Variation in aggressiveness within S. 
musiva in terms of canker incidence and 
severity also has been reported (15,16,33). 
Like Krupinsky, Strobl (33) found that, 
while isolates varied in aggressiveness in 
terms of canker disease, poplar clones were 
ranked in the same order of increasing 
susceptibility regardless of the isolate used. 
She concluded that, as long as standard 
clones were included, resistance among 
test clones could be determined. Caution 
dictates, however, that despite the findings 
of Krupinsky and Strobl and the prediction 
accuracy achieved in the current study, 
further poplar clone breeding, selection, 
and screening efforts should be supported 
by additional study of variation in S. 
musiva. More information is needed about 
local and regional population structures 
and possible clone–isolate interactions 
among broader collections of hosts and 
pathogens, and the potential for emergence 
of more aggressive strains.  

Differences in results obtained in the 
field and greenhouse studies, however, do 
reinforce previous indications of the im-
portance of environmental influences on 
host condition in Septoria canker develop-
ment. In field evaluations, variation in 
incidence and severity of poplar cankers 
attributed to S. musiva has been related to 
site quality (1,9). For example, Hansen et 
al. (9) reported that clone NC5331 
(NE299) received a canker disease rating 
(on a scale of 0 to 3, where 0 = no canker 
and 3 = stem dieback and breakage associ-
ated with cankers) ranging from 1.8 on 
good sites to 3.0 on harsh sites. Further, 
Maxwell et al. (15) experimentally demon-
strated the influence of host stress on Sep-
toria canker severity. Drought-stressed 
poplars in a greenhouse experiment devel-
oped larger cankers than well-watered 

trees. Similarly, despite the shorter dura-
tion of our greenhouse experiment com-
pared with the field experiment, both inci-
dence and severity of cankers tended to be 
greater in the former. Overall, there was 
much less variation in canker incidence 
among clones in the greenhouse than in the 
field. This suggests that differentiation 
between resistant and susceptible clones 
may be more difficult when the disease 
assay is conducted under greenhouse con-
ditions. Although conditions provided in 
the greenhouse appeared to be adequate for 
good growth of the trees, lower light avail-
ability, restricted root volume, or other 
environmental factors may have produced 
conditions that enhanced infection and 
canker expansion.  

Results of logistic regression analysis 
suggest that reliable prediction of long-
term canker disease damage from re-
sponses to inoculation with S. musiva is 
most likely for clones at the extremes in 
field performance. In other words, inocu-
lated clones that, on average, developed 
relatively many and large cankers or rela-
tively few and small cankers were those 
that had been assigned to the high or low 
canker damage categories, respectively. 
Probabilities of placement of clones into 
these damage categories based on re-
sponses to inoculation were relatively high. 
In contrast, clones assigned to the interme-
diate canker damage category based on 
reports or observations had relatively lower 
probability of placement into this category 
based on response to inoculation (i.e., the 

responses to inoculation had less predictive 
value). No clone included in this study 
assigned to the intermediate or high dam-
age category, however, had a high prob-
ability of being placed in the low damage 
category based on responses to inoculation. 
Thus, utility of these methods in screening 
a group of potential clones might be to 
identify those least likely to exhibit high 
incidence or severity of canker disease 
damage for further field testing and evalua-
tion.  

Continuing efforts to compare perform-
ance of poplar clones in field studies and to 
relate responses to inoculation with S. 
musiva to longer-term canker disease dam-
age would benefit by standardization of 
methods. We were forced to place clones 
into three broad canker disease damage 
categories because, in past studies, canker 
disease rating methods have varied widely 
and were not always comparable. For ex-
ample, Lo et al. (12) used a 0-to-3 scale to 
indicate incidence and severity of cankers. 
Strobl and Fraser (34) used incidence and a 
four-part categorical rating to rank clones 
with regard to severity, and other investiga-
tors have used location of cankers (branch 
or stem), incidence, and severity to rank 
clones (7,9,21,23,24). In evaluating field 
performance, we favor incorporation of an 
indication of main stem canker incidence 
and severity that would relate to potential 
or already realized economic damage. 
Thus, the scale used by Lo et al. (12) in 
which the highest rating of 3 is assigned 
whenever 50% or more of the main stem is 

Table 6. Results of logistic regression analyses of data from responses of 15 poplar clones of three 
canker disease damage categories to inoculation with Septoria musiva in a 1999 greenhouse experi-
ment and data for the same 15 clones inoculated in a 1998 field experimenta 

   Maximum likelihood estimate P valueb 

Experiment, predictors Matchedc P valued Incidence Length Girdle 

Greenhouse      
Incidence, length,  
girdle 

14/15 0.0930 0.3625 0.7208 0.3643 

Incidence, length 13/15 0.0779 0.1644 0.0715 … 
Incidence, girdle 14/15 0.1046 0.3592 … 0.2826 
Length, girdle 13/15 0.0380 … 0.4732 0.2453 
Incidence 11/15 0.4165 0.0544 … … 
Length 12/15 0.0067 … 0.0255 … 
Girdle 12/15 0.0104 … … 0.0321 

Field      
Incidence, length,  
girdle 

15/15 0.9986 0.5540 0.6629 0.6232 

Incidence, length 15/15 0.8930 0.8708 0.9849 … 
Incidence, girdle 15/15 0.9512 0.3293 … 0.4527 
Length, girdle 13/15 0.0951 … 0.2589 0.3515 
Incidence 15/15 0.6289 0.3474 … … 
Length 13/15 0.3321 … 0.1968 … 
Girdle 12/15 0.8197 … … 0.0710 

a Trees were inoculated by removing the fourth or fifth fully expanded leaf and placing a plug of me-
dium bearing mycelium over the resulting wound. Responses for greenhouse and field experiments 
were evaluated 2 and 4 months later, respectively. 

b A value of less than 0.05 indicates statistical significance (impact of a given variable after all other 
terms have been accounted for).  

c Proportion of the 15 clones tested for which the canker disease damage category predicted by re-
sponses to inoculation matched the damage category assigned based on information from past field 
trials. 

d Proportional odds assumption P value; a value of less than 0.05 indicates a failure of the propor-
tional odds assumption (i.e., collected data do not support the ordinal logistic model). 
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girdled by cankers seems very useful. Fu-
ture attempts to relate responses to inocula-
tion with S. musiva then could be evaluated 
on the ability to predict this degree of se-
verity and associated likelihood of eco-
nomic damage. Furthermore, prospective 
studies would benefit from the inclusion of 
resistant and susceptible clonal standards 
to allow comparison of incidence and se-
verity values. Clones DN34 and NC11505, 
representing low and high canker disease 
damage categories, respectively, performed 
consistently in both experiments and gen-
erally bracketed the range of resistance 
exhibited by the other poplar clones in our 
study. Therefore, these two clones are 
likely standards for comparison to re-
sponses of new or untested clones to de-
termine relative performance across a 
range of environmental conditions.  
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