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Temporal Trends in Fusiform Rust Infections
and Their Relationships with Stand Structure
In Pine Plantations in East Texas

Y.H. Weng, D.W. Coble®, J. Grogan, and J.P. Stovall

Fusiform rust is the most important disease affecting plantations of loblolly (Pinus taeda L.) and slash pine
(Pinus elliottii Engelm.) in east Texas. Losses to fusiform rust on loblolly pine and slash pine in the South amount
to 35 million dollars a year from the death of infected trees and from its degrading effect on products cut from the
tree. This study, based on long-term measurements on permanent plots established on pine plantations across east
Texas, assessed rust infection trends from 1984 to 2014 and the relationships between rust infections and common
tree and stand variables for pine plantations in east Texas. Results showed that ratios of trees with rust-infected
branches declined quickly from 1984 to early 1990s and thereafter leveled off. Ratios of stem-infection peaked
in the period 1987 99 and then decreased over time. For both ratios, slash pine had higher values than loblolly
pine at any given year. Multilevel logit models were developed to assess effects of tree variables (e.g., DBH, tree
height, height to live crown, and crown class) and stand variables (e.g., age, site index, quadratic mean diameter,
trees per acre, and hasal area per acre) on the probabilities of fusiform rust infection levels (branch- and stem-
infection). Results showed that height to live crown and site index were the most important variables; the branch-
and stem-infection probabilities increased with increasing height to live crown and decreasing site index for both
pines, although the changes were larger for slash pine than for loblolly pine. In addition, the larger DBH trees had
a higher probability of branch- and stem-infection for loblolly pine. Older trees or trees growing in plantations of
greater density (more trees per acre) had a higher probability of stem-infection for slash pine. Results should be
incorporated into the regional pine plantation management planning to reduce loss due to fusiform rust infection.
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10 years old (Zhao et al. 2006). e result-

usiform rust, caused by the fungus
F Cronartium quercuum (Berk.) Miyabe

ex Shirai f. sp. fusiforme, is the most
prevalent disease a ecting approximately
2.5 million acres of loblolly (Pinus taeda
L.) and slash pine (Pinus elliottii Engelm.)
plantations in east Texas (Adams 1989, Pye
etal. 1995). e infection greatly increases
mortality, in particular for trees less than

ing galls and cankers deform older trees,
reducing growth and stem quality. Losses
to fusiform rust on loblolly pine and slash
pine in the South amount to 35 million
dollars a year from the death of infected
trees and from its degrading e ect on prod-
ucts cut from the tree (Schmidt 1998). e
substantial losses in growth underscore the

need for monitoring and predicting the
incidence of this disease so that preven-
tion and control practices can be e ciently
deployed as needed.

Fusiform rust incidence in pine plan-
tations in the Southern United States,
including east Texas, has been monitored
over the past 40 years. During the period,
the infection rate declined steadily for lob-
lolly pine but relatively slowly for slash pine
plantations (Starkey et al. 1997, Randolph
et al. 2015). Similar trends were also con-

rmed in east Texas (Mason and Gri n
1970, Walterscheidt and van Arsdale 1976,
Hunt and Lenhart 1986, Lenhart et al.
1988, 1994), where the rust infection rate
declined slowly to 10 percent in loblolly
pine plantations and declined by roughly
41 percent in slash pine plantations
through 1990. Coble and Lee (2004) fur-
ther extended the trends to 2002; by then,
the fusiform rust infection rates decreased
to about 5 percent and 15 percent in lob-
lolly and slash pine plantations in east
Texas, respectively.

Finding relationships between fusiform
prevalence and biotic and abiotic factors
is another topic of great interest. Optimal
weather conditions for growth and spread
of the fungus from the alternate hosts, oaks
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(Quercus spp. L.), to the pine were reported
by Siggers (1949). Most subsequent work
has attempted to correlate infection levels
to site quality or silvicultural treatments.
Sites of higher productivity, such as better
drained soils (Hollis and Schmidt 1977)
and higher site index (Nance et al. 1981,
Borders and Berry 1986), and silvicultural
activities resulting in faster growth (Hollis
et al. 1975, Forelich et al. 1983) were often
associated with higher infection level. In
contrast, plantation establishment density
showed a weak relationship with rust inci-
dence (Miller 1972). e improved under-
standing in relationships between fusiform
prevalence and biotic and abiotic factors
greatly facilitates modeling rust infection.
Border and Berry (1986) found that stand
variables such as stand geographic location,
age, and site index were signi cant predic-
tors of rust infection for site-prepared slash
and loblolly pine plantations ranging from
Virginia down to northern Florida and
across the Gulf Coast to western Alabama.
Similarly, Arabatzis et al. (1991) developed
a stand model based on stand variables and
geographic attributes to model rust infec-
tions for east Texas pine plantations. More
recently, Choi et al. (2008) developed an
individual tree model to predict trends in
the incidence of all diseases and insects in
unthinned loblolly pine plantations across
12 states in the US South. To account for
the e ects of fusiform rust on survival, sep-
arate equations for infected and uninfected
trees in loblolly and slash pine plantations
were developed (Clutter et al. 1984, Devine
and Clutter 1985, Lee and Coble 2002b,
Zhao et al. 2006). For all these models, the
number of infected trees at the beginning
of a designated projection period is needed.

us, some progress has been made
both in monitoring temporal trends and
in determining factors that contribute sig-
ni cantly to fusiform infection for both
pines. However, trends in fusiform rust
incidence in east Texas after year 2002 are
lacking. Most often, data of fusiform rust
infection, which are typically recorded as
multiple-level, ordinal, and categorical
type, are usually collected from sampling
plots over time or in repeated measure-
ment cycles. In determining key factors
in uencing rust incidence, previous stud-
ies utilized regression analysis but without
considering data nature such as multino-
mial (Borders and Berry 1986), ordinal

(Arabatzis et al. 1991), and clustering
(Borders and Berry 1986, Arabatzis et al.
1991, Choi et al. 2008), or the analysis
was based on rather limited data (Arabatzis
et al. 1991). Ignoring the possible correla-
tion of the categorical responses may lead,
for example, to underestimated standard
errors of the estimated regression coe -
cients (Agresti 2013). Current fusiform
rust incidence is a complicated issue and
may vary based on geographic location,
stand structure, and stand origin (Schmidt
et al. 1986). erefore, e ective rust man-
agement requires speci ¢ data on rust inci-
dence through time and space on a regional
scale. s is why guidelines to predict sites
with a high hazard of fusiform rust have
often been developed at the regional level
(Schmidt et al. 1998). To our knowledge,
for east Texas, information is still limited
regarding how commonly available tree
and stand characteristics, such as tree
growth and stand structure, a ect fusiform
rust incidences of pine plantations. A bet-
ter understanding of the role of common
tree and stand variables on rust incidence is
a prerequisite for rust management.
Based on long-term data collected
from east Texas pine plantations, the
rst objective of this study was to update
temporal trends in rust incidence in east
Texas pine plantations, providing the most
recent rust survey for this region. By inci-
dence, we mean the ratio of trees in a
stand in each infection-level category and
the change in these ratios over time. ¢
second objective was to model the proba-
bilities of fusiform rust in planted stands
of loblolly and slash pine in east Texas.
Our modeling e ort was intended to
determine tree and stand variables which
signi cantly correlate with fusiform rust
incidence. e overall goal is to provide

information that can be used in forest
management planning so that losses due
to this disease can be reduced.

Data and Methods

e East Texas Pine Plantation Research
Project (ETPPRP) is a long-term research
project initiated in 1982 by the Arthur
Temple College of Forestry and Agriculture
(ATCOFA) at Stephen F Austin State
University and participating forest indus-
tries (Lenhart et al. 1985). During the
period of its Phase | study (1982 to 2015),
242 permanent plots (168 for loblolly and
74 for slash pine) were established in sep-
arate, extensively managed (refers to those
sites treated with shearing, chopping, wind-
rowing, and burning) plantations through-
out 24 counties of east Texas (Lenhart et al.
1985). e counties are located within the
rectangle from 30 35 north latitude and
93 96 west longitude. Most of these plan-
tations were established between 1970 and
1985 and managed without any interme-
diate silvicultural treatments (no thinning,
prescribed burning, pruning, fertilizer, or
midrotation competition control). Plots
were rst installed between 1982 and 1990
(Tables 1 and 2). For example, of the 166
plots for loblolly pine, 70 were installed in
1982 84 (cycle one). An additional 52 (112
total) were installed in 1985 87 (cycle two),
while the remaining 54 (166 total) were
installed in 1988 90 (cycle three). e seed
sources of these plantations are unknown,
although they likely include provenances or
the rst generation orchard lots which were
being operationally deployed by the indus-
try (Fox et al. 2007). Measurement plots
were 100 feet by 100 feet squares. Within
each plot, the planted pines were tagged
and numbered for remeasurement on a
three-year cycle.

Management and Policy Implications

and management in pine plantations in east Texas.

Slash pine (Pinus elliottii) and loblolly pine (Pinus taeda) are the two most important commercial softwood
timber species in east Texas (Edgar et al. 2015). Minimizing disease losses and thus increasing pine timber
harvests are of great interest to forest management companies and landowners. Toward this goal, continua-
tion of fusiform rust research and monitoring is imperative so that proper forest management plans can be
developed. Even as fusiform rust incidence in planted loblolly and slash pine stands declined over the past
30 years, it was still high, particularly for slash pine stands. Our modeling efforts provide the tree and stand
variables affecting fusiform incidence which should be considered when establishing slash and loblolly pine
plantations and developing management plans. The results aid our understanding in fusiform rust prevalence
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Table 1. Summary statistics. Mean, STD (standard deviation) and range (difference between minimum and maximum plot means) by cycle
for loblolly pine plots. Abbreviations: S, site index (ft); Dy, quadratic mean diameter (in.); TPA, number of trees per acre; BAPA, basal area
per acre (ft?/acre); DBH, diameter at breast height (in.); HT, total tree height (ft); HLC, tree height to live crown (ft).

Cycle N Statistic Age Sl D, TPA BAPA DBH HT HLC
1 72 Mean 10.4 66.5 5.0 476.8 66.8 55 314 11.8
STD 3.0 10.3 1.4 149.5 33.3 1.0 9.0 7.8
Range 13.0 58.7 7.5 657 167 4.9 46.6 335
2 114 Mean 10.2 67.0 4.9 458 65.1 55 31.3 10.9
STD 3.7 9.3 1.6 133 39.6 11 10.1 8.9
Range 14.0 53.8 6.4 602 1745 4.3 39.2 35.9
3 168 Mean 11.2 66.4 53 473.5 72.2 5.7 335 12.4
STD 3.9 9.0 1.6 148.3 38.2 1.2 10.6 9.1
Range 15.0 53.8 6.9 911.0 183.6 53 45.0 40.4
4 162 Mean 13.7 65.5 6.2 461.0 96.0 6.4 41.1 18.7
STD 3.8 9.7 1.4 144.7 34.9 11 10.6 9.3
Range 15.0 59.1 7.6 841 172.3 5.6 59.1 41.6
5 153 Mean 16.5 65.2 7.0 447 116 7.1 47.1 25.6
STD 3.9 9.6 1.4 141.9 34.5 11 9.5 8.4
Range 15.0 56.4 8.3 819 184.1 6.4 53.8 45.4
6 150 Mean 19.6 65.2 7.7 421.8 129.1 7.6 53.0 31.0
STD 3.8 9.6 1.4 134.9 34.2 13 9.7 8.0
Range 15.0 56.4 10.1 758 191.2 8.3 57.1 441
7 130 Mean 22.6 65.4 8.2 395.3 138.2 8.1 59 36.8
STD 3.9 9.1 15 129.9 353 13 9.6 8.1
Range 15.0 52.9 10.5 702.0 208.2 8.6 57.2 49.0
8 97 Mean 255 66.2 8.8 368.7 146.8 8.6 63.4 42.3
STD 3.9 8.3 1.4 118.3 31.9 13 9.2 7.9
Range 16.0 46.0 7.0 649 163.1 6.5 49.2 38.3
9 69 Mean 29.1 66.7 9.4 316.8 144.9 9.2 69.7 48.5
STD 4.0 7.8 1.3 107.5 31.2 13 8.7 7.2
Range 16.0 39.6 7.0 588 174.5 6.8 49.8 40.0
10 42 Mean 31.6 66.3 10.1 275.8 146.2 9.8 72.2 52.0
STD 3.6 7.5 1.2 91.8 36.2 1.2 8.5 7.4
Range 14.0 39.6 6.6 427 177.1 6.4 51.7 39.7
11 31 Mean 35.2 66.4 10.2 266 146.1 10 75.6 51.4
STD 3.3 7.5 11 78.5 27.1 11 7.9 7.2
Range 14.0 38.0 5.7 387 122.1 5.6 38.6 34.4

At each remeasurement of a plot, tree
age of the plot was recorded, and each mon-
umented tree was evaluated for tree growth
(diameter at breast height [DBH]) in inches,
total height (HT) in feet, crown class (CC),
and tree height to live crown (HLC) in feet,
and fusiform rust infection. Records of tree
growth data allow us to calculate the fol-
lowing stand variables: trees per acre (TPA),
basal area per acre (BAPA in ft¥/acre), qua-
dratic mean diameter (DQ in inches), and
site index (Sl in feet). Base age 25 years
site index was estimated for each plot from
the dominant height at the age of the most
recent measurement. Summary statistics by
cycle can be found in Tables 1 and 2 for lob-
lolly and slash pine, respectively. e overall
averages for slash pine plots were 65.9 feet
for Sl, 17.0 years for age, 6.8 inches for D,
432 trees for TPA, and 80.2 ft? for BAPA.

e overall averages for loblolly pine plots
were 68.0 feet, 15.9 years for age, 6.5 inches
for D, 341 trees for TPA, and 72.7 ft* for
BAPA. For both species, all stands were ve
years or older when the measurement plots
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were established. Individual tree fusiform
rust infection was recorded in three ordinal
scale categories: 1 (free-infection, no gall
observed), 2 (branch-infection, gall on a live
branch more than 12 inches from the stem
only), and 3 (stem-infection, gall on a stem
or a live branch within 12 inches of the stem
or both).

Data from all available plots and
cycles were used to investigate the tempo-
ral trend of rust incidence. e rust inci-
dence ratios by category were calculated
for each plot and cycle rst and then across
plots by cycle to examine rust incidence
trends for consecutive three-year periods.

e incidence rate was simply calculated
as the ratio of infected trees over the total
living trees.

Our modeling e ort focused on iden-
tifying signi cant relationships between
various rust infection levels and tree and
stand variables. Due to clearcutting, nat-
ural disturbances, land sales, or other
reasons, few plots remained at the end of
the study (cycle 11). Any plots that were

measured only once were removed. Also,
because all the plots at the ninth measure-
ment were beyond the typical rotation age,
we restricted our modelling analysis to data
from cycles one through nine, encompass-
ing a 24-year period from 1984 to 2008.

e ordinal and multinomial nature of the
rust infection data complicates the model-
ing (Stroup 2012). Furthermore, the data
include several nested levels (e.g., county,
plot within cycle, and tree within plot) on
which the multinomial response may be
correlated to some level.  erefore, gen-
eralized linear mixed models (GLMM:s)
were used to model relationships between
tree or stand characteristics and fusiform
rust infections. We used the individual tree
infection as the response variable, with a
multinomial error distribution. e fol-
lowing GLMM model was used to model
the data:

P k)

1 P(Y K)

X Zu e

logit P log
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Table 2. Summary statistics. Mean, STD (standard deviation) and range (difference between minimum and maximum plot means) by cycle
for slash pine plots. Abbreviations: S, site index (ft); Do, quadratic mean diameter (in.); TPA, number of trees per acre; BAPA, basal area
per acre (ft?/acre); DBH, diameter at breast height (in.); HT, total tree height (ft); HLC, tree height to live crown (ft).

Cycle Var N Age Sl D, TPA BAPA DBH HT HLC
1 Mean 35 9.9 69.3 4.7 360.9 46.2 53 29.8 9.5
STD 3.9 8.0 1.6 1515 29.4 11 10.5 9.2
Range 15.0 314 6.2 867.0 97.6 4.2 41.8 35.1
2 Mean 63 9.5 70 4.6 393.0 44.0 5.2 29.4 9.1
STD 3.7 7.4 1.6 181.1 27.4 11 9.5 7.4
Range 13.0 445 6.2 876.0 123.7 3.5 40.8 26.8
3 Mean 74 11.0 68.3 5.3 387.1 55.4 5.6 33 12.0
STD 3.5 8.1 15 177 26.9 1.2 9.6 6.5
Range 14.0 46.5 6.3 810 133.3 4.3 40.1 26.4
4 Mean 68 13.6 67.8 6.1 376.2 71.6 6.3 39.8 19.0
STD 3.2 8.1 1.4 174.1 28.9 11 8.9 6.4
Range 15.0 43.9 6.2 806 150.4 4.8 42.5 29.1
5 Mean 67 16.4 67.9 7.0 344.3 85.6 7.1 47.3 25.1
STD 3.1 8.1 15 161.8 315 13 9.4 6.8
Range 14.0 43.9 6.5 680 1194 5.3 50.4 40.3
6 Mean 67 19.5 67.9 7.7 311.2 93.2 7.7 54.3 31.0
STD 31 8.1 15 154.6 35.3 13 9.1 6.4
Range 14.0 43.9 6.9 623 130.5 5.9 46.6 33.6
7 Mean 61 224 67.9 8.4 285.3 100.1 8.3 60.2 35.9
STD 31 8.3 1.6 151 39.7 14 9 6.5
Range 15.0 43.9 7.0 601 154.2 6.0 44.6 31.2
8 Mean 43 25.1 67.1 8.8 269.5 106.2 8.7 64 41.2
STD 3.0 9.2 1.6 141.2 42.3 15 8.9 7.4
Range 14.0 43.9 6.9 553 149.6 6.4 38.7 32.7
9 Mean 22 29.1 66 9.7 182.5 85.1 9.6 70.2 48.6
STD 3.1 9.9 1.8 115.6 39.0 1.7 10.8 8.5
Range 12.0 32.7 6.8 496 142.2 6.3 34.5 27.3
10 Mean 9 32.3 64 9.9 200.2 91.7 9.8 72.1 51.3
STD 4.0 8.8 2.2 135.7 455 2.1 11.4 9.7
Range 12.0 25.7 6.9 471 153.2 6.2 29.8 29.6
11 Mean 5 34.4 59.5 9.7 214.2 86.0 9.6 69.1 45.6
STD 2.2 9.0 2.9 175.5 56.9 2.8 12.2 8.4
Range 6.0 21.7 7.3 431.0 127.1 7.0 29.5 18.7

where k = 1, 2, 3 representing the three
categories. For each cut-point (boundary),
representing the boundary of the multino-
mial scales, there is a separate intercept
() to re ect cumulative odds, with the
constraint that ( , < ,). , are coe -
cients for vector of predictors, x (tree vari-
ables and stand variables); u is the vector
of random e ects (plot and trees within a
plot). Separate random e ects in U were
assumed to be uncorrelated. Z is the inci-
dence matrix corresponding to random
e ectsin u. e term e is the vector of
random residuals. Since the analysis used
the logit link, the term e should be close to
3.29 (Stroup 2012). e signi cance of a
random e ect was tested using a likelihood
ratio test method. Our model selection was
done using a top-down strategy (Zuur et al.
2009). We started with a full model (i.e.,
including all predictors and random factors)
to select the variations which were signi -
cant ( =0.05). Variation among counties
was negligible, and thus it was not included
to the model. e nonsigni cant predictors

were then removed one-by-one, until all
predictors in the model were statistically sig-
ni cant (= 0.05). Probability estimates
for each category were calculated as,

For category 1 Free infection :

expl ;. X]

1 expl

1
iX]

For category 2 Branch infection :

expl ,  X]

1oexpl , x]

]

P, and

2

For category 3 Stem infection :

P, 1 P,

Results

For lablolly pine, tree ratio with branch-in-
fection declined quickly from around 7
percent at the 1st cycle (1984) to about 1
percent at the 4th cycle (1993) and there-
after continually decreased at a smaller

rate, while the stem-infection proportion
increased from less than 2 percent at the 1st
cycle to over 7 percent at the 5th cycle and
then declined to about 2~3 percent at the
11th cycle (Figure 1a, ¢). Similar cycle trends
were found for slash pine (Figure 1b, d).

e overall ratio of trees infected by rust
(branch- plus stem-infection) was relatively
stable from cycles one to six, around 8 per-
cent, and thereafter reduced to 3 4 percent
in 2014 for loblolly pine. Fusiform rust
infection rates remained higher for slash
versus loblolly pine for all years; the over-
all rust incidence rate remained around
31 percent for the rst six cycles and then
decreased to 12 percent at the 11th cycle
(2014). For both species, the biggest change
was observed between cycles six and seven
(1999~2002), and more infection occurred
on stem than on branches across cycles
except the 1st cycle.

When multicategorical logit models
were developed with tree and stand vari-
ables, the random variations among plots
within a cycle and trees within a plot were
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signi cant for both species. e e ects of
plot (cycle) and trees within a plot explained
more than 16.5 percent and 5.5 percent for
loblolly pine and 14.7 percent and 5.2 per-
cent for slash pine of their respective total
variation. Tree variable HLC and stand vari-
able SI were selected as regressor variables
for both pines, while tree DBH for loblolly
pine and stand variables stand age and TPA
for slash pine were also respective useful pre-
dictors. Table 3 lists the parameter estimates
and their statistical signi cance by spe-
cies. e t-tests showed that the parameter

estimates for both models were signi cant
(P <0.01).

Figure 2 presents the e ects of each
selected model variable on the rust infec-
tion probability while keeping the other
model variables as constants (the averages
across plots and measurement cycles) for
loblolly pine. Probabilities of rust infections
increased either linearly or exponentially
with increasing site index or tree DBH,
and this was slightly more obvious on
stem-infection than on branch-infection.
For example, because of a change in site

Figure 1. Temporal trend in rust infection for loblolly pine and slash pine plantations in east
Texas. Cycle one was in1984, and thereafter, every three years would be the next cycle.

Table 3. Model parameters for predicting fusiform rust incidence in east Texas.
Abbreviations: S, site index (ft); TPA, number of trees per acre; DBH, diameter at breast
height (in.); HLC, tree height under tree crown (ft).

Species E ect Infection Estimate SE t Value Pr> |t
LP Intercept 1 3.8016 0.1469 25.87 <.0001
Intercept 2 4.1347 0.1473 28.07 <.0001
DBH -0.0560 0.0086 -6.53 <.0001
HLC 0.0209 0.0012 17.52 <.0001
Sl -0.0115 0.0021 -5.45 <.0001
SP Intercept 1 5.7931 0.8640 6.71 <.0001
Intercept 2 6.2170 0.8642 7.19 <.0001
HLC 0.0403 0.0023 17.8 <.0001
NI -0.0630 0.0122 -5.15 <.0001
TPA -0.0010 0.0004 -2.77 0.0056
AGE -0.0764 0.0062 -12.39 <.0001
424 Journal of Forestry ~ September 2018

index from 50 to 80 feet, the stem-infection
probability increased from 2.43 percent to
3.39 percent, compared with the increase
in the branch-infection from 0.98 percent
to 1.23 percent. Relatively, tree DBH e ect
was stronger; when it increased from 4 to
12 inches, the branch- and stem-infection
probabilities increased from 0.98 percent
to 1.49 percent and from 2.58 percent to
3.98 percent, respectively. In contrast, HLC
showed a negative impact on the rust infec-
tion probabilities, which decreased with
increasing HLC. For a tree with an HLC
increasing from 18 to 26 feet, the prob-
abilities for branch- and stem-infection
decreased from 1.19 percent to 1.02 per-
cent and from 3.16 percent to 2.69 per-
cent, respectively. Overall, the probabilities
of rust infection remained low, especially
for smaller trees growing at poor sites.

erefore, the practical impact of all the
selected factors might not be as important
as statistical signi cance.

Site index and HLC acted on the rust
infection probabilities for slash pine the
same direction as those for loblolly pine
(Figures 2 and 3). Regardless of the sim-
ilar direction in e ects, slash pine trees
were more susceptible to changes of these
variables than loblolly pine and thus were
more likely to exhibit increased infec-
tions. Unlike loblolly pine, stem-infection
increased signi cantly with age, with prob-
ability changing from less than 20 per-
cent at age 10 years to about 80 percent at
age 45 years(Figure 3). Impacts of age on
branch-infection were small and curvilin-
ear in nature (Figure 3). In addition, trees
per acre a ected rust infections negatively;
when it increased from 350 to 650 TPA, the
accompanied probabilities changed from
7.8 percent to 9.4 percent for branch-infec-
tion and from 20.8 percent to 29.0 percent
for stem-infection. Overall, model calcula-
tions showed that the probabilities of rust
infections always remained high, especially
for plantations of higher initial density, bet-
ter growing quality, or of older age.

Discussion

e inventory data in this study lasting
almost 30 years for both pines, paired with
previous studies provide valuable insights
into temporal patterns in fusiform rust
infections in east Texas. Planted loblolly and
slash pine had rust infection ratios of approx-
inately 6 percent and 8 percent, respectively,
in the early 1970s (Mason and Gri n
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Figure 2. Changes in rust infection probabilities for loblolly pine trees following the changes
in (a, b) tree DBH, (c, d) site index, and (e, f) tree height to living crown.

1970). With the extensive planting of sus-
ceptible pine and an aggressive site prepa-
ration that increased the oak abundance,
the disease became widespread, resulting in
a quick increase during 1970s and 1980s
(Figure 1; Hunt and Lenhart 1986, Coble
and Lee 2002) and a maximum prevalence
around 1987 (Figure 1; Lenhart et al. 1994,
Coble and Lee 2002). In the 1990s, the pro-
portions decreased, starting at a slow rate
and then at a greater rate (Figure 1; Coble
and Lee 2002). Starting in 2002, the over-
all infection rate remained 3 4 percent for
loblolly pine and further declined to about
14 percent for slash pine (Figure 1). Overall,
we came to three conclusions: (1) Even
though rust incidence varies among years

depending in part on favorable or unfavor-
able weather at critical periods in the rust
life cycle (Figure 1; Dinus and Schmidt
1977), overall rust infection rates for both
pines decreased with increasing stand age
(Figure 1). (2) Substantially more rust
infections occurred on slash pine than on
loblolly pine (Figure 1; Hunt and Lenhart
1986, Coble and Lee 2002, Bridgewater
and Smith 2002). And (3), more stem-
infection than branch-infection occurred
(Figure 1). Higher fusiform rust infection
for slash pine compared with loblolly pine
was also reported elsewhere in the US South
(Starkey et al. 1997, Randolph et al. 2015).
It is important to note that the temporal
trend results from a combination of e ects

including environment (such as year-to-year
variation in weather), tree age, growth, and
their interactions. Also, similar to previous
studies (Schmidt et al. 1986, Coble and Lee
2002), dead trees were removed and not
included in proportion calculations, possi-
bly resulting in underestimating infection
ratios. Infection ratios would be underes-
timated if e ected trees died but overesti-
mated if uninfected trees died.

e use of an ordinal, multinomial
logit model using GLMMs was found to be
a sound methodology to predict the proba-
bilities of rust infections. Generalized linear
mixed models are an extension of the linear
mixed models to situations with a distribu-
tion other than normal by combining the
properties of linear mixed model (which
incorporates random e ects) and general-
ized linear model (which handles non-nor-
mal data by using linking functions and
exponential family).  erefore, GLMMs
can account for hierarchical structure of
data and allow for nested and crossed ran-
dom-e ect terms (Zuur et al. 2009, Vonesh
2012) and non-normal data. In previous
studies, logistic regressions (Borders and
Berry 1986, Arabatzis et al. 1991) have
often been used, in which each observation
is assumed to be independent, which is not
always completely true in longitudinal data
collected from permanent plots. e vari-
ances among plots and trees within plots in
this study were signi cant, suggesting the
importance of incorporating these sources
of variation into modeling. While the ordi-
nal, multinomial logit model using GLMMs
is appropriate for construction of models, it
does not provide residuals for evaluating
the precision of predictions. Further work
should, therefore, include evaluation of the
predictions at a tree or stand level.

As expected, our results showed that
fusiform rust infections for both pines
were a ected signi cantly by tree and stand
variables. Two variables, SI and HLC, cor-
related signi cantly with rust infections
for both pines (Table 2). e rust infected
probabilities increased with increasing
Sl for both pines (Figures 2 and 3). e
majority of previous studies found Sl to
be positively correlated with rust infection
(Nance et al. 1981, Borders and Baily 1985,
1986, Arabatzis et al. 1991), whereas oth-
ers found a negative correlation (Schmidt
et al. 1988) or no relationship at all (Miller
1972, Froelich and Schmidtling 1998). Our
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Figure 3. Changes in rust infection probabilities for slash pine trees following the changes
in (a, b) stand density, (c, d) site index, (e, f) age, and (g, h) tree height to living crown.

results, while in parallel to the majority of
studies overall, further con rmed that the
Sl's impacts on rust infection probability
were weaker on branch-infection than on
stem-infection and were weaker on lob-
lolly pine than on slash pine. Di erently,
HLC strongly and negatively related to rust

426 Journal of Forestry ~ September 2018

infection for both pines (Table 2; Figure 2).

is speci ¢ relationship has not been pre-
viously reported. One possible, although
speculative, explanation is that lower
branches containing galls died and self-
pruned before they could infect the main
stem, which occurs more in trees with a

larger HLC. e fact that it is more di cult
to observe symptoms on branches at greater
heights may also contribute to this. For
both species, e ects of HLC on branch-in-
fection were small but could be serious on
subsequent stem infection.

Our results also show that some vari-
ables were signi cant for one pine species
but not the other. Unlike the temporal
trend (Figure 1), holding constant with
other stand variables, fusiform rust inci-
dence increased with stand age for slash pine
(Figure 3). A similar relationship, although
statistically weakly signi cant (P = 0.058),
was also found for loblolly pine (data not
shown). In the literature, the relationship
between rust infection and age was found
to be positive for both species (Dinus and
Schmidt 1977, Borders and Baily 1985,
Lenhart et al. 1994, Adams et al. 1996).
It is generally reported that rust incidence
is unrelated to stand density (Wakeley
1969, Miller 1972, Border and Baily 1986,
Froelich and Schmidtling 1998). Our results
con rmed this for loblolly pine but contra-
dicted these studies for slash pine, for which
rust incidence was positively correlated to
stand density. One possible explanation,
although speculative, is that slash pine does
not self-prune infected branches as strongly
as loblolly pine. It is also possible that
higher stand densities facilitate the spread
of rust, even though diseased trees are not a
direct risk to the surrounding healthy ones
since spores that infect pines come only
from oak leaves. Plantation density for slash
pine varies substantially in east Texas, but
it mostly ranges between 350 and 650 trees
per acre; within these densities, changes 2
percent or lower in branch-infection but
greater than 6 percent in stem-infection
were observed. Overall it is unknown why
slash pine rust infection did not respond as
expected to stand density or why it varied
from loblolly pine.

Individual tree DBH showed positive
relationships with rust infection levels for
loblolly pine. At a given stand density and
site quality, more rapid growth is re ected
by larger DBH in a monoculture. Fusiform
infection is greater in rapidly growing trees
than in those with slower growth (Schmidt
1998, Adams et al. 2010).  ere was a Sig-
ni cant correlation between rust incidence
and diameter, which is logical consider-
ing the positive relationship between fast
growth of young trees and rust infection.
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