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General Introduction 

 

 Roots are essential to tree life and yet only dimly understood; they are a huge part 

of every tree’s mass and yet almost impossible to explore. Tree climbers can now map in 

their wholeness the intricacies of giant, ancient tree crowns 350 feet above the ground, 

but the seasonal turnover of fine root networks on those same trees must still be inferred 

from partial observation and sampling. The same climbers are fetching and 

photographing examples of a high-rise ecosystem we had no idea existed twenty years 

ago, including entire expanses of well-developed soil and “terrestrial” animal species 

living their life cycles in the tree crowns; meanwhile, we have cataloged only a tiny part 

of the species from all the kingdoms of life that live in and near those trees’ roots. Roots 

and the soil surrounding them compose milieux that are resistant to study because, like 

the interiors of trees, they are in some sense sealed systems, so that disturbing them 

breaks their continuity—but also because they are rich in numbers of individuals and 

diversity of species. 

 Both helped and hindered by the other species that share the soil with them, roots 

serve a myriad of essential functions for trees. They hold trees in the ground. They forage 

for water deep in the soil profile as well as horizontally through the upper layers of the 

forest floor, competing with the root networks of neighboring trees for this important 

resource just as stems and crowns help the tree compete for sunlight. Likewise, they 

gather scarce mineral nutrients from the soil territories they claim. Roots can stay alive 

when the tree stem dies, producing adventitious shoots that develop into new tree crowns, 

providing the tree with continuity through many cycles of forest disturbance and 

development and affording some tree species a longevity that we cannot estimate with 
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much precision. While performing all these functions, roots at the same time offer an 

incredibly large and exposed surface area to resident soil organisms, some of which, like 

mycorrhizas, integrate themselves into the life of roots in mutualistic symbiosis, while 

others take advantage of root physiology and the peculiarities of root developmental 

processes to enter the tree and begin the process of colonizing the living and dead tissue 

within it. 

 The latter organisms cause root diseases. Organisms from many kingdoms of life 

cause these diseases, including viruses, bacteria, fungi, nematodes, vertebrate animals, 

other plants, and many miscellaneous organisms such as oomycetes and other protists 

(Agrios 2005). Many of these disease-causing organisms have important and long-lasting 

impacts on Missouri tree species. One current example is the oomycete fine root-

decaying pathogen Phytophthora cinnamomi Rands, which current research has linked to 

unusual levels of rapid mortality of white oak (Quercus alba L.) in various areas around 

Missouri, especially the southeastern part of the state (Reed and Wright 2015). Many 

other root disease-causing organisms are present in Missouri forests and cause varying 

levels of damage. On the list of root-damaging fungi alone, I have observed, during my 

short time in Missouri, three species of Armillaria, Heterobasidion irregulare Garbel. & 

Otrosina, Inonotus dryadeus (Pers.; Fr.) Murr., Laetiporus sulphureus (Bull.) Murrill, 

Ganoderma lucidum (Curtis) P. Karst, Fistulina hepatica (Schaeff.) With., Bondarzewia 

berkeleyi (Fr.) Bond. Et Singer, Omphalotus illudens (Schwein.) Bresinsky & Besl, and 

Kretzschmaria deusta (Hoffm.) P.M.D. Martin, as well as several oomycetes 

(Phytophthora and Pythium spp).  Despite this richness of potential study subjects, this 

dissertation confines itself to the study of two genera of root disease-causing fungi that 
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are economically and ecologically important to both conifers and hardwoods throughout 

the northern hemisphere: Armillaria and Heterobasidion.  

 Missouri is an exemplary place to study these fungal genera. I chose to study here 

partly out of interest in red oak decline, the episodic, region-wide mortality of oak trees, 

particularly black oak (Quercus velutina Lam.), scarlet oak (Quercus coccinea 

Muenchh.), and northern red oak (Quercus rubra L.), that has visited the Missouri and 

Arkansas Ozarks periodically for many decades (Dwyer et al. 1995, Haavik et al. 2015). 

Around the turn of the twenty-first century, a particularly notable episode of red oak 

decline began, accompanied by an unprecedented rise in the population of the native red 

oak borer (Enaphalodes rufulus Haldeman) (Muzika and Guyette 2004). This mortality 

episode sparked a re-evaluation of biological agents, environmental factors, and forest 

stand dynamics underlying the decline. These studies uncovered, and are still uncovering, 

valuable new information about these agents, including appraisals of the red oak borer as 

an emerging native tree pest (Muzika and Guyette 2004, Haavik et al. 2015), reviews of 

the importance of stand stocking levels and topographic position in decline etiology 

(Kabrick et al. 2008, Voelker et al. 2008), and models of individual-tree vulnerability to 

decline (Shifley et al. 2006, Fan et al. 2008, Voelker et al. 2008). One constant factor in 

studies of oak decline from earlier decades until now, as well as from other parts of the 

eastern deciduous forest, has been a recognition of the ubiquitous involvement of 

Armillaria species in the initiation and continuation of these mortality episodes (Oak et 

al. 1996, Bruhn et al. 2000). The decline episode of the late 1990s and early 2000s 

produced new knowledge about Armillaria as well, especially about which species are 
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present in declining areas (Bruhn et al. 2000, Kelley et al. 2009) and their likely pathways 

of infecting residual stumps and regenerating oaks (Bruhn et al. 2005).  

 The overall story of red oak decline emerging out of this body of research ties the 

increasingly severe mortality episodes to the history of land use in the Ozarks. After late 

nineteenth- and early twentieth-century timber speculators removed much of the Ozarks’ 

old-growth shortleaf pine (Pinus echinata Mill.) (Cunningham 2007), fast-growing 

resprouting species such as black and scarlet oak recaptured many of the cleared sites. 

Subsequent attempts to use the cleared sites for grazing and agriculture eliminated most 

of the non-resprouting species and encouraged erosion of exposed hillsides. Again, red 

oak species were the best adapted to growing on these sites, with their soils characterized 

by a large stone fraction and some microsites dominated by clay fragipans and high 

acidity. Interestingly, red oak species are more vulnerable to a number of secondary pests 

native to the region than white oak or other hardwood species. These pests include 

Hypoxylon canker (caused by Biscogniauxia spp.), two-lined chestnut borer (Agrilus 

bilineatus Weber), red oak borer, and Armillaria. As the red oaks age, they become 

increasingly vulnerable to growth slowdowns during times of abiotic stress, such as the 

periodic severe droughts that characterize the region, and these secondary attackers then 

move in. More detail about the dynamics of these decline episodes is given in Haavik et 

al. (2015).   

 Armillaria dominates much of our understanding of red oak decline because it 

both responds to and causes stress on trees: to a degree unmatched by any of the other 

secondary attackers listed above, it serves as both predisposing and contributing factor in 

the tree decline spiral of Manion and Lachance (1992). It has increased in importance in 
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tandem with red oaks in the Ozarks over the twentieth century. When we turn our 

attention to the desired endpoint of many forest restoration efforts in the Ozarks—the 

“original” forest dominated by shortleaf pine—another root disease claims attention. This 

is Heterobasidion root disease, also called annosus root rot, caused by the fungus 

Heterobasidion irregulare. This fungus is best-known as a disease of intensively 

managed forest landscapes because it produces a more or less continuous flow of 

basidiospores that saturate the atmosphere of shortleaf pine forests and quickly colonize 

the stumps of cut conifers (Woodward et al. 1998). From there, the fungus moves by 

root-to-root contact beneath the soil, colonizing the roots of neighboring trees and 

making the trees more attractive to bark beetle attack. H. irregulare probably helped 

maintain virgin pine forests in the “shifting mosaic” state hypothesized to characterize 

old-growth forests (Kohm and Franklin 1997) by killing individual overmature trees, 

which would then produce complex vertical structure in the forest canopy and would 

eventually fall to make gaps that would be colonized by new tree cohorts. The 

transformation of much of the Ozarks from large pine tree forests to hillsides of stumps 

probably benefited H. irregulare at first by providing numerous new woody food bases to 

colonize, but as time went on with little pine regeneration occurring, this pathogen faded 

in prominence. A mid-century wave of pine planting throughout the region by the U.S. 

Forest Service resulted in some noticeable mortality of young pines (Berry and Dooling 

1962), but as these plantations continued to grow, interest in H. irregulare once again 

faded and systematic knowledge of its whereabouts was lost. 

 This dissertation pursues a clearer understanding of both disease-causing genera, 

Armillaria and Heterobasidion, in Missouri. As we can see, these pathogens, although 
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diverse in their biology and effects, are linked by ecology and land-use history. The 

projects included in this volume pursue aspects of the forest ecology of these pathogens 

that are relevant to forest management in Missouri today. The first chapter presents the 

results of a survey for H. irregulare throughout the native range of shortleaf pine in 

Missouri as well as in a selection of areas outside that range. In the second, attention is 

given to Armillaria species in young, recently clearcut stands as well as mature stands in 

a mesic hardwood forest in central Missouri, in an attempt to understand whether the 

fungus is associated with normal successionally-related mortality there. The third project 

examines the continuing presence of Armillaria species on resprouting stumps in an even 

more recent clearcut and contrasts those findings with a nearby 50-year-old clearcut. Two 

appendices present the published results of research ancillary but closely related to these 

investigations: one paper that discusses the concepts and terminology of tree senescence, 

particularly as they are related to biotic antagonists such as Armillaria, and one paper that 

explores tree vigor several years after a severe episode of red oak decline in the Missouri 

Ozarks. 

 Although these projects feature a diversity of location and approach, two 

overarching themes emerge from them when they are read as a whole. First, native root 

pathogens are remarkably persistent on the landscape, even after those landscapes (like 

the Ozark Highlands) are altered by widescale host tree removal and changes in other 

vegetation and soil characteristics. Second, attempts to understand and manage these 

pathogens must take account of the ways in which they have evolved to participate in the 

larger processes of forest succession, and the ways in which large-scale climate change 

may alter this participation. It says much about the enduring fascination and complexity 
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of Missouri’s forest landscapes that although a large and significant body of research has 

emerged concerning root diseases of the state’s native trees, we have barely begun to 

scratch the surface of what remains to be learned.         
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Distribution of Heterobasidion irregulare in Missouri pine-oak forests 

 

Abstract 

I surveyed the Missouri Ozarks region for the pathogenic fungus Heterobasidion 

irregulare, a parasite that has gone largely disregarded within the region since the 1960s 

despite its potential to cause major problems for the restoration and management of 

shortleaf pine (Pinus echinata Mill.). Using spring surveys, I recovered the pathogen (as 

both spores and basidiomata) at 21 of 31 surveyed sites throughout the extent of the 

Ozarks region. Using a more intensive spore-trapping procedure, I also surveyed pure 

hardwood stands within the oak-pine matrix and pure hardwood forests outside the 

distribution of shortleaf pine. I detected some spores from pure hardwood stands that 

were relatively near overstory pines, but I detected no spores from pure hardwood forests 

at long distances (>100 m) from pines. I conducted a GIS-based analysis of pathogen 

presence and relative spore abundance relative to pine patch distance, pine patch size, and 

pine patch edge length within the surrounding landscape and determined that distance to 

the nearest overstory pine as well as the number of pine patches within 500 m were 

important predictive variables. These data indicate that Heterobasidion irregulare 

inoculum is likely to be detected within 100 m of overstory pines in the Missouri Ozarks 

region and demonstrate the ability of this pathogen to persist and spread inoculum even in 

a landscape with significantly reduced host plant density.  
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Introduction 

Forest managers recognize the basidiomycete fungal genus Heterobasidion as the 

most damaging root disease of conifers in the northern hemisphere (Hodges 1969; 

Woodward et al. 1998). In North America two species, H. irregulare Garbel. & Otrosina 

and H. occidentale Otrosina & Garbel., cause significant economic losses to managed 

forests. These two species also greatly affect forest stand structure, succession, nutrient 

cycling, and wildlife habitat in forests of all ages by creating canopy gaps, returning 

nutrients sequestered in woody material to the soil, and contributing downed woody 

material and tree cavities for animal protection and nesting (Goheen and Otrosina 1998; 

Garbelotto 2004). 

In the lower Midwest and southeastern United States, several pine species as well 

as eastern redcedar (Juniperus virginiana L.) are susceptible to H. irregulare infection. 

Young, thinned plantation pine stands in particular suffer from large-scale mortality in 

this region (Alexander 1989; Filip and Morrison 1998). Despite this reputation as an 

economic pest, the pathogen has not been well studied in the northern part of the shortleaf 

pine (Pinus echinata Mill.) distribution in the Ozark Highlands of Missouri. The absence 

of research may relate to the extensive early removal of old-growth pine in the Ozarks, 

where loggers harvested nearly all the virgin pine resource, and where subsequent land 

uses encouraged colonization of the landscape by oak species (Cunningham 2007). 

Because of this, shortleaf pine abundance has been estimated to be somewhere between 6 

and 50% of what it was at the turn of the twentieth century (Liming 1946; Guyette et al. 

2007; Scroggins et al. 2013). The USDA Forest Service produced a limited number of 
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shortleaf pine plantations in this fragmented landscape and subsequently observed, ca. 

1950s-1960s, Heterobasidion-caused mortality of young trees that reached up to 75% in 

at least one plantation (Berry and Dooling 1962). However, this wave of mortality 

subsided within a decade (Eng 1965; Lautz 1967), and little further attention was given to 

the pathogen in Missouri. 

In 2013 and 2014 I conducted a non-systematic survey for H. irregulare in the 

Missouri Ozarks region, motivated by several considerations. First, the pathogen has 

recently increased in prominence in eastern white pine and red pine forests in Wisconsin 

(Stanosz et al. 1995; Erbilgin and Raffa 2002), drawing attention to gaps in our 

knowledge of the pathogen’s distribution and ecology in mid-North America. Second, 

recent study of H. irregulare in Italy, where it is non-native and highly invasive, 

suggested that it unexpectedly resides in pure hardwood forests there (presumably by 

infecting hardwood tree species, although the host(s) have not been determined) rather 

than being restricted to forests containing pine; this raises the question of whether this 

behavior is novel in invaded habitats or is also exhibited in the pathogen’s native range 

(Gonthier et al. 2007; Gonthier et al. 2012). Finally, a resurgence of interest in restoring 

shortleaf pine across native landscapes in the lower Midwest and upper South (e.g., 

Loewenstein and Davidson 2002; Guldin 2006; Kabrick et al. 2007; Tuttle and Houf 

2007; Scroggins et al. 2013) has drawn attention to the importance of understanding the 

distribution of this important pathogen and its potential for hampering such restoration 

efforts. These factors, plus a general lack of knowledge about the pathogen’s distribution 

and ecology in Missouri, led to this initial effort. To accompany our general attempts to 

find the pathogen, I formulated the following research questions: 
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 How widely does H. irregulare occur in MO shortleaf pine forests? 

 Is presence of H. irregulare related to nearby (within 500 m) pine 

patch density? 

 Is presence of H. irregulare related to nearby (within 500 m) pine 

patch size? 

 Is crude abundance (i.e., estimated point sporeload) of H. irregulare 

related to nearby pine patch density? 

 Is crude abundance of H. irregulare related to nearby pine patch size? 

 Is current presence of H. irregulare related to historic pine presence? 

Methods 

Study Sites 

I surveyed 31 sites throughout the Missouri Ozarks and surrounding region to 

assess H. irregulare distribution, spanning several ecological subsections delineated by 

Nigh and Schroeder (2002) (Fig.1). To address the relationship of H. irregulare to 

hardwood and historic pine habitat in Missouri, I sampled selected pure-hardwood stands 

within the historic (early 19
th

 c.) native distribution of shortleaf pine as well as selected 

hardwood stands 36 and 128 km outside this distribution as delineated in Harlan (2008) 

(Fig. 2). The sites outside of the historic distribution of pine helped me to ascertain 

whether H. irregulare commonly infects eastern redcedar in areas outside the range of 

pine; such infection was recently reported (S. Wright, Missouri Department of 

Conservation, personal communication). 
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These sites vary in mean temperature and precipitation throughout the year but 

generally exhibit a continental climate, with a mean January low temperature of -4°C and 

a mean July high temperature of 32°C (Decker 2015). Precipitation averages ~1300 mm 

per year in the Ozarks region (Decker 2015). Topography varies greatly, from hardwood-

dominated flats near the Missouri River at the northern edge of the Ozarks in Boone 

County to extremely dissected landscapes associated with major Ozark drainages such as 

the Current, Black, Gasconade, Meramec, and White Rivers. Shortleaf pine stands 

generally reach their greatest density and productivity on substrates weathered from the 

Roubidoux formation, which provides sandstone-derived acidity to the soils; areas 

underlain by limestone and dolomite historically have featured more mixed hardwood-

pine forests (Kabrick et al. 2004; Guyette et al. 2007).   

Survey Protocols 

To find H. irregulare and estimate its relative abundance, I employed three kinds 

of surveying procedures of varying complexity across this landscape. Each of the first 

two survey procedures was centered on an approximately 60 m X 60 m area, but the 

second also effectively reached beyond this area through sampling of the air spora. First, 

I explored suspect sites for H. irregulare basidiomata, focusing our search on the most 

likely places for basidiome production: standing dead trees, windthrown trees, stumps, 

and logs. Second, I adapted the procedure of Gonthier et al. (2007) to detect airborne 

basidiospores of H. irregulare. For this procedure, I harvested small shortleaf pine trees 

from non-native habitat (Baskett Research and Education Area, Ashland, Missouri), 

removed the bark, and cut them into 1-cm-thick disks. Within 24 hours of cutting disks, I 

placed them at each survey site, with one disk in the center surrounded by four disks 10 
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m (at our initial sites) or 30 m (at most sites) distant in the four cardinal directions. I 

sprayed each disk with ethanol and placed it on the forest floor in an open petri dish upon 

filter paper moistened with 3 mL distilled water. I also placed a control disk at the center 

of each plot; this disk was identical to the others except that the lid of the petri dish was 

closed. This enabled me to ascertain whether bait stock was infected with H. irregulare 

prior to the surveys. All surveys took place in March-April 2013 and/or March-April 

2014, following Drummond and Bretz (1967), who determined this to be the time of 

maximum airborne inoculum production for H. irregulare in Missouri. 

I exposed each disk for approximately 24 hours (range: 17.5-24 hr), retrieved it, 

remoistened the filter paper, and incubated it at room temperature for 7-14 days. 

Beginning at day 7, I searched the entire surface of each disk daily with a dissecting 

microscope to mark the emergence and growth of the distinctive conidiophores of 

Spiniger meineckellus, the anamorph of Heterobasidion spp (Stalpers 1974). I marked the 

perimeter of each colony with a marker or pencil to track our observations and continued 

the observations until day 14, at which point I counted the number of colonies on each 

disk, measured the diameter of the disk in two orthogonal directions to obtain an average 

diameter, and calculated disk area and colony-forming unit (cfu) deposition rate (cfu 
–
cm

2
 

–
hr). We expressed relative abundance using these rates to avoid the assumption that each 

observed cfu indicated one basidiospore, as some fraction of basidiospores could be 

expected not to germinate because of unfavorable ambient conditions, competition from 

other microorganisms, or other reasons. 

Third, I conducted a more detailed survey at six sites (Clearwater 1, Clifty Creek 

CA, Compton Hollow CA, Hinkson, Fortune Hollow 2 and 3) to provide more surface 
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area for spore capture in areas, such as pure hardwood forests, where H. irregulare might 

be expected to reside at low densities, and also to determine whether we could associate 

patterns of spore deposition at the plot level in these non-pine sites with the distribution 

of stumps and redcedar saplings or trees (the two most likely local pathogen refugia). For 

this survey, I used 30m X 30m plots, deploying 30 disks in each plot by dividing the plot 

into a 1m X 1m grid and generating a random distribution of 30 points across this grid 

using the genRandomClust function within package ‘clusterGeneration’ of R (Qiu and 

Joe, 2015). I then recorded the coordinates of each stump or redcedar sapling within the 

plot and exposed, collected, incubated, and observed the disks as described previously. 

Data Analysis 

Pathogen presence 

I used GIS to derive a set of predictor variables describing conifer patch 

characteristics in the landscape surrounding each survey center point. To derive these 

variables, I used a set of georeferenced aerial photographs taken at 0.61 m (2 ft) 

resolution during leaf-off (winter) and archived at the Missouri Spatial Data Information 

System at the University of Missouri. Since these photographs were taken during leaf-off, 

and since only two conifer species were present on the landscape, I could clearly 

delineate conifer patches on the imagery. Upon each photo I generated a supervised 

classification in ArcGIS 10.2.2, using 3-7 training classification polygons depending on 

the complexity of the landscape, and then from these classifications extracted circular 

areas with 200 and 500 m radii extending from each plot center (Fig. 3). I then used the 

Patch Analyst extension (Rempel et al. 2012) in ArcGIS to calculate pine cover (m
2
), 
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mean patch size (ha), total edge of pine patches (m), and number of pine patches within 

the circular areas. Following Turner et al. (2001), I define a “patch” as an area on the 

landscape that differs from its surroundings in appearance; in this specific context, each 

patch is an area (i.e., a polygon) within the aerial photograph of similar pixel values, 

completely surrounded by an area of unlike values. Additionally, in the field I measured 

distances (m) to nearest overstory pines and then confirmed or adjusted them using the 

aerial photography. I used these pine patch and distance measures as independent 

variables to model pathogen presence or absence on the landscape, with my observations 

as a response variable distributed in a binomial manner (presence=1, absence=0). I 

constructed logistic regression models using the glmer function in the nlme package in R 

(Pinheiro et al. 2014) so that I could specify plot as a random effect and errors to follow a 

Bernoulli distribution (Pacala et al. 1993).  Preliminary analysis showed pine cover and 

total edge to be highly correlated with the other patch measurements, so I discarded those 

variables for further analysis. I used a comparison of corrected Akaike Information 

Criterion (AICc) weights to select the most plausible model (Burnham and Anderson 

2002). Additionally, I computed an R
2 

for the best model using the arm package in R 

(Gelman and Su 2015) as recommended by Nakagawa and Schielzeth (2012). 

Pathogen abundance 

I related crude pathogen abundance, estimated as cfu deposition rate at the traps 

averaged at the plot level, to the same suite of predictor variables. For this analysis I used 

generalized linear mixed-effects models because the count response variable (cfu 

deposition rate) was distributed non-normally; I compared model fits under both Poisson 

and negative binomial distributions (using the glmer function for the former and the 
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glmmadmb function in the R package of the same name  for negative binomial mixed 

modeling). I used a similar model selection procedure involving AICc comparison as 

with the former analysis.  

Spore deposition and pine stump locations 

Of the six sites at which I placed 30 randomly distributed disks, I detected spores 

at only one (Clearwater 2). At this site spores were deposited on 9/30 disks. No redcedar 

existed on this plot. I mapped the stumps and calculated the distance between each disk 

and each stump using the spatstat package in R (Baddeley and Turner 2005), then 

summed the distance from each disk to all stumps. This was to capture the possible effect 

of any surviving inoculum, which would likely be located only in few, and probably 

randomly distributed, stumps. I then plotted spore deposition rates against the summed 

distances to examine the data for patterns and used spatstat to produce spatial distance 

maps that showed graphically the distances between stumps and positive disks.   

Results 

Pathogen presence 

I detected spores of H. irregulare/S. meineckellus or found H. irregulare 

basidiomata at 21 of 31 surveyed sites (Table 1). I recovered spores at 15, basidomata at 

11, and both at 5 of these sites. The sites varied in forest structure and characteristics, 

especially in the relative proportions of pine cover in the surrounding landscape. The 

ratio of conifer cover to hardwood cover within a 500-m-radius circle surrounding each 

sampling point ranged from 0.000705 (at Fortune Hollow 3) to 0.681016 (at Big Piney 

B). I only found one basidiome on one standing tree, attached to the roots of a shaded-out 
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sapling at the Clearwater 1 site. All other basidiomata had either grown from stumps or 

on the undersides of windthrown tree trunks (Fig. 4). Windthrow damage at most sites 

was minor and mostly limited to isolated group windthrows of 4-5 pines, with the 

exception of the Sinkin 1 site, where a 2009 derecho that extended across most of the 

width of the state uprooted many trees of all species. 

Because I detected no H. irregulare at the Hinkson, Clifty Creek, and Compton 

Hollow sites (based on surveying with 30 disks per site) and these sites lie outside the 

historical range of shortleaf pine, I omitted them from further analyses. No statistical 

differences between pine patch characteristics within 200- or 500-m-radius circles around 

the plot were detected (i.e., these characteristics remained proportional from smaller to 

larger circular areas), so I used the 500-m-radius landscape classifications for further 

analysis. To predict the probability of detecting the pathogen at a given site, AICc score 

comparison identified one best variable: distance from the nearest overstory pine (Table 

2), which is supported by the failure to detect spores on any baits at distances larger than 

91 m from the nearest such pine. This model had a marginal (i.e., fixed-effects) R
2 

of 

0.64. Estimated random effects were so small (4.96 X 10
-15

) in comparison to residual 

variance as to be negligible.  

Pathogen abundance 

I detected spores at 15 of the 31 visited sites. Models resulting from assuming a 

Poisson distribution for pathogen abundance count data were overdispersed, suggesting 

that negative binomial regression was more appropriate. Modeling of the count data using 

the negative binomial distribution indicated near-equal support for three possible models, 
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all containing terms for both distance from the nearest overstory pine and the number of 

pine patches within 500 m from plot center (Table 3). The presence of the interaction 

term indicates a slight synergistic effect between the two variables: the slope of the 

regression increases with a combination of decreased distance from pines and increased 

numbers of pine patches within a 500 m radius. 

Relationship of spore deposition and stump presence  

I detected no spores at locations where I deployed traps (30 at each site) with 

redcedar present but outside of the range of shortleaf pine (Hinkson, Clifty Creek CA, 

and Compton Hollow CA) or at sites with only hardwood stumps onsite and shortleaf 

pine 100-200 m distant (Fortune Hollow 2 and Fortune Hollow 3). I detected spores on 9 

of 30 disks at Clearwater 2, a site under a pure hardwood canopy but containing 

numerous very old pine stumps and with mature pine trees 77 m distant. Estimates of 

deposition rates on these 9 traps ranged from 10-74 cfu
 –

m
2 –

hr, but these rates were not 

normally distributed across the positive traps. Examination of distance maps of stump 

concentration and positive traps did not indicate an obvious relationship between spore 

load and the spatial array of stumps; in fact, positive traps appeared to be clustered 

closest to the area of the plot with the lowest density of stumps. Plotting the distribution 

of spore detections relative to the summed distances from each trap to all plot stumps 

confirmed this (Fig. 5). Therefore, I did not attempt statistical hypothesis testing to 

address the question of the relationship between cfu deposition and stump distribution in 

this plot.  
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Discussion 

Heterobasidion distribution in Missouri  

I used this survey to examine this important pathogen’s presence in Missouri 

shortleaf pine forests for the first time since the 1960s and found it to be very widely 

distributed within an area extending  ~225 kilometers east-west and 175 kilometers north-

south. This is the first region-wide survey undertaken since the 1960s, and it provides an 

interesting contrast with the conclusions of those earlier surveyors. Lautz (1967), writing 

several years after H. irregulare-caused mortality in shortleaf pine plantations had 

peaked, implied that the pathogen’s niche was limited to young, thinned pine plantations 

and that as the plantations matured the pathogen’s presence and influence were waning. 

However, although many forest management practices such as thinning and tree harvest 

do facilitate transmission and development of Heterobasidion infestations in forest stands 

(e.g., Barnard et al. 1991; Woodward et al. 1998), the pathogen is by no means limited to 

plantations; it also exercises influence over gap creation and forest succession in 

unmanaged old-growth stands (e.g., Bendel et al. 2006). The current survey revealed the 

widespread presence of a pathogen that I conjecture played an important role in the 

Missouri old-growth pine forests of the early twentieth century, that survived the removal 

of most of these pines by spore dispersal from one isolated pine patch to another, and that 

continues to cause root rot, mortality, and windthrow on limited scales that match the 

limited distributions and sizes of pine patches in the Ozarks. 
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Heterobasidion and landscape structure 

This survey and analysis support the apparent dependence of H. irregulare on the 

presence of shortleaf pine across the Missouri landscape. In the Missouri Ozarks 

landscape, I did trap H. irregulare spores under pure hardwood canopies, but these sites 

were less than 100 m from shortleaf pine trees. Perhaps because of past logging activity 

in the Missouri Ozarks, the pine-oak forests of this region constitute a very fine-scale 

mosaic of patch types where I found it difficult to sample pure hardwood canopies that 

extend farther than 100m from the nearest pine trees, even though in many cases the pine 

patch is limited to only one or a few pines. I sampled two sites in hardwood forests just 

outside the Ozarks range of shortleaf pine (each 36 km distant), plus a much more remote 

hardwood site (128 km distant), and recovered no spores, despite using large numbers of 

spore traps per site and despite the presence of the alternative host Juniperus on all three 

sites. The possibility remains that 30 traps per site provides insufficient sensitivity to 

detect spores in these non-pine sites. 

The statistical analysis here did not provide a complete predictive model of 

pathogen presence and abundance, nor does it support classical hypothesis testing about 

specific variables. Obviously, a number of other kinds of variables (e.g., topographic, 

climatic/temperature, and stand history/stand development variables) influence the 

pathogen’s life cycle and epidemiology. Throughout the analyses, distance from the 

nearest overstory pine consistently (and inversely) influenced pathogen presence, no 

surprise given previous research on this pathogen’s dispersal distances (e.g., Möykkynen 

et al. 1997). In combination with the failure to recover H. irregulare from sites 

containing redcedar but no pine, I suggest that the pathogen depends on the presence of 
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pine for survival and reproduction across its range in Missouri. Confirming this 

preliminary conclusion will require more surveys of sites that contain redcedar and 

hardwoods but no shortleaf pine at the Ozarks edge.  

What I have observed in Missouri forests suggests that H. irregulare does not 

occupy pure hardwood habitats as it apparently is in Italy, where it is non-native and 

invasive and is increasingly excluding the native H. annosum. Gonthier et al. (2012) 

posed the question whether this ability to occupy oak forests is a novel characteristic in 

the invaded habitat or also characterizes the pathogen in its native habitat. Our failure to 

detect this pathogen in pure hardwood forests in Missouri suggests that adaptation to oak 

habitats may indeed be a novel behavior in Europe, although clearly more surveying is 

necessary across the pathogen’s native habitat in the western, midwestern, and 

southeastern U.S. (including in Missouri) to establish this. 

Landscape-level predictor variables of pathogen presence and abundance other 

than distance from pine require more exploration. The ratio of pine to hardwood cover in 

the surrounding landscape, and its spatial configuration, influence the pathogen’s 

presence to at least some degree, as indicated by the consistent presence of patch 

characteristics in the models. These characteristics, especially the number of pine patches 

in a given landscape, appear to influence H. irregulare presence and abundance through 

shortening the distance between any given landscape point and the nearest overstory pine 

(cf. the apparent synergistic interaction between number of pine patches and distance 

from nearest pine in the models). This has two implications: (1) assessment of Missouri 

landscapes for likelihood of Heterobasidion presence can potentially be done by 

examining remotely-sensed photos, and (2) a highly fragmented landscape of pine, with 
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many small patches or individual trees, can blanket a landscape with Heterobasidion 

inoculum as efficiently as a landscape with few but large pine patches, if not more so.   

Although Heterobasidion is not exclusively airborne, the second point is relevant 

to disease control efforts with pathogens that are. In particular, examining the behavior of 

this native pathogen relative to host density and configuration can inform efforts to 

eradicate non-native, invasive, airborne pathogens such as Phytophthora ramorum, cause 

of sudden oak death. P. ramorum has proven difficult to eradicate from those landscapes 

in which eradication efforts have been undertaken (Kanaskie et al. 2009). In some cases, 

this difficulty is owing to incompleteness of treatment; if any isolated, individual host 

trees (or regrowing host material) are left at all within treatment areas, they can serve as 

points of connection to relay airborne inoculum across the landscape, frustrating the 

treatment goals. The case of H. irregulare in the Ozarks stands as an analogue to 

incomplete treatment, demonstrating the insufficiency of 50-90% host removal to remove 

an airborne pathogen from a wide landscape over the long term.  
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Figure 1. Missouri survey sites for Heterobasidion irregulare. A dot denotes a site where 

we detected the pathogen either as basidiomata or basidiospores; an X denotes a site 

where we did not detect the pathogen. The shaded area denotes the historic (early 19
th

 c.) 

native distribution of shortleaf pine in Missouri. 

 

  



33 
 

Figure 2. Photos of example surveyed landscapes. A: Big Piney B (BpB) site (mature, 

planted shortleaf pine stand). B: Fortune Hollow 1 site (pure hardwood stand maintained 

with periodic burning). 
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Figure 3. Shortleaf pine distribution in two example Missouri landscapes. A: Leaf-off 

image of BpB site, showing large, connected patches of shortleaf pine on the landscape. 

B: BpB site with a GIS-derived supervised classification superimposed on a 500-m-

radius circular area around plot center (light gray color denotes hardwood cover). C: 

Leaf-off image of Clearwater 2 site. D: Clearwater 2 site with 500-m-radius circular 

supervised classification displaying the patchy, small-scale distribution of pine on the 

landscape (light gray color denotes hardwood cover). 
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Figure 4. Heterobasidion irregulare signs detected at Missouri survey sites. A: Typical 

basidiome location on underside of fallen pine tree (BpB site). B: Layers of old annual 

basidiomata on a pine stump with current year’s new hymenium on bottom (Alford 2 

site). C: Demarcations of individual conidial colonies on shortleaf pine bait disk; this 

extremely heavy spore load is an outlier in the data set (BpB site). D: Very small 

basidiomata (“popcorn” or “button” conks) growing beneath bark on old cut stump 

(Council Bluffs Lake 2 site). E: Close-up of basidiomata in (D). F: Typical white-

pocketed, stringy decay caused by H. irregulare (Scotia Pond site). 
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Figure 5. Plot of summed distances between cfu deposition rate at each pine-disk spore 

trap and all stumps within the plot (Clearwater 2 site). 
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Table 1. List of sites surveyed with basic characteristics. UTMN = Universal Transverse 

Mercator “northing” coordinates, Zone 15N; UTME = UTM “easting” coordinates, Zone 

15N. 

Site UTMN UTME Year 
Canopy 

cover  

Pathogen Detection Type Mean cfu 
deposition 
rate   (cfu 
—m2 —hr) 

BASIDIOMATA BASIDIOSPORES 

Alford 1 556843 4068441 2014 pine-oak x 
 

n/a 

Alford 2 555462 4067649 2014 pine-oak x 
 

n/a 

Big Piney B 587881 4163925 
2013, 
2014 

mature 
pine 

x X 595 

Big Piney 1 591040 4166540 2013 hardwood 
 

X 8 

Big Piney 2 590211 4165940 2013 
young 
pine  

X 14 

Big Piney 3 587591 4164475 2013 hardwood 
 

X 89 

Clearwater 1 
69868

3 
4111932 2013 

mature 
pine 

x X 85 

Clearwater 2 695138 4110039 
2013, 
2014 

hardwood 
 

X 8 

Clearwater 3 698251 4111620 2013 pine-oak 
  

n/a 

Clifty Creek 
CA 

589354 4209856 2014 hardwood 
 

n/a 

Compton 
Hollow CA 

499295 4120215 2014 hardwood 
 

n/a 

Council 
Bluffs Lake 1 

682401 4178084 2014 
hardwood
, some 
pine 

x x 138 

Council 
Bluffs Lake 
2 

681866 4177210 2014 pine-oak x 
 

n/a 

Fortune 
Hollow 1 

645736 4166313 2013 hardwood x  4 

Fortune 
Hollow 2 

645559 4165610 2014 hardwood 
 

n/a 

Fortune 
Hollow 3 

645246 4165836 2014 hardwood 
 

n/a 

Greer 
Crossing 

649173 4073371 2014 hardwood 
 

n/a 
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Harmon 
Creek 

668667 4206399 2014 hardwood 
 

n/a 

Hazel Creek 
67460

0 
4189641 2014 

hardwood
, some 
pine 

 
x 17 

Hinkson 
Creek 

558320 4308727 2014 hardwood 
 

n/a 

Lewis Lake 
64905

2 
4100322 2014 pine-oak 

  
n/a 

Noblett Lake 
1 

58056
4 

408438
0 

2014 
hardwood
, some 
pine 

 
n/a 

Noblett Lake 
2 

580172 4084594 2014 pine-oak x 
 

n/a 

Poplar Bluff 722081 4074740 2014 
hardwood
, some 
pine 

x  126 

Rocky Creek 
CA 

647423 4103656 2014 
mature 
pine 

x 
 

n/a 

Scotia Pond 647563 4154692 
2013, 
2014 

pine-oak x 
 

n/a 

Red Bluff 
Campgroun
d 

66056
2 

4186692 2014 pine-oak x x 67 

Sinkin 1 653614 4150579 
2013, 
2014 

pine-oak x x 107 

Sinkin 2 651904 4151008 2013 
hardwood
, some 
pine 

x  20 

Sunklands 
CA 

63053
0 

4129216 2014 
hardwood
, some 
pine 

x  185 

Virgin Pine 
Demo Area 

642643 4124359 2014 
mature 
pine 

x  62 
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Table 2. Candidate models to explain pathogen detection probability (i.e., likelihood of 

pathogen presence). AICc = Akaike’s Information Criterion corrected for small sample 

size; ΔAICc = change in AICc from best model to other models; w = weighted estimate 

of relative strength of model (i.e., the probability that this model would be selected as the 

best one over many repeated runs). Covariate abbreviations: PD = distance to nearest 

overstory pine; MPS = mean pine patch size within a 500-m-radius circle surrounding 

plot center; NP = number of pine patches within a 500-m-radius circle surrounding plot 

center. 

Covariates included in model (fixed 
effects) 

AICc ΔAICc W 

PD 27.55 0.0 0.58 

PD, MPS 29.96 2.4 0.17 

PD, NP 30.13 2.6 0.16 

PD, NP, PD*NP 32.92 5.4 0.04 

PD, MPS, NP, MPS*NP, MPS*PD, NP*PD 32.98 5.4 0.04 

Intercept only (null model) 35.97 8.42 0.002 

NP 38.27 10.7 0.001 

MPS, NP 40.97 13.4 <0.001 

MPS, NP, MPS*NP 43.94 16.4 <0.001 
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Table 3. Candidate models to explain spore deposition rate within plots. AICc = Akaike’s 

Information Criterion corrected for small sample size; ΔAICc = change in AICc from 

best model to other models; w = weighted estimate of relative strength of model (i.e., the 

probability that this model would be selected as the best one over many repeated runs). 

Covariate abbreviations: PD = distance to nearest overstory pine; MPS = mean pine patch 

size within a 500-m-radius circle surrounding plot center; NP = number of pine patches 

within a 500-m-radius circle surrounding plot center. 

Covariates included in model (fixed 
effects) 

AICc ΔAICc W 

PD, NP, PD*NP 179.47 0.0 0.39 
 

PD 180.21 0.7 0.27 

PD, NP 180.35 0.9 0.25 

PD, MPS 182.88 3.4 0.07 

NP 
 

185.91 6.4 0.02 

Intercept only (null model) 188.33 8.4 0.002 

MPS, NP 188.38 8.9 0.002 

MPS, NP, MPS*NP 190.61 11.1 0.002 

PD, MPS, NP, PD*MPS, MPS*NP, PD*NP 201.96 22.5 <0.001 
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Patterns of Armillaria gallica occurrence and its relationship to tree mortality in a 

central Missouri hardwood forest 

Abstract 

I investigated the spatial pattern of Armillaria gallica, a saprophytic fungus with 

facultative parasitic properties often associated with tree decline, in regenerating (20-

year-old) and mature (~100-year-old) hardwood-dominated forest stands in central 

Missouri. I used logistic mortality models to examine the association between this 

pathogen, tree competition, upper-soil moisture availability, tree species, and stand age 

on patterns of tree mortality and survival. Models indicated that tree mortality 

probabilities were largely associated with tree size and species and stand age. The other 

three variables, and interactions between them, were also associated with tree mortality, 

but their influence varied from plot to plot. I detected A. gallica in twice as many 

sampling sites in young plots as in mature plots. Conversely, I found a twofold 

occurrence of other saprophytic fungi in mature plots compared to young plots. The data 

suggest that A. gallica genets are distributed more widely in denser than open stands, 

implying a possible response to ongoing competitive stress and small-tree mortality. In 

the more mature, widely-spaced stands, other saprophytes may be better able to utilize 

forest floor resources.      
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Introduction 

The fungal genus Armillaria not only causes dramatic tree mortality and 

economic losses in forest and agricultural environments throughout the world, but also 

contributes greatly to fundamental ecosystem processes that regulate temperate forest 

growth and development. Some of these processes often highlighted in the case of 

Armillaria species include culling of regenerating trees, accelerated killing of older trees 

and those growing in stressed environments, creation of canopy gaps through selective 

mortality of large trees, and control of woody material decomposition rates (Kile 1991; 

Goheen and Otrosina 1998). Although some of this has been formally documented, 

studies of this genus often focus mostly on its pathogenic effects and treat its ecological 

functions anecdotally. Nevertheless, the ubiquity, size, and age of Armillaria species in 

certain landscapes suggest that an enhanced attention to all the ways in which it interacts 

with vegetation can improve our understanding of basic mechanisms underlying forest 

development and succession. 

 Most studies of this fungal genus that include spatial and temporal components 

have concentrated either on the identification and measurement of individual fungal 

genets across forest stands (Smith et al. 1992, Baumgartner and Rizzo 2001b, Ferguson et 

al. 2003), surveys for the pathogen across large landscapes (e.g., Blodgett and Worrall 

1992, Harrington and Rizzo 1993, Banik et al. 1996, Bruhn et al. 2000, Baumgartner and 

Rizzo 2001a, Brazee and Wick 2009, Klutsch et al. 2012, Tsykun et al. 2012), or 

elucidation of associations between Armillaria and particular forest types and 

environmental factors (e.g., Kile 1980, Mallett and Maynard 1997, Bruhn et al. 2000, 

Worrall et al. 2004, Whitney and Irwin 2005, Fromm and Davis 2007). Some, like 
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Legrand et al. (1996), have traced the influence of contrasting vegetation type on 

Armillaria occurrence. Although it is difficult to link Armillaria species and occurrence 

with changes in forest structure through time, the importance of secondary pest 

organisms like Armillaria in the etiology of forest declines provides a compelling reason 

for doing so. These declines, which have been more frequently reported and studied in 

recent years, typically involve one tree species or a closely related group of species that 

exhibit progressive reductions in vigor, scattered to aggregated mortality episodes, and 

cyclic recurrence over decades. Usually declines involve predisposing site factors, 

inciting climate cycles or weather events, and a complex of pests and pathogens as 

proximal causes of tree death (Manion and Lachance 1992, Haavik et al. 2015). These 

decline episodes are projected to worsen in severity and frequency under a warming 

climate (Breshears et al. 2005, Allen et al. 2010). Declines challenge our understanding 

of tree health and disease because shifting constellations of damage agents and events, 

many of which are secondary attackers, can produce similar decline scenarios from stand 

to stand or even from tree to tree. Since researchers have increasingly emphasized the 

larger environmental and ecological factors underlying declines, it behooves us to study 

how such factors influence and are influenced by the secondary pests that are so often 

observed to be integral actors in decline episodes.    

 Among Armillaria species in North America, A. gallica is one of the most 

frequently observed and one of the least well understood. Unlike congenerics such as A. 

mellea, A. tabescens, and A. solidipes (=A. ostoyae), this species rarely if ever causes 

stand- or landscape-level mortality of healthy trees. It has been implicated as a primary 

pathogen (mostly causing butt rot) in some cases (Baumgartner and Rizzo 2001b, Brazee 
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and Wick 2009), but other ecologists have cited A. gallica as requiring either severely 

stressed (Rishbeth 1985, Marcais and Breda 2006) or moribund (Legrand et al. 1996, 

Bruhn et al. 2000) woody substrate for successful colonization; otherwise, it is most often 

observed living saprophytically in dead standing and fallen trees or in stumps. It exists as 

large, continuous genets over vast forest soil territories in some cases (Smith et al. 1992). 

This ability to occupy large territories is facilitated by its production of rhizomorphs, 

cordlike aggregations of hyphae organized under a melanized rind that enable the fungus 

to forage through soil and under bark without being parasitized by other soil-inhabiting 

microorganisms (Garraway et al. 1991). Marcais and Breda (2006) demonstrated that 

concentrations of A. gallica rhizomorphs can provide enough inoculum to overcome the 

defenses of trees stressed by prior defoliation, and so by implication other kinds of 

stresses that deplete photosynthate reserves within the tree. This enables A. gallica to 

colonize a high-quality food base before other saprobes arrive and while tree structural 

carbohydrates are still available. When large numbers of host trees are cut, the resulting 

stumps can provide an enormous food base for any Armillaria species present on-site to 

multiply quickly and occupy an expanded territory; this surge in nutrition may enable it 

to colonize even healthy trees (Kile 1991). 

 Like many plant pathogens, Armillaria species have co-evolved with particular 

host tree genera and preferentially attack those genera. A. luteobubalina, for example, 

parasitizes Eucalyptus species (Kile 1981), and in the United States there is a close 

association between A. mellea sensu lato and Quercus (oak) (Raabe et al. 1967, Pronos 

and Patton 1978) and between A. tabescens and Prunus species (Layne et al. 2005, 

Schnabel et al. 2012). The virulent species A. solidipes attacks several conifer species but 
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generally does not seriously affect hardwoods (Omdal et al. 1995, McLaughlin 2001).  

Host associations with less virulent Armillaria species are harder to trace; in their 

decomposing capacity they may be able to colonize a variety of dead tree species that 

they may not be able to parasitize easily while living.  

 Signs of A. gallica are evident throughout the forests of the lower Midwest. This 

suggests that such a ubiquitous pathogen, even if it is a weak one, likely plays a 

fundamental role in forest developmental processes. Much has been written about 

structural concepts, processes, and mechanisms that underlie forest growth, succession, 

and development, such as competition (e.g., Pacala et al. 1993, Canham et al. 2006, Das 

et al. 2011, Sea and Hanan 2012), disturbance (e.g., Lorimer and Frelich 1989, Silva 

Pedro et al. 2015, Stevens et al. 2015), demographic senescence (e.g., Roach et al. 2009, 

Roach 2012, Baudisch et al. 2013), physiological senescence (e.g., Nooden and Leopold 

1988, Mencuccini et al. 2005, Issartel and Coiffard 2011, Salguero-Gomez et al. 2013), 

climate dynamics (e.g., Carrer and Urbinati 2004, Van Mantgem et al. 2009, Di Filippo et 

al. 2012, Dobrowski et al. 2015), and nutrient cycling (e.g., Park et al. 2008, Horton et al. 

2013, Austin and Zanne 2015). Many of these studies acknowledge the importance of 

biotic agents in these processes, but relatively few have concentrated on them or included 

them in a detailed way, largely because of the difficulties involved in detecting, 

collecting, and studying them. Exceptions include such studies as Kizlinski et al. (2002) 

and Cobb et al. (2012) for invasive insects and pathogens and Packer and Clay (2000) for 

a native soil pathogen. Where ecologists have studied forest pathogens and forest 

succession, they have largely done so under the blanket rubric of disturbance, especially 

at the more extreme ends of the disturbance spectrum (e.g., Cobb et al. 2012). I aimed to 
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deconstruct a typical forest process (such as mortality) while explicitly including an 

important biotic stress contributor. Because of their ubiquity and their ability to function 

as both pathogens and saprobes, Armillaria species were a logical choice for study. 

Although pathologists consider these fungi opportunistic, we wanted to determine 

whether, through its spatial positioning and longevity, the distribution and demographics 

of forest mortality might reflect its influence. We assumed that Armillaria spp. are 

sufficiently generalist and aggressive (especially if A. mellea is present) to exert an 

influence on forest succession that is relatively uniform, if conditional on water and light 

stress for trees. Initial data exploration showed that mortality in study site depended 

heavily on tree dbh and stand age (young versus mature). Based on this finding and the 

assumptions above, I constructed models to describe the relative contributions of 

Armillaria and two abiotic factors—upper-horizon soil moisture availability and tree-to-

tree competition for light and soil moisture—on tree mortality. I also set myself the 

following observational tasks to collect baseline information for future studies: 1) What 

Missouri Armillaria species (A. mellea, A. gallica, A. tabescens) are present in the soil in 

my study area? 2) What are the spatial patterns of Armillaria presence in young vs. 

mature stands? 

Methods 

Study area 

 I conducted the study at the Baskett Research and Education Area (BREA) near 

Ashland, Missouri, a 917 ha (2266 ac) wildlife and forestry research forest composed of a 

mosaic of prairie, planted shortleaf pine patches, and mature forest dominated by mixed 
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oaks (Quercus alba, Q. velutina, Q. rubra, and Q. muehlenbergii with minor 

representation of Q. shumardii, Q. stellata, and Q. imbricaria), hickories (Carya ovata, 

C. tomentosa, and C. cordiformis with minor representation of C. glabra and C. texana),  

and sugar maple (Acer saccharum). BREA falls within the Prairie-Ozark Border 

ecoregion as delineated by Nigh and Schroeder (2002). This ecoregion features gentle 

slopes underlain by bedrock of Mississipian to Ordovician provenance. The study plots 

were located roughly on the boundary between two soil types. The Weller series, located 

in shoulder positions on our plots, are composed of deep, highly weathered, strongly 

acidic silt loams. Weller soils are alfisols that are only moderately well-drained, i.e. they 

exhibit slow permeability because of slowly pervious, silty clay B horizons; soil water 

content at field capacity typically ranges between 26-37.5% (USDA Soil Conservation 

Service 1978; Natural Resources Conservation Service 2016). Clinkenbeard soils, located 

on backslope locations in our plots, are generally clay loams derived from loess and 

cherty limestone and dolomite, often weathered to residuum and colluvium that 

contribute alkalinity and a significant gravel and flagstone fraction to the soil profile. 

Clinkenbeard soils are mollisols that have significantly lower permeability than Weller 

soils (Natural Resources Conservation Service 2016). Clinkenbeard soils have 

significantly greater base cation exchange capacity than Weller soils (30-45 versus 15-20 

meq/100g at 3-6 in depth) (Natural Resources Conservation Service 2001). Precipitation 

at BREA varies from roughly 800-1200 mm per year, with around one-quarter of that 

amount falling as snow. Mean minimum January temperatures in Missouri range from -

11 to -4 C, while mean maximum July temperatures range from 30 to 32 C (Decker 
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2016). Common weather-related forest disturbances include windstorms, ice storms, 

tornados, and the large-scale straight-line winds called derechos.  

Data collection  

In 2012 I collected data on six 70 m X 70 m plots at BREA: three in mature forest 

stands (age of large trees: 90-120 years) and three in young forest stands regenerating 

from clearcuts harvested 20 years before the inception of this study. On each plot I set up 

a grid of 1m X 1m coordinates and located each stem to the nearest meter within this 

grid; I also recorded its species, diameter at breast height (DBH), whether it was living or 

dead, the number of stems if growing as a clump, its decay condition (1-7; 1 indicated 

intact stems with leaves and/or fine branches attached, while 7 indicated mostly decayed 

boles with little if any bark and no branches remaining), and any unusual injuries, 

symptoms of disease, or evidence of insect attack or animal damage. To collect 

observations on soil moisture and Armillaria occurrence, I centered a 50 m X 50 m 

subplot within the main plot, so as to account for possible effects of these predictor 

variables on tree characteristics in all directions. Each 50m X 50 m subplot consisted of a 

grid with observation nodes at 10 m X 10 m increments. At each node I measured soil 

water content with a soil volumetric moisture sensor (ECH2O probe, Onset Computer 

Corporation, Bourne, MA) each week for three weeks during June 2014, following the 

practice of Caspersen and Kobe (2001), who determined that June measurements 

accurately represented a mean of moisture values throughout the year along a gradient of 

soil moisture.  
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At each sampling node I also determined Armillaria occurrence in the soil using a 

baiting technique. Based on observations of frequent colonization of small Cornus florida 

trees by Armillaria species in the Missouri Ozark Highlands (J. Bruhn, personal 

communication), I used bolts of this species for baits. I cut bolts that were 2-5 cm in 

diameter and 14-20 cm in length, with bark left intact, and deployed them within 24 

hours of cutting by burying them within the top 2-5 cm of the soil profile, then replacing 

the soil atop them. Baits were retrieved after one year of burial, after which I removed the 

bark and examined them for signs of Armillaria infection, including rhizomorphs and 

white- or cream-colored mycelial sheets growing in characteristic fan-shaped patterns 

between the bark and wood. When signs were found, I isolated them onto water agar 

amended with 200 μg/ml streptomycin and subcultured any resulting hyphae—Armillaria 

hyphae typically require at least a week to emerge from the plated segment—onto 

unamended 2% malt extract agar. Characteristic Armillaria cultures were dark brown and 

white (other colors indicating contamination) with sparse aerial hyphae and, commonly, 

extensive growth of rhizomorphs as well as the development of dark pseudosclerotial 

plates on the surface of the agar medium. I grew the cultures on porous cellophane 

squares placed on the surface of 2% malt extract agar for harvest of pure mycelium and 

subsequent DNA extraction, which was performed according to the protocol of Xin et al. 

(2003). I quantified DNA concentration using a spectrophotometer (Nanodrop, 

ThermoFisher Scientific, Waltham, MA) before performing PCR amplification of the ITS 

region of ribosomal DNA. For PCR I used the primers LR12R and O1 as recommended 

in Anderson and Stasovski (1992). Subsequently I subjected the PCR product to digestion 

using the restriction enzyme AluI. Finally, I visualized the digestion products under 
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ultraviolet light on 1% agarose gels impregnated with ethidium bromide and determined 

Armillaria species by comparing the resulting pattern of genomic fragments to the 

patterns presented in Harrington and Wingfield (1995) and Baucom (2005). 

Data analysis 

For modeling of tree mortality in our plots, I developed a number of predictor 

variables that estimated various parameters at the spatial location of each tree. First I 

determined a competition index that represented each tree’s likelihood of resource 

capture (e.g., light and soil water) relative to its neighbors. I used the Hegyi competition 

index (Hegyi 1974), which is a simple function of distance to tree neighbors weighted by 

the size of each neighbor, computed using the R packages spatstat (Baddeley and Turner 

2005) and siplab (Garcia 2014) . Second, I estimated the available water in the uppermost 

layers of the soil profile. To develop this estimate, I averaged the three weeks of soil 

moisture observations at each observation node within each 50 m X 50 m subplot and 

developed a variogram for the subplot that represented variance between observations as 

a function of distance between them (R packages gstat and sp; Pebesma 2004; Pebesma 

and Bivand 2005). This variogram provided a model of soil moisture variability that 

enabled an ordinary kriging routine to estimate soil moisture at each point in the plot. 

Third, I measured the average distance from each tree to each node where I recovered 

Armillaria in the soil (R package flexclust; Leisch 2006) to provide an integrated estimate 

of inoculum pressure on that tree. 

For my models, I employed a logistic regression, the form of which can be 

represented as follows: 
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𝑌~MVN(𝜇𝑖,Σ𝑅) 

    𝜇 =
1

1−𝑒(𝛽0+𝛽1𝑋1+ .  .  .+ .  .  .𝛽𝑚𝑋𝑚)  

where μ = a mean of observations, and Y denotes an error term which is a function of that 

mean; these errors are spatially relative to each other (i.e., non-independent), and their 

variance is not constant. Exploratory data analysis indicated that tree species and tree 

diameter were dominant predictor variables, to be included in every model. The tested 

models for each plot, then, were as follows: 

1. Mortality ~ I  (i.e., null model) 

2. Mortality ~ I + D + S + A + C + M  (i.e., global model) 

3. Mortality ~ I + D + S + A + M + A*M 

4. Mortality ~ I + D + S + A + C + A*C 

 

where I = an intercept term, D = tree diameter, S = tree species, A = average tree distance 

to detected Armillaria occurrences in the plot, M = upper-soil-horizon moisture 

volumetric percent, and C = a competition index. I fit the global model in order to 

describe the relative contributions of each measured variable to observed mortality. I fit 

the third and fourth models to explore the hypothesis that Armillaria interacts with each 

of the abiotic stress factors under study to produce a greater effect (hypothesized to be 

positive) than each factor alone.  

 I used these candidate models, following the recommendations of Burnham and 

Anderson (2002), to explore the initial set of assumptions described in the introduction. 
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The response variables and spatial sampling scheme provided a number of challenges. 

The main challenge came from the spatial nature of the data. Armillaria occurrence, soil 

moisture, and tree competition all have spatial structure across the landscape, i.e., each 

observation is spatially dependent on other observations. Thus, the residuals of any 

models constructed to explain tree mortality would contain some level of spatial 

autocorrelation, which needs to be accounted for in the models in order to avoid inflated 

parameter estimates (Legendre 1993). But the binary nature of the response data required 

a nonlinear model estimation procedure such as generalized linear models. Moreover, 

because of the need to keep track of the spatial structure of the observations, I could not 

pool the data from my six non-contiguous plots in an analysis that accounted for the 

random effect of each plot (a mixed model). Unfortunately, no readily available programs 

estimate model parameters for binary response data with both spatially autocorrelated 

residuals and a lack of random effect. Consequently, the parameter estimation from this 

procedure must be treated with caution and interpreted in a relative sense; I do not report 

parameter estimates but rather use them as a general guide to the relative strength of fixed 

effects; and I did not conduct model averaging.  

I constructed my four models for each plot separately, using the glm procedure to 

conduct nonspatial, fixed-effects logistic regression and comparing candidate models 

using the Akaike Information Criterion (Burnham and Anderson 2002) and associated 

Akaike weights. To account for spatial autocorrelation in these models, I plotted 

correlograms that showed correlations between residuals at 5-m distance intervals away 

from response trees, using package ncf (Bjornstad 2016). The presence of such 
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autocorrelation within residuals indicates a spatially structured process that is not 

detected or accounted for explicitly within the candidate model set. 

Results  

Summary statistics  

We recorded information on 5,358 trees or tree clumps in our six plots. A list of 

tree species is presented in Appendix A. Average density of stems in young plots was 

2352 stems/ha (range: 2142-2480); average density in mature plots was 1292 stems/ha 

(range: 1049-1439). Mortality (dead trees in all decay classes) averaged 318 incidences 

(i.e., single dead stems or clumps with at least one dead stem) /ha (13.5%) in young plots 

and 122 incidences/ha (9%) in mature plots (significantly different by chi-square test of 

independence: χ2
=18.39, p<<0.0001). Average stem DBH was 22 cm in young plots and 

32.22 cm in mature plots, also a significant difference (ANOVA, F=248.3, p<<0.0001). 

Averages for DBH of dead versus live stems by plot age are shown in Fig. 1. Of dead 

stems, 65% fell into the uppermost two decay categories, i.e., they died recently. Of the 

more numerous species on the young plots (those with over 50 stems per plot), the ones 

with greatest mortality included Cornus florida (38% mortality), Prunus serotina (41%), 

Quercus velutina (18%), and Sassafrass albidum (25%). Acer saccharum, on the other 

hand, had over five times as many stems as the next most numerous species (Q. alba) but 

one of the lowest mortality levels (7%). Of the more numerous species on mature plots, 

the ones with greatest mortality included Q. alba (17%), Q. rubra (20%), and Q. velutina 

(22%), while A. saccharum displayed only 1% mortality despite being over eight times as 

numerous as the next most numerous species (Q. alba).  Averages for other predictor 
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variables (competition index, soil moisture content, and distance to detected Armillaria) 

are shown in Table 1.   

Armillaria species recovery  

All Armillaria recoveries from soil baits (58 isolates) yielded A. gallica (Fig. 2). 

PCR-RFLP analysis revealed the presence of at least two distinct genotypes of A. gallica 

within the plots, and locations of A. gallica recovery are mapped in Fig. 3. I recovered 

one sample of A. mellea from basidiomata growing on a stump in a young plot, but I 

found no other Armillaria basidiomata. Armillaria fruit synchronously at different times 

by species; I was present in late fall, the appropriate season for A. mellea but not for A. 

tabescens or A. gallica fruiting. Two Cornus florida bolts (<1%) were still green with 

tight bark over a year after emplacement (one with a small shoot emerging), and 6% of 

the bolts had actively produced callus tissue at the end. I observed signs of fungal 

infection on two of the callused bolts but on none of the other green or callused bolts. 

A. gallica was recovered at more than twice as many sample points in young plots 

(n = 41) than in mature plots (n = 19). Conversely, I recovered several different examples 

of other cord-forming fungi (Fig. 2) on the baits, more from mature plots (n = 39) than 

from young plots (n = 23). These appeared to be saprophytes that I also observed on other 

substrata in the plots such as decaying leaves and coarse woody debris. The proportion of 

bait stations at which I recovered A. gallica increased approximately with stem density on 

the plots (Table 2). The proportion of stations at which I recovered other saprophytic 

fungi did not display a clear relationship with stem density, but plots that produced great 
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numbers of Armillaria isolates generally produced few other saprophyte isolates and vice 

versa (Table 2). 

Tree mortality models 

For almost all plots, several candidate models received near-equal levels of 

support (Table 3). In most plots, at least three candidate models received between 20-

40% support. The one plot for which a single model was clearly the best supported was 

plot B5, a young plot. For this plot, the “moisture” model that included the variables 

Species, DBH, Armillaria, Moisture, and the interaction between Armillaria and Moisture 

received 82% support. In general, trees were more likely to die in young plots, and 

mortality strongly tracked individual species. Tree species strongly associated with 

mortality in all plots where they occurred included C. florida, P. serotina, Q. alba, Q. 

velutina, and S. albidum.  The effect of DBH was invariably positive in the models: larger 

trees were less likely to die.  

Spatial autocorrelation 

The residuals from several logistic regression models were spatially 

autocorrelated. These included Plot B1, where significant autocorrelation ranged from 5-

40 m in several of the models; Plot B3 from 5-10 m in all models except the global 

model; Plot B4 from 20-40 m in all models (shown in Fig. 4 as an example); Plot B5 at 5 

and 40 m for all models except the “competition” model; and Plot B6 at 5 and 55 m for 

the null model only. In Plots B1, B4, B5, and B6, the null models contained significant 

autocorrelation at more distance classes than in any of the other models. In several 
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models, such as those from plot B1, the correlations, although significant, were small 

(indistinguishable from zero on the plotted correlograms). 

Discussion 

These models did not establish a dominant association between A. gallica and tree 

mortality. Neither did they establish a dominant association between competition (for 

light or moisture) and mortality. Instead, tree size and species appear to be dominant 

influences on the probability of mortality, although this is most likely conditioned by the 

other three predictor variables used in this study and their interactions and is not 

independent of them. For example, the smaller size of dead stems compared to living 

stems may be related to competition, and the recent death of most of these stems prompts 

speculation that the rate of this small-stem mortality may have increased following the 

short-lived but extremely severe drought in the second half of 2012. This drought was 

especially noteworthy because of unusually high temperatures: average annual 

temperature for Missouri was the highest ever recorded (Missouri Climate Center 2016). 

Anderegg et al. (2012) showed that some tree species are more poorly adapted for coping 

with high vapor pressure deficits than with high soil water deficits. Although most 

disturbances at BREA are intermediate in both spatial and temporal scale, severe drought 

can be one exception. In central Missouri, as in other parts of the lower Midwest and the 

prairie-forest transition zone, droughts can be of long duration and can have lethal effects 

on forest stands through both water deprivation and direct heat injury (Larkindale et al. 

2005, Pallardy 2008). Haavik et al. (2015) highlight that declines of particular forest tree 

species are often responses to drought and that it has long been established that such 
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declines represent an important successional mechanism. The occurrence of periodic 

drought may help explain the landscape dominance of drought-tolerant oaks, especially 

Q. alba, as well other drought-tolerant species such as Juniperus virginiana at BREA and 

in other parts of Missouri (Bahari et al. 1985).  

 The relationship between water availability, tree size and density, the presence of 

Armillaria, and tree mortality was extremely difficult to interpret from the logistic 

regression models presented here. In some cases, the signs of coefficients changed from 

model to model. For example, in plot B5, where distance from Armillaria appeared to be 

a strong factor influencing tree mortality, its sign was negative in the global and 

competition models but positive in the moisture model. This difficulty was further 

complicated by the presence of spatial autocorrelation in the residuals of several models 

that I lacked the analytical means to account for in parameter estimation. This indicated 

the presence of other potential important predictor variables or processes not included in 

my models. Similar studies in the future could benefit from a variety of modifications, 

including a more complete characterization of soil properties, a denser network of soil 

water measurements, and a continuously measured response variable such as tree growth 

(this last, however, would greatly restrict the number of responses collected). Part of the 

difficulty in seeing consistent patterns may be that the “mesic” nature of this hardwood 

forest makes it unlikely that any one agent or process dominates tree mortality. The study 

plots at BREA exemplify the ecology of a landscape of intermediates. Slopes are steep in 

places but not overly or continuously steep (generally 0-10% on these plots). 

Precipitation and temperature, while subject to extreme events, fall within a generally 

mesic range. Soil moisture in the upper horizons is uniformly distributed: variation is 
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small within plots, and the range of upper soil horizon moisture from plot to plot was 

26.95%-32.38%, as compared to, e.g., a range of 23.9%-39.65% in eastern deciduous 

forests in Connecticut (Caspersen and Kobe 2001). Dominant forest disturbances in 

central Missouri, such as wind storms, ice storms, and wildfires, are generally 

intermediate in both spatial scale and temporal duration, perhaps helping encourage the 

exceptional diversity of hardwood tree species encountered in the region (Roxburgh et al. 

2004).  

It is interesting that the strongest signature of landscape change at BREA involves 

high densities of Acer saccharum alongside mortality of the oak species. A. saccharum is 

generally considered a mesophytic, not drought-tolerant, species (e.g., Williams and 

Heiligmann 2003); yet it provided the majority of stems, especially small-diameter stems, 

in both young and mature plots. On the mature plots, this proliferation of young maples 

was sufficient to depress the mean DBH (Fig. 1) so that it differed less from the mean 

DBH of young plots than might be expected, although absolute numbers of stems are less 

and spacing much wider. Other investigators have observed rises in tree species adapted 

to mesic environments at the expense of more drought- and fire-tolerant species in 

various parts of the eastern deciduous forest and woodland complex (Nowacki and 

Abrams 2008). Most of the maples on the plots were small, representing a recent 

successional development. Intermediate, small-scale disturbances could likely remove 

many of these maple stems and promote continued diversity at these sites. Belden and 

Pallardy (2009) documented a recent trend of failing maple regeneration at BREA, but 

this is not evident in the small tree size classes in this study. Because of this, it is not 

clear how our abiotic variables influence the probability of maple mortality. My dataset 
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did not establish an association between sugar maple and A. gallica. If maples replace 

some of the oak species at BREA over the mid-term, increasing association of maple with 

A. gallica may develop as these trees age; Brazee and Wick (2009) documented this 

fungus as a primary pathogen of A. saccharum in Massachusetts.  

 Within this complex landscape, I tracked a marked stand age-related dynamic in 

the spatial position and development over time of A. gallica. This facultative tree parasite 

modifies its spatial positioning in response to the food resources and biotic competitors 

that are made available at various forest successional stages. In the young plots, I found a 

relatively more spatially connected, denser network of Armillaria individuals than in the 

mature plots (Fig. 4). Since our framework of understanding Armillaria spp. centers on 

this fungus’s foraging behavior in response to the presence of food bases, I interpret this 

pattern in young forests as representing two nonexclusive possibilities. First, A. gallica’s 

abundance and density in young plots could reflect the tree harvest of 20 years ago, 

which created stumps that provided an augmented food base for extensive A. gallica 

foraging in the developing stand. Alternatively, A. gallica’s spatial pattern in young 

stands could reflect the density of small stems in these stands in a complex relationship 

between this opportunistic fungus and the vulnerability of small stems to mortality in 

response to competition for light, soil moisture, and other resources.  

In the mature plots, I found a restricted distribution of Armillaria throughout the 

bait network in comparison with the young plots. I also observed a twofold density of 

other saprophytic fungi on the baits in mature stands compared to young ones. 

Apparently, as stands age, increasing fungal diversity may help drive the breakup of 
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Armillaria territories. I did not establish whether the other fungi in the mature stands 

were direct competitors of A. gallica, but it is plausible. A. gallica abundance in these 

stands depends more on tree density and spatial pattern than on basal area. In other 

words, the spatial positioning of potential food base “islands” throughout the stand may 

be more important than available food base area, especially as this is complicated by 

variation in host resistance between small and large hosts. This likely corresponds with A. 

gallica’s prolific production of rhizomorphs for foraging through wide territories and is 

consistent with earlier observations that this Armillaria species is a “short-range” forager, 

in which highly branched rhizomorph networks increase the probability of finding even 

small food bases—as opposed to more long-range foragers such as A. solidipes, which 

may encounter fewer food bases but compensate for this with increased virulence for 

overcoming the hosts they do encounter (Mihail et al. 1995). We did not attempt to assign 

our isolates to individual Armillaria genets, but doing so would provide even more 

information about whether large genets are dissolving over time in this landscape or 

smaller ones are dying out in competition with other fungi as stands age.  

In any case, the association of A. gallica with high densities of standing stems 

suggests that its facultative parasitism conveys a competitive advantage over other 

saprophytes in early-successional stands. In the more widely spaced, older stands, those 

saprophytes can more quickly take advantage of a wider variety of dead plant materials, 

including forest canopy input such as leaf litter and dead branch remnants (Burrill et al. 

1999). A. gallica’s ability to penetrate intact bark by means of rhizomorphs allows it to 

enter living tissues, which its competitors cannot do. A. gallica’s association with dense, 

clustered stands signals its status as an early successional invader in these stands. In these 
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denser young stands, A. gallica can invade standing trees and endure, often as a butt rot 

in varying degrees of quiescence (Kile et al. 1991), until environmental stresses or attack 

from other enemies depress the tree’s resistance mechanisms and the fungus can invade a 

progressively greater portion of the tree, or until hydraulic failure or other pests kill the 

tree, at which time A. gallica can quickly colonize it as a base for further exploration 

through the forest floor. This process could conceivably take many decades. If a mature 

infected tree dies, the A. gallica genet inhabiting it can move out into a newly dense stand 

of regenerating trees in the gap created by the large tree’s death (Twery et al. 1990). 

Thus, A. gallica may not be so much absent from older, more widely-spaced stands as 

simply less detectable within the soil. Indeed, it is common to observe A. gallica solely in 

the form of rhizomorphs on the surfaces of large roots (Baumgartner and Rizzo 2001b), 

even in stands with very widely spaced trees and no stumps, such as pure oak woodlands 

(Lee, unpublished data).  Similar dynamics have been speculated to govern the life cycles 

of other secondary pathogens observed in the lower Midwest, specifically Biscogniauxia 

spp., canker-causing pathogens that probably reside latently in sapwood until stress or 

other enemy attacks make the tree available for wider colonization (Vannini and 

Scarascia Mugnozza 1991). 

In these plots I documented several other secondary biotic stress agents, including 

Biscogniauxia species, the scars of previous red oak borer attacks and oviposition 

wounds, and widely observed bleeding cankers on the root crowns of trees, especially on 

larger trees in mature plots. Limited investigation of some of these bleeding cankers 

revealed the consistent presence of a Fusarium species, a group of fungal pathogens that 

have been consistently linked with transport into trees by insects, subsequent impairment 
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of tree physiological function, and in some cases direct mortality (Sinclair et al. 1987, 

Vujanovic et al. 1999). Along with these secondary agents, Armillaria spp. including A. 

gallica have been implicated as contributing factors to red oak decline in the Missouri 

Ozarks (Bruhn et al. 2000). Although BREA is more mesic than most red oak decline 

sites in the Ozarks, the high mortality rates for Q. velutina and Q. rubra in these stands, 

coupled with the presence of these secondary attackers after a short-term but severe 

drought, prompts speculation whether the early entry of A. gallica into developing stands 

might present an accumulating stress that, along with water deficits and inter-tree 

competition, contribute to the pace of red oak senescence and the dominance of Q. alba 

at BREA—a kind of small-scale and slow-paced red oak decline as a part of natural 

vegetative development in this mesic forest.  
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Figure 1. Mean diameters (cm) of live and dead tree stems by plot age. 
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Figure 2. Examples of fungi found on Cornus florida baits after one year of burial. 

Bottom is Armillaria gallica (in rhizomorph form); all others are fungal competitors.  
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Figure 3. Armillaria detections (red triangles) and mapped tree stems (circles) in each 

70m X 70m plot. Left column represents young plots (B1, B3, B5) while right column 

represents mature plots (B2, B4, B6). 
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Figure 4. Correlograms displaying spatial autocorrelation of logistic regression residuals 

in 5-m distance classes for plot B4. Solid circles indicate significant correlation (α = 

0.05) at that distance class; open circles indicate correlation is not significant. A: null 

model; B: global model; C: “competition” model; D: “moisture” model. Note that y-axis 

differs between correlograms. 
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Table 1. Mean characteristics of estimated predictor variables by plot age. 

Plot age 
Competition 

index 
Soil volumetric water content (%) 

Average 

distance to all 

Armillaria 

detections 

within plot 

(m) 

Young 19.16 30.74 33.75 

Mature 13.35 29.47 34.4 
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Table 2. Average stand density parameters and fungal detections in plots. 

Plot Age 

Basal area 

(m
2
/ha) 

Density 

(stems/ha) 

Armillaria 

detections (% 

of stations) 

Other 

saprophytic 

fungi (% of 

stations) 

B1 young 24.81 2435 0.47 0 

B2 mature 38.22 1390 0.25 0.22 

B3 young 22.54 2478 0.36 0.14 

B4 mature 28.30 1047 0.03 0.64 

B5 young 17.29 2145 0.25 0.33 

B6 mature 27.82 1439 0.25 0.5 
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Table 3. Single most highly supported mortality models for individual plots with Akaike 

weights indicating level of support. “Null” model corresponds to model 1 in Methods 

section, “global” model to model 2, “moisture” model to model 3, and “competition” 

model to model 4. Most highly supported model for each plot is indicated in bold.  

Plot Age group Model AIC ΔAIC Weight 

B1 Young Null 996.78 154.3 <0.001 

  Global 844.08 1.6 0.27 

  Moisture 842.43 0 0.61 

  Competition 845.58 3.1 0.13 

B2 Mature Null 369.45 97.0 <0.001 

  Global 272.45 0 0.37 

  Moisture 272.55 0.1 0.35 

  Competition 272.98 0.5 0.28 

B3 Young Null 1055.31 184.0 <0.001 

  Global 871.98 0.7 0.29 

  Moisture 871.84 0.5 0.31 

  Competition 871.31 0 0.40 

B4 Mature Null 347.24 11.8 0.001 

  Global 336.58 1.1 0.26 

  Moisture 335.44 0 0.46 

  Competition 336.39 0.9 0.28 

B5 Young Null 662.63 58.8 <0.001 

  Global 607.38 3.5 0.14 

  Moisture 603.88 0 0.82 

  Competition 609.80 

 

5.9 0.04 

B6 Mature Null 471.26 85.2 <0.001 

  Global 387.24 1.2 0.23 

  Moisture 386.49 0.4 0.34 

  Competition 386.06 0 0.42 
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Oak stump-sprout vigor and Armillaria infection after clearcutting  

Abstract  

 Armillaria spp. occur widely in Missouri mixed-oak ecosystems.  In order to better 

understand the ecology and management of this pathogen and its effects on oak coppice, I 

observed a transect of 150 stumps after clearcutting in southeastern Missouri, noting 

Armillaria infection and oak sprout demography one year and seven years after harvest. 

Additionally, I visited a 50-year-old clearcut in the same area to sample oak root systems 

of stump-sprout origin for comparison with the seven-year-old clearcut. One year after 

harvest, 55% of stumps supported Armillaria infections, while 62% of stumps were 

infected after seven years. In the 50-year-old clearcut, 21% of examined root systems 

were infected. Logistic regression analysis of the younger clearcut related likelihood of 

infection to tree age at time of harvest. Whereas Armillaria infection displayed weak to 

absent relationships with numbers of sprouts surviving over time, dominant sprout height 

and diameter on individual stumps—proxies for stump vigor—were positively associated 

with numbers of survivors. These measures of vigor also had more influence over the 

magnitude and development of sproutless gaps around the circumference of the stump 

than did Armillaria infection. Moreover, the random effect of the individual tree on the 

development of such gaps was large. These results point to an important role for 

individual stump vigor in regulating sprout self-thinning rates, potentially through 

compartmentalization of invading Armillaria.  
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Introduction 

Armillaria species, like other root pathogens, play important ecological and 

economic roles in North American forests. In their various roles as saprophytes and 

parasites, they contribute to large-scale nutrient recycling and forest succession (Castello 

et al. 1995; Goheen and Otrosina 1998; Edmonds et al. 2000; Garbelotto 2004), and they 

also complicate management of forest and agricultural products by killing woody crop 

plants, with damage levels varying according to the individual agrosystem (Baumgartner 

and Rizzo 2001). 

In the Ozark Highlands of the central USA, Armillaria species have contributed to 

episodic red oak decline that is shifting the overstory composition of oak-hickory forests 

from dominance by species in Quercus subsection Erythrobalanus (red oaks) toward 

dominance by white oak (Quercus alba) (Voelker 2004). A variety of studies have 

resulted in various management recommendations designed to enhance red oak health. 

Many of these recommendations center on reducing density in overstocked stands (e.g., 

Fan et al. 2008; Voelker et al. 2008). Development of methods to enhance oak 

regeneration in stands affected by red oak decline represents another research need. 

The sources of oak reproduction include new seedlings, advance reproduction and 

stump sprouts. By far the most competitive and fastest growing type of oak reproduction 

are stump sprouts (Johnson et al. 2009). Advance reproduction, however, has been long 

identified as the key to sustaining oak stocking in future forests because not all oak 

stumps sprout. Oak regeneration failures and declines in oak stocking in regenerating 

stands are commonly reported worldwide, and are largely attributed to lack of sufficient 
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density of large, competitive advance reproduction (Li and Ma 2003; Götmark et al. 

2005, Pulido and Díaz 2005; Johnson et al. 2009).  

Consequently, the largest proportion of dominant oak in regenerating stands is of 

stump sprout origin (Beck and Hooper 1986; Gould et al. 2002; Morrissey et al. 2008). 

Stump sprouting ability in oak is a function of initial tree diameter and age at time of 

cutting, is modified by site quality, and varies by species (Weigel and Peng 2002; 

Johnson et al. 2009; Pyttel et al. 2013). The probability of producing a sprout decreases 

with increasing tree diameter and age. Armillaria species have the potential to interfere 

with the production of sprouts; however, how this potential manifests itself on oak 

stumps is poorly understood. 

Three Armillaria species (A. mellea, A. gallica, and A. tabescens) are prominent 

in Missouri oak-hickory and pine-oak forests (Bruhn et al. 2000) and have gained 

particular attention as contributing mortality agents to red oak decline. These fungi 

comprise an important sector of the indigenous forest biota. They maintain extremely 

long-lived, genetically individual bodies (genets) of varying sizes both underground and 

within trees, over large portions of a given forest, for hundreds of years in some cases 

(Bruhn & Mihail 2003). A. gallica  plays primarily a saprophytic role and requires 

compromised tree physiology, usually in response to abiotic stress, to overcome living 

trees, while the other two species are moderately to severely pathogenic even on living, 

healthy trees (Redfern & Filip 1991; Bruhn et al. 2000). Bruhn et al. (2005) found all 

three species on resprouting stump systems following both uneven-aged and even-aged 

management in the Ozarks and hypothesized that sprout mortality corresponded to 

Armillaria infections active around the circumference of the stump system. The stumps 
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they studied represented a highly infested system; 40-80% of inspected stumps supported 

active Armillaria infections. Stanosz and Patton (1987) found similar infection 

prevalence on aspen suckers in Wisconsin. Both studies concluded that Armillaria may 

pose a threat to continued coppice or sucker regeneration on affected sites. 

In order to better understand the ecology and management of oak coppice systems in 

Missouri oak-hickory forests inhabited by this pathogen, we compared Armillaria 

infection of sprouting stumps one year after clearcut harvest with infection of the same 

stumps 7 years after harvest. We also compared the infection status of these stumps with 

infection on stems that originated from a clearcut in 1963 at a nearby site. In these 

comparisons, we were guided by three sets of hypotheses using three response variables: 

• Incidence of Armillaria infection will be positively associated with tree age at 

time of harvest, surrounding mortality at time of harvest, tree species in the red 

oak group, and southern and western aspects. 

• Sprout quality, as estimated by dominant sprout height/diameter—a proxy for 

stump vigor—will be inversely associated with Armillaria infection and with 

surrounding tree mortality at time of harvest and positively associated with better 

parent tree canopy positions.  

• The sizes of gaps in sprout distribution around the circumferences of stumps will 

be positively associated with Armillaria infection and inversely associated with 

sprout quality. 

The general assumptions, derived from previous literature and observations, behind these 

hypotheses were that the observed pattern of Armillaria infection would depend to some 
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extent on (1) the pattern of previous Armillaria-caused mortality, (2) stump/parent tree 

vigor, and (3) the age and species of the parent tree stem as well as environmental drivers 

(e.g., aspect). As a secondary objective, we sought to clarify the etiology of stump 

infection and stump-pathogen antagonism by making qualitative observations of the 

positions and characteristics of Armillaria mycelium, rhizomorphs, and lesions in 

infected stumps. 

Methods 

Study Site 

The 1659 ha (4,100-ac) Sinkin Experimental Forest, located approximately 40 km 

(25 mi) northwest of Salem, Missouri, is within the Current River Hills subsection of the 

Ozark Highlands (Nigh & Schroeder 2002). This subsection, located on the southeastern 

flanks of the Ozark Uplift, features a variety of topography and parent materials: less 

dissected, more rolling landscapes are underlain by acidic sandstones of the Roubidoux 

formation, while more rugged landscapes expose the limestone and dolomite of the 

Gasconade and Eminence formations. Soil type varies according to topographic position, 

with significant fractions of cherty gravel on many backslope soils in the region and root-

restricting fragipan layers in interfluvial positions (Nigh & Schroeder 2002). Soils in the 

study area exist as complexes within the Nixa, Clarksville, Coulstone, and Bender soil 

series: all are formed from alluvium over residuum weathered from limestone and have 

high gravel fractions and poor water-holding capacity (Natural Resources Conservation 

Service 2016). Average annual precipitation in the Sinkin EF is 1,118 mm, falling mostly 

as rain under a temperate climate with hot summers and cool, dry winters (USDA Forest 
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Service 2008). The area, along with the rest of the Ozark Highlands, is subject to periodic 

moderate-to-severe drought. Significant droughts throughout the twentieth century 

included those in the 1930s, 1950s, early 1960s, early 1980s, and 2000. A recent 

moderate drought occurred in 2007 (National Oceanic and Atmospheric Administration 

2015). 

Data Collection 

Original clearcut area  

The choice of study site arose because of its interest as a heavily impacted red oak 

decline area, with the intention of investigating how oak stump sprout regeneration 

responded to Armillaria presence in subsequent years. A 2.83 ha (7 ac) area was selected 

for complete tree removal, and in 2005 150 oak trees were selected within this area to 

provide a balanced representation of all oak species on-site and to cover both heavily 

declining trees and those relatively unaffected by decline. Pre-treatment data consisted of 

the following information collected for selected trees: species, diameter at breast height 

(dbh), canopy position (suppressed, intermediate, codominant, dominant), an assessment 

of crown dieback on a 1-4 scale (1=least amount of branch dieback, 4=greatest amount of 

dieback), the number of dead trees within a 10-basal-area-factor (BAF) variable-radius 

plot around the subject tree, and tree age.  

 

Post-clearcut 1-year revisit  

One year subsequent to felling (in 2006), the original surveyors revisited the 

clearcut, marked stumps with aluminum tags, and collected the following information: 

number of live sprouts, number of dead sprouts, the largest gap free of sprouts around the 
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circumference of the stump (measured in degrees), stump basal diameter, and height and 

azimuth (with reference to stump center) of the dominant sprout. Upon this visit, the 

surveyors excavated two large structural roots as near as possible to opposite sides of 

each tree for up to 1 m from the root crown to examine them for signs of Armillaria spp. 

Where mycelial fans or infecting rhizomorphs were found, they sampled them, re-

covered the excavated roots with soil, and isolated the fungus on water agar. 

Subsequently, cultures were transferred to 2% malt extract agar and purified of bacterial 

and fungal contaminants before subjecting them to compatibility tests with known tester 

strains according to the method described in Guillaumin et al. (1991) to determine 

species.  

 

Post-clearcut 7-year revisit  

In 2012, I revisited the initial study site and located all 150 stumps for further 

study. The procedure for this resurvey generally followed the original study protocol, 

with the following exceptions. Instead of simply recording presence or absence of 

Armillaria on studied stumps, I made notes on the position and nature of each infection 

found on the two excavated buttress roots in an attempt to describe the variety of 

infection characteristics and stages that were present. Additionally, I did not record exact 

heights of dominant sprouts, reasoning that since diameter growth is a much lower 

priority for photosynthate allocation than height growth (Waring et al. 1998), it would 

reflect vigor status of sprouts at the 7-year mark with more sensitivity than would a 

height measurement.  



88 
 

As part of the qualitative assessment of Armillaria infections on stumps, I 

considered active infections to exhibit any of the following characteristics or structures: 

necrotic lesions associated with rhizomorphs or mycelium; white mycelial fans or small 

mycelial tongues; or watersoaked, stringy to spongy decay with numerous black 

pseudosclerotial plates and, in later stages, a dry, brittle, honeycomb-like decay 

consisting of remaining undecayed primary cell walls. I did not consider the presence of 

epiphytic rhizomorphs or lesions unaccompanied by obvious signs of Armillaria to 

constitute active infections, although the presence of epiphytic rhizomorphs, in particular, 

was noted. 

50-year clearcut 

This site, <2 km distant, along the same road, and within the same forest type as 

the 2005 clearcut, was harvested in 1963, and beginning in the late 1970s the USDA 

Forest Service Northern Research Station established permanent plots within which 

regenerating and competing trees were thinned to various residual densities for ongoing 

study. This site provided a convenient example for study of an older clearcut with similar 

soils for comparison with the younger clearcut. At this site, I investigated 100 white oak, 

black oak (Q. velutina), and scarlet oak (Q. coccinea) trees, avoiding established research 

plots and choosing only trees of obvious stump-sprout origin (i.e., with two or more 

trunks connected at the base, generally with obvious stump remnants or indications). In 

order to inspect trees growing on a variety of aspects, I randomly chose a starting tree and 

an azimuth and then assessed ten trees on a transect along the randomly chosen azimuth. 

Then I moved to a different location within the clearcut and chose a new random starting 

tree and azimuth for a new transect. At each tree along each transect I recorded dbh and 
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species of the dominant sprout, the number of sprout stems (living and dead) remaining, 

and the decay class of dead sprout stems. I then followed the same procedure for 

detection of Armillaria as in the younger clearcuts, choosing two large structural roots for 

excavation out to at least 1 m from the tree bole and making qualitative observations on 

any infections that I detected. 

Data Analysis 

Armillaria detection  

I used logistic regression to examine the influence of tree age at time of harvest 

and basal area of dead trees within a 10 BAF-radius plot on the probability of Armillaria 

detection in 2006 and 2012. I used the chi-square test of independence to determine 

whether prevalence of Armillaria infection (i.e., detect/no detect) varied among oak 

species (white, black, or scarlet oak). I examined the influence of aspect for only the 50-

year-old clearcut, since it was situated on a variety of aspects, whereas the 150 stumps in 

the younger clearcut were all located on roughly the same aspect. For the 50-year-

clearcut, I reduced the variety of aspects recorded for trees along the transects we 

examined to the four aspect classes used in Bruhn et al. (2000): Protected (341-70°), 

Neutral East (71-160°), Exposed (161-250°), and Neutral West (251-340°), plus a fifth 

“Flat” aspect. I then used the chi-square test of independence to determine whether the 

likelihood of Armillaria detection was independent of aspect.  

Sprout numbers  

Since a histogram of the numbers of sprouts surviving on individual stumps 

exhibited a non-normal distribution, I used the nonparametric Kruskal-Wallis analysis of 



90 
 

variance to examine the effect of Armillaria presence and of pre-harvest canopy position 

on the numbers of sprouts surviving on individual stumps in both 2006 and 2012. The 

non-normal distribution of surviving sprouts per stump resembled one resulting from a 

Poisson process, so I initially used Poisson regression to analyze the relationship between 

numbers of sprouts living one year after harvest and the basal area of dead trees within a 

10 BAF-radius plot. The analysis revealed overdispersion in the response data, so I 

subsequently used negative binomial regression to analyze this relationship, since this 

kind of error structure accounts for such overdispersion (Bolker 2008). Finally, I used 

negative binomial regression to examine the relationship between the height of the 

dominant sprout (for 2006) or dominant sprout dbh (for 2012), as indicators of stump 

vigor, and the numbers of surviving sprouts.    

Stump circumference gaps  

I recorded differences in the greatest length of stump circumference without 

sprouts (stump circumference gaps) for each stump between 2006 and 2012 and tallied 

the proportions of gaps that shrank, enlarged, or stayed the same. For 2006 and 2012 

observations separately, we analyzed the effects of dominant sprout vigor (height for 

2006, dbh for 2012), Armillaria presence or absence, and the interaction of the two on 

size of stump circumference gap by constructing a mixed-effects model with those three 

variables specified as fixed effects and “tree” specified as a random effect.  

I conducted all statistical tests in R (R Development Core Team 2014). We used 

functions glm for logistic and Poisson regression (R Development Core Team 2014), lme 
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for mixed-effects modeling (Pinheiro et al. 2014), and glm.nb for negative binomial 

regression (Venables and Ripley 2002). 

Results 

Armillaria presence  

One year after harvest, Armillaria was detected on 82/150 (55%) of stumps. 

Seven years after harvest, 48 of the original 150 (32%) stumps bore no living sprouts; 

Armillaria mycelium or diagnostic decay was found on 100% of these stumps. Of the 

remaining 102 stumps with living sprouts, 63 (61.8%) supported active Armillaria 

infection. Including the original 48 stumps that did not sprout, the seven-year figure 

increases to 74%. However, many of these were not the stumps on which Armillaria was 

originally detected in 2006: 39 stumps reported uninfected in 2006 were found infected in 

2012, whereas 20 stumps reported infected in 2006 had no detectable infection in 2012. 

All three Armillaria species known to be present in Missouri were recovered from the 

clearcut (Table 1). In the 50-year-old clearcut, 21/100 (21%) of examined sprout-origin 

stem clumps were found infected with Armillaria.  

Logistic regression detected a significant effect of tree age at the time of harvest 

on Armillaria infection in both 2006 (p=0.002) and 2012 (p=0.036). Expressed as odds 

ratios, this means that the risk of a tree’s having an Armillaria infection detectable by our 

methods increases with age: the odds for a 25-year-old tree’s being infected are roughly 1 

in 2, while the odds for a 50-year-old tree are roughly 1 in 1.5 and those for a 75-year-old 

tree are roughly 1 in 1.25. The amount of mortality within a 10-BAF-radius plot 

displayed no relationship to the probability of Armillaria infection (p=0.832). 
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Chi-square tests of independence found no relationship between tree species and 

likelihood of Armillaria detection in the one-year clearcut in 2006 (p=0.894), in the same 

(7-year) clearcut in 2012 (p=0.360), or in the 50-year clearcut (p=0.096). Aspect was 

only examined in the 50-year clearcut, and there all aspects except neutral east were 

sampled by the random procedure for locating transects. Once again, chi-square analysis 

detected no statistically non-independent relationship, although a weak trend appeared 

(p=0.070), as more detections were found on neutral west aspects than any other 

category. However, sample size (n=21) is too small to lend any statistical power to this 

observation. 

Sprout numbers  

The mean number of living sprouts per stump in 2006 (one year after harvest) was 

12 (range: 1-44). The mean number of living sprouts per stump in 2012 (seven years after 

harvest) was 3 (range: 1-8). There was no significant effect of Armillaria infection on the 

numbers of sprouts regrowing one year after harvest (χ
2
=.034, df 1, p=0.85). However, 

the analysis revealed a weak effect of Armillaria infection on the numbers of sprouts 

regrowing 7 years after harvest (χ
2
=3.7328, df=1, p=0.053). The non-normal distribution 

of surviving sprouts makes this difficult to assess from a visual analysis of the data (Fig. 

1). The analysis did not detect a significant effect of parent tree canopy position on 

number of surviving sprouts per stump in either 2006 (χ
2
=5.83, df 3, p=0.12) or 2012 

(χ
2
=5.39, df 3, p=0.15). However, the number of sprouts was related to tree size: neither 

very small nor very large trees tended to produce many sprouts (Fig. 2). Negative 

binomial regression detected a very weak (inverse) trend between amount of mortality 

around a stump and numbers of sprouts one year after harvest (p=0.07), but the effect size 
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was small (coefficient = -0.0791). Moreover, when stumps that failed to sprout at all were 

removed from the data set, no relationship was detected (p=0.15).  

According to analysis using negative binomial regression, numbers of living 

sprouts in 2006 were positively associated with sprout height (p<0.001). The same 

relationship was found to hold true, with a similar level of significance, for numbers of 

living sprouts in 2012 when related to dominant sprout dbh (Fig. 3).  

Stump circumference gaps  

The distribution of stump circumference gap sizes was approximately normal. 

Using the amount by which largest gap size on each stump changed from 2006 to 2012 as 

a response variable, and keeping in mind that some gaps decreased, the mixed model 

procedure detected a significant effect of dominant sprout diameter on shrinking gaps 

(p=0.009; Fig. 4), as well as a marginally significant effect of Armillaria infection 

(p=0.054), with no interaction effect (p=0.092). Since dominant sprout diameter and 

Armillaria infection in 2012 were highly correlated (r=0.75), models using either of these 

perform as well as the model with both covariates. When Armillaria detections in 2006 

and 2012 were combined into one measure of detection, covariate effects on gap size 

change (again, positive effects were on shrinking gap size) were more significant (effect 

of dominant sprout size: p=0.003; effect of combined Armillaria detection: p=0.01; effect 

of interaction between the two: p=0.021). The random effect of individual tree (sd=75.66) 

was highly pronounced, being nearly three times as large as the residual unexplained 

variation (sd=28.37).  
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Qualitative observations of Armillaria infection  

The greatest number of samples recovered from the clearcut comprised A. mellea 

mycelia (Table 1). Consistent with the presence of all three Armillaria  species, and with 

the time elapsed since harvest, we observed a complete spectrum of Armillaria infection 

symptoms on the 7-year-old clearcuts, from vigorous and apparently uninfected sprouting 

stumps to those in which Armillaria was present as actively spreading infections and 

advanced decay. Following is a list covering the variety of signs and symptoms observed 

(see Fig. 5). 

1. Armillaria undetectable; sprouts sound; old stump completely surrounded by new, 

actively growing sapwood. 

2. Sprouts sound; old stump surrounded by new sapwood; Armillaria present as 

epiphytic rhizomorphs on exterior bark. 

3. New sapwood extending from part of sprout system partly around old stump; 

Armillaria detected on part of old stump not yet surrounded, or on old stump 

tissues inside the ring of new wood. 

4. Armillaria present as mycelial flakes or inward-growing rhizomorphs in outer 

bark tissues/between bark scales (“infection wedge”). 

5. Newly formed xylem around parts of old stump mostly healthy, but in places 

displaying lesions associated with Armillaria mycelium and/or rhizomorphs. 

6. Newly formed xylem around parts of old stump mostly healthy; Armillaria 

mycelium found in interior of dead sprouts. 
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7. Armillaria mycelial fans clearly blocking advance of new healthy tissue around 

perimeter of stump system; decay at edges of this tissue as well as in dead sprouts. 

8. Armillaria easily detectable as mycelium and advanced decay in stump and 

actively killing sprouts. 

9. No sprouts present; stump with advanced decay caused by Armillaria.  

Discussion 

This set of stump/sprout observations over time offers a deeper understanding of 

both ecological and management-oriented aspects of the relationship between Armillaria 

and oak coppice systems in this region of North America. In ecological terms, we see that 

individual stumps react in some ways as individual biological units and in other ways as 

modular units composed of individual sprouts, both in terms of general growth and in 

terms of response to Armillaria. In turn, this influences our conception of which 

management strategies are likely to be successful in fostering and tending oak coppice 

reproduction. 

Using “detection/no detection” as an exclusive response variable can complicate 

attempts to understand the ecological and physiological roles of Armillaria. First, 

detecting Armillaria on an infected root system is notoriously tricky. On any given tree, 

many possible roots could harbor infections, and excavating all roots is usually 

impractical. In many cases, Armillaria infection is confined to the undersides of roots 

(Fig. 5F) or to the central structural root. These kinds of infections, especially in the case 

of A. gallica, can be initially undetectable but cause damaging decay over many years 

(Roth and Sleeth 1939; Roth and Hepting 1943). Although we employed a statistical 

sampling scheme to attempt to accommodate this concern, the results are only partially 
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satisfactory. Second, Armillaria infections of different tree tissues cause or at least signal 

different levels of impact.  Infections observed here ranged from those confined 

completely to bark tissues (usually an indicator of impending cambium infection—

Redfern 1978; Rykowski 1981) to extensive root infections characterized by advanced 

decay or large, easily detected mycelial fans.  

Nevertheless, root excavation is probably the most meaningful way to estimate infection 

prevalence. For example, it is interesting to contrast the infection estimates in this study 

with one that estimated infection prevalence by looking at periodic sprout mortality and 

basidiome presence in a coppiced oak woodland (Rishbeth 1991). Estimated infection 

rates here, in the excavation-based study of Stanosz and Patton (1987), and in the 

complete root excavations of Filip (1986)—which together range from 21% to 77% in a 

variety of stand ages—far surpass the Rishbeth (1991) estimate of 4.5%. This contrast 

could be owing, as noted here, to detection methodology, but also to differences between 

forest/soil types and climates, to differences in host and Armillaria species, or to all of the 

above. 

The current study resembles the work of Stanosz and Patton (1987) in terms of the 

increase of infection rates with stand age. In cut aspen (Populus tremuloides Michx.) 

stands, the former observed a monotonic increase in infection incidence with stand age, at 

least up to 15 years, the limit of their study. The same monotonic increase with stand age 

was observed by Rishbeth (1991) in ancient coppiced woodland. In our study, we 

observed an initial surge of infection on cut stump systems that continued to increase 

during the next seven years. Moreover, the locations of infection within our stump 

transects shifted over this time. Again, this could be because of the difficulties of 
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detecting Armillaria on root systems; if even some of the stumps positive in 2006 but not 

2012 actually still harbor infections, this drives the infection prevalence figure even 

higher than 74%.   

In the 50-year stand, infection prevalence on stump systems was much lower 

(21%). This may suggest that as oaks reach maturity and approach one to two stems per 

original sprout clump, they can more effectively defend against Armillaria infection. It is 

also probable that some Armillaria infections on these vigorously growing 50-year-old 

trees were located much deeper on the root systems than our limited excavations could 

uncover. Finally, the lower infection rate in the older clearcut may also reflect an 

Armillaria-supported shift from red oak (highly susceptible) to white oak (moderately 

susceptible) dominance in these stands.  Voelker (2004) substantiated this trend by 

sampling in-growth and other mid-story trees on both heavily declining and unaffected 

plots in the Ozarks and observing that the growth and survival attributes that contribute to 

white oak’s longevity, moderate growth rate, and high shade tolerance relative to other 

oaks and hickories make it more likely to regenerate successfully and to survive 

disturbances such as oak decline in Ozark forests currently dominated by red oak group 

species. It is important to note the high level of infection prevalence in these stands 

because Missouri is subject to periodic drought events that subject trees to severe water 

stress, reduce tree resistance, and lead to large-scale episodes of red oak mortality 

(Dwyer et al. 1995; Jenkins & Pallardy 1995; Voelker et al. 2008). It is not surprising that 

in a landscape saturated with Armillaria individuals, especially A. mellea, this aggressive 

root pathogen plays an important role in these mortality episodes. Except for a moderate 
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drought in 2007 (and leaving out the 50-year-old clearcut), this study was conducted 

during an inter-drought period.  

The apparent shifts in infection prevalence and location within 1- and 7-year old 

stump-sprout systems could be attributed to the dynamics of pathogen 

compartmentalization by oak species and individuals exhibiting varying levels of vigor. 

This subject begs further study at finer temporal scales for better understanding. 

Nevertheless, our findings regarding the relationships between Armillaria, sprout 

numbers, and sprout diameters provide evidence supporting this speculation.     

Our first hypothesis, that Armillaria infection has a detectable impact on numbers 

of surviving stump sprouts, received only equivocal support from our longitudinal study 

data. No impact was detected on initial numbers of sprouts, which is to be expected given 

that other factors such as amount of light have also been observed to impact these initial 

numbers very little (Dey & Jensen, 2002). By the seven-year mark, it is still difficult to 

see a difference between mean numbers of sprouts on infected and uninfected stumps, 

even though statistical analysis detects a weak one (Fig. 1). In any case, this question is 

clouded by the dynamics of stump resprouting and the micro-spatial scale of fungal 

invasion: once the pathogen kills a sprout, one or more may develop during the next year 

from adjacent buds in not-yet-invaded tissue.   

It is interesting that dominant sprout diameter in 2012, a proxy for stump vigor, 

was correlated with Armillaria infection, and that Armillaria infection was associated 

with stump circumference gaps that actually shrank (i.e., filled in with new sprouts) 

between 2006 and 2012. This leads us to reject our second hypothesis, that Armillaria 
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infection would be associated with slower-growing/less vigorous sprouts. This seems 

perplexing in light of the common conception of Armillaria as a pathogen that takes 

advantage of weakened trees (Wargo and Harrington 1991). Several researchers working 

with A. solidipes (=A. ostoyae) in the interior Western U.S. have noted that this species, 

which is as virulent to conifers as A. mellea is to hardwoods, actually appears to infect 

(Fuller 1979) and/or kill (Rosso and Hansen 1998) a greater proportion of high-vigor than 

low-vigor trees; but others have observed early thinning to increase apparent tree vigor 

and reduce subsequent A. solidipes-caused mortality (Filip et al., 2009). It is hard to 

address the question of pre-existing tree vigor and host susceptibility to Armillaria spp. 

partly because it is hard to differentiate transient episodes of stress that depress tree 

growth for varying periods of time from longer-term, background tree vigor status.   

It is also likely that a temporal element is relevant in this case. Given the 

complexity of the infection process, which was evident from the variety of qualitative 

observations of infection stages we observed, seven years may be insufficient time to 

observe the effects of Armillaria on the vigor of infected oak stumps or on the ultimate 

fate of sprouts. This likely stems both from the slow development and quiescence of the 

infection and compartmentalization process (Schwarze et al. 2000) and also from the 

three-dimensional spatial aspect of infection as the pathogen invades at numerous points 

on roots and stump circumference. At certain points, it may be that Armillaria is actively 

degrading outer bark or phloem but has not yet reached the xylem tissues that are 

connected to newly growing dormant buds, so that vigorous stumps continue to produce 

new sprouts even if infected by Armillaria.  
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In some cases, shrinking gap sizes can be attributed to increasing size of the 

dominant sprouts over the seven years as they take up more and more stump 

circumference space. In some of these cases, Armillaria is indeed actively killing sprouts 

around the stump circumference, and carbohydrate resources formerly supporting those 

sprouts are then redirected to the dominants. Future inspection of these dominants may 

reveal whether Armillaria is eventually able to infect them as well, or if these increased 

resources enable them to continue to defend themselves successfully. Brazee (2011) 

points out that in many instances, rather than pre-existing Armillaria actively killing 

sprouts after a tree is cut, the process works the other way around: sprouts die because 

they are outcompeted for resources, or perhaps from other causes, and they then serve as 

infection courts for Armillaria to infect the stump much later on. 

It is also highly likely that Armillaria infection is a stress event that stimulates the 

production of new sprouts. This phenomenon has not been directly documented for 

sprouts, but it has been for adventitious roots (Kile 1980; Rishbeth 1985).Once again, the 

effects of individual stump vigor appear to outweigh, or at least complicate our 

understanding of, the effects of fungal infection in the short term. If the process of 

cambial killing or colonization of functional sapwood takes decades, then further sprout 

demographic studies between year 7 and year 50 may be able to document this process.   

The correlation between dominant sprout diameter and Armillaria infection shows 

that our third hypothesis was founded on incorrect assumptions. The second part, that 

sprout diameter/stump vigor and gaps around the stump circumference would be 

inversely correlated, was not rejected based on the evidence from this study. However, 

the first part, that Armillaria presence and circumferential gaps would be positively 
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correlated, was not supported by the data. Once again, this seems to show that stump 

vigor influences sprout growth more strongly than does fungal infection, at least at the 7-

year mark.   

In this study, stumps featuring dominant sprouts with the greatest diameter growth 

also had the largest numbers of sprouts (Fig. 3), re-emphasizing an intuitive connection 

between numbers of sprouts and stump vigor. Many researchers have tested the natural 

importance of intra-stump competition by performing experiments to release individual 

sprouts, generally finding that an optimal thinning regime varies according to species and 

to desired objectives, such as timber versus biomass production (e.g., Lamson 1988; 

Lowell et al. 1989; Groninger et al. 1998; Espelta et al. 2003; Chatzhiphilippidis & 

Spyroglou 2004; Keyes et al. 2008; Liu et al. 2011). Our observations emphasize the 

additional importance of inter-stump competition to sprout growth, since stump spacing 

and capture of site resources dictate individual stump vigor and subsequent growth of 

dominant sprouts. Apparently, vigor of the whole stump is important to production of 

vigorous sprouting units, and more vigorous stumps may gather, store, and allocate 

sufficient resources to both support thriving populations of sprouts and deal with 

ubiquitous invading Armillaria. 

Espelta et al. (2003) noted that the benefits of releasing individual sprouts through 

thinning are often balanced by the growth of new waves of sprouts in subsequent years. 

Our study confirms this, as we observed oak stumps to be dynamic systems in which 

dying sprouts create gaps around the stump circumference that are then filled in by new 

sprouts. Similarly, Armillaria appeared to move on and off individual stump systems over 

time, or to invade then be compartmentalized, although this appearance may be owing to 
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the difficulties of detection on root systems. The overall effect is one of a shifting 

constellation of infected stumps and sprouts over a stand’s rotation, with (to judge from 

comparison with the 50-year-old stand) gradual recession of Armillaria in prominence at 

some point. Then, presumably, increasing rates of infection combine with other stress 

events such as drought or insect outbreaks to lead to mortality as a given cohort grows 

even older. This trajectory is likely heavily modified by site characteristics such that, for 

example, stands on high ridgetops and southwest-facing slopes experience the onset of 

collective mortality events at an earlier average age than more protected sites (Starkey 

and Oak 1989).  

This information, along with the weakness of the distribution of prior tree 

mortality in predicting stump condition and sprout numbers, reinforces the notion that 

susceptibility to Armillaria depends as much upon individual stump (tree) vigor as upon 

prior pathogen distribution and epidemiology. This is not new information, but it is 

important to keep these two elements conceptually in balance.  As an indigenous, 

ecologically important pathogen, Armillaria pervades tree rhizospheres and is always 

advancing upon its hosts, testing their defenses. This is especially true of A. gallica, as 

shown by the dense networks of epiphytic rhizomorphs present around the majority of 

stumps and trees in these forests. For management of these kinds of pathogens, 

cultivating individual tree vigor through density or light management presents itself as 

one way to alleviate pathogen-caused losses. For shade-intolerant oaks, this may tip the 

scales of management toward an even-aged approach in some situations (Dey & Jensen 

2002). On sites with nutrient-poor, rocky, or drought-prone soils, it may provide an 
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argument for wider spacing even though this could lead to a reduction in timber quality 

(cf. Savill & Spilsbury 1991). 

Studies of tree spacing and mortality during episodes of oak decline have obtained 

conflicting results. Kabrick et al. (2004), for example, found no relationship between tree 

spacing and likelihood of mortality during one such decline episode, while Voelker et al. 

(2008) found that stands affected heavily by oak decline were overstocked. When 

considering whether to reduce stand density on the most vulnerable sites, forest managers 

should also recall that Armillaria spp. rapidly colonize new stumps, using them as food 

bases for augmented foraging and growth in the stand and potentially increasing future 

disease risk (Rishbeth 1972). However, the results of our study provide some evidence 

that young, vigorous oaks can largely contain this risk at least until an intense stress event 

incites a new wave of decline. 

In contrast to the findings of Chatzhiphilippidis and Spyroglou (2004), who 

reported many poorly formed trees in long-untended coppice stands, and Lamson (1988), 

who warned of bole sweep, forking boles, and root rot in unthinned sprout clumps, the 

trees in the 50-year-old Missouri clearcut generally exhibit straight growth habits and 

good form—although as previously mentioned, root rot caused by Armillaria is present. 

In the study of Lamson (1988), red oak did not respond to thinning with increased 

diameter growth in the same way the other studied species did, although Lowell et al. 

(1989) reported positive results from both red and white oak species sprout thinning in 

the same region as the current study. However, Lowell et al. (1989) were seeking to 

maximize diameter growth over a 30-year rotation, which may not match all landowners’ 

coppice management objectives. 



104 
 

Although there is no evidence from this study to suggest that Armillaria infection 

prevalence varies according to oak species, evidence from other studies suggests that 

white oak species are less susceptible to fatal parasitic infection than red oak species 

(Bruhn et al. 2000; Shifley et al. 2006). Sampling of the 50-year-old clearcut lends some 

support to this. Random transects through the clearcut encountered far more white oak 

trees of sprout origin than red oak species, and it cannot be ruled out that Armillaria may 

be responsible for the elimination of much of the red oak stump-sprout regeneration over 

the past half-century. Abundant single-stem, seedling-origin red oak stems were present 

on this clearcut. Recent death of suppressed and intermediate single stems (both white 

and red oak species), along with Armillaria mycelial fans on the roots, was readily 

apparent throughout the stand.  

In general, the observations in this study provide evidence consistent with two 

general hypotheses about oak stump-sprout ecology and management: (1) Quercus 

species are well able to regulate the rate of sprout self-thinning and protect residual stems 

by vigorous compartmentalization of Armillaria infection, regardless of oak species or 

aspect; and (2) despite this, Armillaria can gain a foothold early in the life of a 

regenerating stand and contribute to further sprout mortality and shifts in species 

dominance over a long time horizon, through the back-and-forth of pathogen invasion 

and subsequent tree compartmentalization of infection. The evidence further supports 

numerous earlier observations that even though Armillaria is exceptionally well-

established in these stands—including large numbers of A. mellea individuals—lethal 

infection may require at least some degree of compromised host vigor incited by other 

stresses, largely depending on individual tree vigor. Future studies of sprout demography, 
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especially those that span periodic drought events, will further illuminate our 

understanding of these relationships.  
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Figure 1. Comparison of numbers of living sprouts between Armillaria-infected 

(positive) and uninfected (negative) stumps in 2012.  
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Figure 2. Numbers of living sprouts on stumps in 2006 by parent tree diameter at breast 

height (dbh) (measured one year earlier). 
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Figure 3.  Relationship between numbers of living sprouts and dominant sprout dbh in 

2012. 
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Figure 4. Relationship between change in size of largest sproutless gap around stump 

circumference (positive values indicated gap enlarged between 2006 and 2012; negative 

values indicate gap shrank) and dominant sprout dbh in 2012. 
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Figure 5. Examples of Armillaria signs and symptoms observed on oak stumps in 

Missouri clearcuts. A: 50-year-old clearcut representative of general Missouri mixed-oak 

forest type. B: 7-year-old sprout clump that has grown new wood completely around old 

stump. C: Rhizomorph following bark fissure. D: Armillaria mycelium growing between 

root bark and wood. E: Lesion on underside of root (thick arrow; root has been turned 

over) in association with mycelium on decayed root (thin arrow). 
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Table 1. Armillaria species recovered at study site one year after clearcutting. 

Percentages do not add up to 100, because both A. mellea and A. gallica were 

recovered at three stumps. 

Species Number of stumps % 

A. gallica 5 8 

A. mellea 50 79 

A. tabescens 2 3 

Undetermined 9 14 
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APPENDIX A 

List of tree species on study plots at Baskett Research and Education Area 

Acer saccharum Marshall 

Aesculus glabra Willd. 

Amelanchier arborea (F. Michx.) Fernald 

Carpinus caroliniana Walter 

Carya cordiformis (Wangenh.) K. Koch 

Carya glabra Miller 

Carya ovata (Mill.) K. Koch 

Carya texana Buckley 

Carya tomentosa Sarg. 

Cercis canadensis L. 

Celtis laevigata Willdenow 

Celtis occidentalis L. 

Cornus florida L. 

Cornus racemosa Lam. 

Crataegus sp. 

Diospyros virginiana L. 

Fraxinus americana L. 

Fraxinus quadrangulata Michx. 

Juglans nigra L. 

Juniperus virginiana L. 

Morus rubra L. 

Ostrya virginiana (Mill.) K. Koch 

Prunus serotina Ehrh. 
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Prunus sp. 

Quercus alba L. 

Quercus imbricaria Michx. 

Quercus muehlenbergii Engelm. 

Quercus rubra L. 

Quercus shumardii Buckland 

Quercus stellata Wangenh. 

Quercus velutina Lam. 

Sassafras albidum (Nutt.) Nees 

Ulmus americana L. 

Viburnum sp. 
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Abstract 

 

Plant scientists, conservationists, and land managers have expressed a need for more 

research into causal mechanisms behind whole-plant senescence and mortality, especially 

where increased rates and incidence of forest decline are projected owing to climate 

change. However, these disciplines use the terminology of senescence in different ways, 

and this impedes communication between them. We highlight three common difficulties 

with senescence terminology as used in the ecological literature and propose some 

solutions. Specifically, we recommend (1) distinguishing between physiological and 

demographic senses of the term “senescence”; (2) discarding the qualifiers “exogenous” 

and “endogenous” as applied to disturbances that can contribute to senescence; and (3) 

using care in attributing mortality of individual woody perennials to senescence. 
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Perennial plants pose interesting problems for theories of organismal senescence 

at the whole-plant and cohort levels, since different perennial species seem to display, 

variously, negative senescence, negligible senescence, or definite senescence with aging 

(Vaupel et al. 2004; Mueller-Dombois 1987, 1992; Salguero-Gómez et al. 2013), and 

since senescence may depend as much on plant size or developmental stage as on age 

(Mencuccini et al. 2005, 2007; Caswell and Salguero-Gómez 2013). While the problem 

of understanding senescence and the mechanisms behind it has historically exhibited 

considerable theoretical interest for evolutionary ecologists and plant demographers, its 

practical dimensions are also becoming increasingly evident in an era of rapid global 

climate change. For over a century land managers and plant community ecologists have 

called attention to large-scale mortality of tree and shrub species around the globe 

(Manion 1981), but concern has lately increased that global warming and associated 

climate change may exacerbate these forest declines (Allen et al. 2010). Increasing 

incidence or rates of decline may imperil plant and animal species of conservation 

interest and speed conversion of some forest types to shrublands or barrens (Weste 2003, 

Mueller et al. 2005). Since forest declines are linked to both individual-tree and tree 

cohort aging and mortality processes (Mueller-Dombois 1992, Zeppel et al. 2013), a 

better understanding of whole-plant aging and mortality is a high-priority target for new 

research in woody plant  physiology and forest and shrubland community ecology. 

Unfortunately, forest and plant community ecologists tend to deploy a variety of 

contradictory and confusing concepts and terms related to senescence, a potential 

hindrance to better and faster understanding of the mechanisms behind plant community 

decline. Many workers who focus on individual plant species or individual plant parts to 
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develop senescence concepts have meticulously discriminated between similar-sounding 

terms, but some ecologists, focused on the functional and performance implications of 

senescence for plant communities, have been much less careful. We discuss specific 

examples below. In addition, many reviews of plant senescence, with some partial 

exceptions, have avoided addressing the conceptual inconsistencies that riddle the 

discussion of this topic. This clouds the possibility of consilience between disciplines on 

this subject, despite the obvious benefits such bridging would bring. Rather than 

consigning our use of senescence-related terms to eternal irresolution as a “semantic 

argument” (Thomas 2013), it seems worthwhile to highlight the most egregious word-use 

problems and propose solutions. This effort may be helpful to plant community 

ecologists, especially those who, like ecophysiologists or functional trait ecologists, 

attempt to bridge what have often been disparate scales of study, from molecules to 

biomes. In such efforts consistent terminology, spanning from isolated mechanism to 

widespread, interactive pattern, proves necessary not just for discussions between 

disciplines, but also for meaningful discussion among ecologists themselves. Although 

plant scientists working at all levels study plant senescence, we focus on forest and 

shrubland community ecology because it is in this field that errors and imprecisions have 

accumulated to the greatest degree despite the necessity for precision. We also focus on 

forest and shrubland ecology because the demographic study of Baudisch et al. (2013) 

suggests that among perennial plants, senescence may be confined to trees. Finally, we 

focus on this field because of the above-mentioned importance of identifying 

mechanisms for increased mortality in forests and woodlands, which carries large 

implications for global carbon sequestration and storage (Caspersen et al. 2011). Below, 
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we identify three inconsistencies that we consider most important and, where applicable, 

provide suggestions for resolving them. 

1) Programmed and non-programmed senescence. A near-consensus has 

developed in much plant physiological work around defining “senescence” to mean 

programmed (internal, endogenous) aging and death processes of either plant parts, such 

as leaves, or of whole plants, such as annuals (Nooden 1988, Mencuccini et al. 2007, 

Munné-Bosch 2008). No convincing evidence has emerged of a unified physiological 

senescence program in iteroparous plants analogous to those in some animals that 

involve, for example, oxidative stress or telomere shortening (Brutovská 2013). In 

contrast, many plant ecologists use the word “senescence” in a broader sense, to denote 

reduced fecundity and increased mortality rates correlated with increasing age beyond the 

onset of reproduction (Salguero-Gómez et al. 2013). Borges (2009) and Brutovská (2013) 

point out this distinction, as do Roach et al. (2009), who distinguish between 

“physiological” and “demographic” senescence. The designation of a broad or 

demographic sense for senescence acknowledges that establishing the existence of 

senescence in individual plant species depends on observations of many individual plants 

with subsequent actuarial calculations in the forms of life tables, projection matrices, and 

statistical models (Williams 1957). Nevertheless, some of the vegetation ecology 

literature muddles the distinction between physiological and demographic senescence. 

For example, Stephenson et al. (2011) attempt to list possible causal mechanisms for a 

correlation between increased productivity and increased mortality rates in forests. They 

assert that plant physiologists have shown that trees do not senesce, and therefore they 

omit increased senescence rates from their list of proposed mechanisms. Yet the literature 
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they cite refers specifically to programmed  (physiological) senescence, not to a general 

decrease in fecundity and survival with age (demographic senescence). The authors do 

not specifically address whether demographic senescence characterizes the productive 

forests of which they write, although their project of studying increased mortality in such 

forests implies that it does. While noting that many plant physiologists are increasingly 

careful to be precise in their use of terms, we recommend that vegetation ecologists adopt 

similar precision, using terms such as “programmed senescence,” “programmed cell 

death,” or “apoptosis”, or consistent qualifiers such as “monocarpic senescence” or 

“apical senescence,” to denote specific intrinsic physical processes and using the term 

“demographic senescence” to denote larger-scale senescence patterns affecting entire 

plant communities. Whenever “senescence” by itself is used, we recommend, contra 

Brutovská (2013), that it carry the broader, demographic sense. 

The confusion above hinges on a problem of scale. Levin (1992) suggests that a 

fundamental problem in ecology consists of providing unified explanations of phenomena 

that express themselves differently at different scales. Senescence may operate differently 

from gene to cell to tissue to individual plant to generation/cohort to community to 

species; the ecologist’s task, according to this conception, would be to clarify these 

differences and take account of explanations at each level as well as to identify the 

emergent properties observed as one moves higher up these levels. The individual 

perennial plant provides one bridge between physiological senescence and demographic 

senescence. It is possible that demographic senescence can emerge as a pattern even in 

species for which no specific physiological senescence mechanisms have been identified. 

Roach et al. (2009), Roach (2012) , Herrera and Jovani (2010), Garcia et al. (2011), and 
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Shefferson and Roach (2013) imply that environmental variability and disturbance can 

provide one explanation for such emergent properties. This is corroborated by studies of 

specific functional plant traits such as that of Iida et al. (2014), who propose 

environmental and disturbance heterogeneity as an explanation for differences in leaf 

traits at different life stages for a variety of tree species in Taiwan.   

2) Exogenous (extrinsic) and endogenous (intrinsic) disturbances. The 

literature concerning tree demography, senescence, and mortality is filled with assertions 

concerning these two types of disturbances (e.g., Coomes et al. 2003; Toledo et al. 2013), 

yet the distinction between them is tenuous at best. As an example, if some plants 

sacrifice production of defense compounds for faster growth in competitive 

environments, and thus tend to die earlier from natural enemies, does this make the 

resulting age-related deterioration process endogenously or exogenously controlled? If 

some plants accumulate an increasing load of parasitic or saprophytic microbes as they 

age (Guglielmo et al. 2007, Parfitt et al. 2010), and these microbes remain apparently 

latent for decades, taking advantage of periodic stress events to colonize gradually larger 

amounts of host tissue until the host is overwhelmed, is this creeping colonization an 

endogenous or exogenous process? In lower Midwestern hardwood forests, we 

commonly observe an association between periodic, recurrent drought and repeated 

stepwise reductions in basal area growth across large numbers of oak trees from which 

those trees never recover before they are attacked by omnipresent natural enemies 

(Jenkins and Pallardy 1995, Voelker et al. 2008; Fig. 1). These natural enemies are 

numerous, but for one group of them, Armillaria spp. (root- and heart-rot fungi 
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consistently linked to oak mortality), the odds of detectable tree infection increase 

measurably with tree age (C. Lee et al., unpublished data; Oak et al. 1996).   

A better understanding of plant community decline in the face of climate change 

will likely require more intensive investigation of the roles of specific biotic enemies and 

symbionts in shrub, tree, and forest health. To date, a great deal of research has been 

undertaken into the roles of inter-tree competition (e.g., Pacala et al. 1996; Caspersen et 

al. 2011; Das et al. 2011), environmental drivers (e.g., Caspersen and Kobe 2001; Burns 

et al. 2013) , plant size (e.g., Caspersen et al. 2011; Wang et al. 2012), plant functional 

traits (e.g., Loehle 1988; Chao et al. 2008 ), physiological processes (e.g., Putz et al. 

1984; Ryan and Waring 1992; Yoder et al. 1994), and large-scale demographic patterns 

(e.g., Xu et al. 2012)  on community stand structure and function, yet relatively little 

research has gone into describing the roles of specific organisms and organism 

complexes—with the possible exception of the mycological research community 

(mycorrhizas) and the forest pathologist community (tree decline diseases). Despite this 

paucity of study, the organisms intimately associated with trees throughout their lifespans 

have large and in some cases determining roles to play in senescence and mortality. A 

good example of this is lodgepole pine (Pinus contorta ssp. Murrayana) in central 

Oregon. Cohorts of these trees typically die and regenerate at ages from 60-100 years 

because of a combination of factors including root diseases, dwarf mistletoes, threshold 

phloem thicknesses that attract mountain pine beetles, and fire (Gara et al. 1984a, Gara et 

al. 1984b). This process is regular enough to serve as a basis for management and 

conservation decisions and may be considered a case of “cohort senescence” sensu 

Mueller-Dombois (1992). This example shows that appreciating the roles of organisms in 
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plant senescence requires an understanding of multi-kingdom function and interaction at 

all scales, e.g. in planta (the microbiome), within the immediate neighborhood, at the 

stand level, and across the landscape. Such examples also show that the connections 

between any organism’s, or community’s, internal and external environments challenge 

our capacity to draw definite distinctions. “Intrinsic” and “extrinsic” have the advantage 

over “endogenous” and “exogenous” that they do not imply anything about the ultimate 

source or arising of the disturbance; nevertheless, in relation to studies of woody plant 

communities, we suggest either using “disturbance” as a general term and rubbishing the 

qualifiers, or drawing explicit, scale-related distinctions between extrinsic and intrinsic 

disturbances for each individual study. 

3) Attribution of large-scale vegetation patterns to senescence. In their study 

of mortality rates and tree longevity in old-growth forests, Lorimer et al. (2001) use 

caution in attributing mortality patterns to plant senescence, pointing out how much 

remains to be discovered about the relative roles of physiological senescence, biotic 

enemies, and abiotic disturbances in determining tree mortality. Carey et al. (1994) 

practice similar restraint in speculating about the causes of large-tree mortality in the 

tropics. Since then, however, such circumspection has dropped away in a number of 

vegetation ecology studies, with several workers assuming a dominant role of senescence 

as a physical mechanism behind the deaths of large, old trees. For example, Lines et al. 

(2010) and Toledo et al. (2013) assume that death of large trees in their study populations 

is caused either by senescence or by strong physical disturbance, and some extend this 

assumption as far as to equate all standing tree death with senescence (Chao et al. 2008, 

2009; Toledo et al. 2013). While the patterns of large, old tree death uncovered in these 
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studies may exemplify demographic senescence (a community pattern that may inform us 

about individual tree status), the studies phrase their explanations in such a way as to 

imply the more mechanistic explanation of physiological senescence (a within-tree issue 

that results in a particular demographic pattern). The difference is subtle, but precision in 

the direction of reasoning is important here. Whereas documenting demographic 

senescence does not imply a complete understanding of underlying mechanisms and 

acknowledges the importance of the growing environment for tree mortality, invoking 

physiological senescence implies that such a phenomenon exists across tree species 

when, as established above, plant demographers and physiologists doubt the universality 

of this phenomenon.    

The overall picture that emerges from a review of age-related declines in woody 

plant communities shows the need for a case-by-case or at least species-by-species 

accounting of senescence within and between these communities (Silvertown et al. 

2001). For example, Xu et al. (2011) note that hydraulic limitation does not appear to 

influence age-related decline in Quercus rubra and other Quercus species in New York 

state, whereas hydraulic limitation is readily apparent as a contributor to decline in the 

Quercus forests of the lower Midwest, which include Quercus rubra (Voelker et al. 

2008; Lee et al. 2014). Species-by-species and perhaps even ecotype-by-ecotype 

variation in senescence among woody plants appears to mirror the great variation in 

senescence trajectories within and among herbaceous plant species (e.g., van Dijk 2009; 

Tuomi et al. 2013), and indeed across all kingdoms of life (Baudisch and Vaupel 2012; 

Owen et al. 2014), To counter a tendency to assume the existence of senescence and 

overgeneralize its effects in woody plant communities, we suggest a retrenchment to 
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statements about mortality patterns within the specific studied communities only, 

accompanied by investigations into physiological mechanisms of death that are as 

detailed as the practicalities of individual studies will allow.   

 

Conclusions 

Although many factors interact to regulate senescence patterns in forest, 

woodland, and shrub communities, overall tree- or stand-level senescence trajectories can 

nevertheless follow relatively predictable patterns (Oliver and Larson 1996). In such 

cases, although we are not yet able to approach an understanding of all the physiological, 

environmental, and organismal mechanisms behind tree senescence, we can often model 

the senescence process sufficiently to enable informed management schemes. 

Nevertheless, an increased concentration, where possible, on both biotic and abiotic 

causal mechanisms and their interactions will enrich our understanding of senescence and 

help us better predict its changes under changing environmental conditions. Such an all-

encompassing effort requires and deserves consistency of terminology and concept in 

order to ensure the consistency of approach that will lead to meaningful results for 

practitioners in all plant-related disciplines.  
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Figure 1. Basal area growth over time for a Missouri red oak showing upward growth 

while young followed by stepwise reductions in growth during later years (this tree was 

dead in 2009). 
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APPENDIX C 

Tree architecture as a predictor of growth and mortality after an episode of red oak 

decline in the Ozark Highlands of Missouri, USA 

Canadian Journal of Forest Research 44: 1005-1012 
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Abstract 

Mixed oak stands in the Ozark Highlands of southern Missouri were revisited eight years 

after a severe episode of red oak decline to determine which predictor variables, collected 

in 2003, best predicted subsequent tree growth and mortality patterns. Between 2002 and 

2009, the mortality rate was 5% (0.625% annual mortality rate), generally below 

previously reported background rates. Generalized linear mixed models indicated that 

dieback (an estimate of branch mortality), age, relative height, and the interaction 

between the last two were most effective at predicting tree mortality. By contrast, tree 

vigor index (TVI), a composite variable derived from basic measurements of crown and 

stem architecture, was unequivocally the best predictor of basal area growth trend from 

one long-term period to the next. Basal area growth increases linearly with TVI, 

reinforcing the notion that, even in ring-porous oaks (which must build new earlywood 

vessels each year), sustained growth is a low priority for carbon allocation in chronically 

stressed trees. The findings validate TVI as a useful metric for predicting growth rates of 

scarlet and black oaks.  

Keywords: oak decline, dieback, crown condition, cohort senescence 
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INTRODUCTION 

 Recent episodes of forest decline have claimed prominence in the ecological 

literature because of the possibility that climate change, especially in areas where 

increasing drought stress is predicted, will spur increases in background tree mortality 

rates and mass tree die-offs in the near future (Allen et al. 2010). Over the next century, 

climate change is projected to increase summer temperatures and decrease precipitation 

over most of the United States, with the greatest warming exceeding 5° C and reductions 

in precipitation close to 50% expected over the central region, near the ecotone of the 

eastern deciduous forest and the western prairies (Diffenbaugh et al. 2011). The 

associated threat of large-scale tree mortality resulting from climate change has inspired a 

variety of new forest decline research initiatives, from the search for a better 

understanding of the physiological causes of drought-related mortality (Zeppel et al. 

2013) to improved efforts to inventory forests at regional and national levels to better 

document decline and mortality trends (e.g., Christensen et al. 2008; Dietze and 

Moorcroft 2011). 

Red oak decline, a subset of the hardwood decline scenarios often observed in 

forests of the eastern U.S. (Millers et al. 1989), has stimulated a great deal of study in the 

Ozark Highlands of southern Missouri and northern Arkansas, especially in the 1990s 

and 2000s (e.g., Bruhn et al. 2000; Dwyer et al. 1995; Fan et al. 2008; Jenkins and 

Pallardy 1995; Kabrick et al. 2008; Muzika and Guyette 2004; Shifley et al. 2006; 

Voelker et al. 2008). Researchers have made progress in clarifying which factors can 

predispose trees to dieback and mortality, especially with reference to oak declines in 

other parts of the U.S. (Oak et al. 1996). However, like most forest declines, the multiple 
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factors and causal agents behind this particular decline continue to elude simple or 

unified explanations.  

Red oak decline is characterized by extensive branch dieback and eventual death 

of such oak species as scarlet oak (Quercus coccinea), black oak (Quercus velutina), and 

northern red oak (Quercus rubra) in Missouri. Pulses of increased oak mortality and 

other symptoms of decline have often been noted on southern and western aspects and in 

upper slope positions and thought to be triggered by severe droughts (Starkey and Oak 

1989). Other factors commonly associated with the decline include poor site quality, 

dominant or codominant tree canopy position (but see Fan et al. 2008), and xeric 

conditions (Oak et al. 1996). Oak decline and mortality on these sites is often taken to be 

a classic exemplar of the decline spiral theorized by Manion (1981), with periodic 

drought and poor site conditions acting as predisposing factors; severe droughts and late 

spring frosts as inciting factors; and several biotic enemies, including root disease caused 

by Armillaria spp., Hypoxylon canker caused by Biscogniauxia spp., and wood-boring 

beetles as contributing factors (Shifley et al. 2006). Several investigations have also 

invoked tree age as an important factor, hypothesizing that scarlet and black oak cohorts 

that became established during the early twentieth century on dry or nutrient-deficient 

sites throughout the Ozarks are nearing the ends of their lifespans, thus rendering them 

more vulnerable to inciting and contributing factors (Kabrick et al. 2008; Oak et al. 1996; 

Shifley et al. 2006; Voelker et al. 2008). This hypothesis combines the decline spiral 

qualitatively described by Manion (1981) with the demographic “cohort senescence” 

model of decline advanced by Mueller-Dombois (1987). 
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 Here we build upon a previous study of red oak decline incited by a drought 

episode in the Ozarks (Voelker et al. 2008) to ascertain which tree-, stand-, and site-level 

predictor variables best describe trends in subsequent oak growth and the probability of 

mortality. Such understanding can help forest managers better predict forest growth, 

yield, and health trajectories in the Ozarks ecoregion and provide a template for testing 

these variables with other tree species and forest types. One site predictor that has been 

identified as being especially helpful in identifying these trajectories is radial tree growth 

(Dwyer et al. 1995), although absolute basal area growth must be standardized to account 

for tree age and size. Basal area growth trend is perhaps the clearest indicator of tree 

health trajectory over the long term (Voelker et al. 2008). Voelker et al. (2008) identified 

a composite predictor variable called Tree Vigor Index (TVI), which integrates crown 

and stem measurements to identify oak trees in which crown dieback—presumably 

caused by a variety of predisposing, inciting, and contributing factors—reduces the ratio 

of photosynthetic carbon gain to stem size. In such trees carbon gain presumably does not 

keep pace with the demands of woody tissue maintenance respiration. Among a set of 

predictor variables in Voelker et al. (2008), which were collected in 2003, TVI was most 

tightly correlated with basal area growth trend in the previous 40 years. Re-measurements 

of the study trees in 2009 enabled us to formulate and test the following hypotheses: (1) 

TVI would more accurately predict tree mortality in the seven intervening years than any 

other single predictive variable (e.g., dieback, slope, tree age); (2) TVI would more 

accurately predict trends in individual-tree basal area growth than any other single 

variable; and (3) age would prove to be a significant variable in models describing the 
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influence of various predictive variables on tree growth and mortality, thus validating the 

idea that oak decline in Missouri is at least partly a demographic phenomenon.  

METHODS 

Data collection 

The initial study of Voelker et al. (2008) used observations of up to 10 trees per 

plot on 88 plots across all nine sites (ranging from 312-514 ha) composing the Missouri 

Ozark Forest Ecosystem Project (MOFEP). MOFEP is located in the Ozark Highlands of 

southeastern Missouri. The MOFEP project and sites have been described in detail in 

other publications (e.g., Kabrick et al. 2004; Shifley and Brookshire 2000). The sites are 

characterized by gravelly ultisols and alfisols that are slightly acidic, with a mean 

precipitation of 1150 mm/yr, and near-equal proportions of black oak, scarlet oak, and 

white oak (Quercus alba) dominating the overstory, with shortleaf pine (Pinus echinata), 

post oak (Quercus 145tellate), and hickories (Carya spp.) being smaller but significant 

overstory components. The area is subject to periodic droughts, notable ones being in the 

1930s, 1950s (especially severe), early 1960s, early 1980s, and 2000, the last being the 

putative inciting event for the mortality examined in this study. The area experienced an 

additional moderate drought in 2007.   

Our study used and extended the data published by Voelker et al. (2008), which 

included measurements of environmental variables, tree-growth variables, and tree 

deterioration/dieback variables. Environmental variables measured or recorded included 

soil parent material, site index, and stand basal area. Basal area and tree density were 

combined into a measure of stocking following Larsen (2002). Tree variables measured 
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included dbh, height, live crown ratio, crown radius, and mortality. Two subjective 

measurements as outlined in Zarnoch et al. (2004) were made: crown dieback and crown 

density. Dieback represents an estimate of the percentage of fine branches dead within 

the tree crown, while density estimates the percent volume of intact crown compared to a 

visualization of an optimal use of growing space by foliage within the crown. 

Additionally, increment cores were taken from trees at dbh and tree-rings measured to the 

nearest 0.01 mm using an electronic transducer and dissecting microscope on a moving 

stage. Cores were cross-dated using known tree-ring signatures representing extremely 

wet or dry periods and the program COFECHA (Holmes et al. 1986).  

Voelker et al. (2008) used several of the directly measured variables to derive 

various indices of tree growth, such as a tree vigor index (TVI), crown surface area (CS), 

and crown surface area weighted by the inverse of live crown ratio (CSw). From 

increment cores, they determined boundary line basal area increment (BAI) and trend in 

BAI in order to determine the best measures of tree growth as indicators of tree vigor 

over time (since diameter growth is a sensitive integrator of total tree condition; Waring 

et al. 1998). Boundary line BAI is a measure of tree growth standardized for tree size 

class, since the geometry of tree size can confound direct comparisons of BAI between 

large and small trees. Trend in BAI represents the average BAI growth for a period of 

years compared to growth in a previous period; it is superior to raw BAI as an indicator 

of tree vigor (LeBlanc 1996). Sorting trees by boundary line BAI trend resulted in a 

categorization of measured trees as “Declining”, “Stable” and “Healthy” that captured 

most accurately the growth-related sorting of measured tree vigor. Then Voelker et al. 

(2008) compared the subjective measures of crown condition, as well as TVI, to this 
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categorization to see which of them best correlated with it. TVI provided the best 

agreement with increment-core-derived tree vigor, better than dieback, CS, or CSw 

(Voelker et al. 2008).     

In deriving TVI, Voelker et al. (2008) were guided by two considerations. First, 

they reasoned that tree vigor is compromised when outside factors cause a tree’s 

photosynthetic area to be reduced relative to the demands of maintenance respiration. 

Second, they sought to find an integrated indicator of tree vigor that would involve non-

invasive and relatively rapid measurements as an alternative to, say, obtaining and 

analyzing increment cores for growth data or determining functional sapwood area for 

respiration measurements. Because of this, TVI largely depends on surface measurements 

of trees. Measuring foliar and cambial surface areas is one commonly accepted 

methodology used to estimate respiration at the whole-tree level (Edwards and Hanson 

2003). Given this consideration, TVI was calculated as detailed below. Space precludes a 

full justification of each step provided here; a full explanation is provided in Voelker et 

al. (2008).   

First, crown surface area was estimated according to the following equation: 

)2()( 2 DLCRHCRCRCS    

Here, CR = crown radius, H = tree height, LCR = live crown ratio and D = crown density 

(scaled to vary between 0 and 1). Next, the crown surface area was weighted by the 

inverse of the LCR to account for lower photosynthetic capacity of leaves displayed 

lower in the canopy (this step limits the use of this version of TVI to trees growing in 

closed-canopy forests): 
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𝐶𝑆𝑤 = 𝐶𝑆 × (
1

𝐿𝐶𝑅
). 

Third, stem surface area was calculated by the following formula: 

𝑆𝑆𝐴 = 𝜋 × 𝐷𝐵𝐻 ×
𝐻

2
× 𝑎 

Here a is a constant (1.268) representing the surface area of a cone and applying 

specifically to the stem surface area of scarlet oak as developed by Whittaker and 

Woodwell (1967). The final step was the calculation of TVI:  

𝑇𝑉𝐼 =
𝐶𝑆𝑤

𝑆𝑆𝐴
 

More detail on the calculation of TVI can be found in Voelker et al. (2008). 

For this study, we revisited all original trees in 2009 to record tree dbh, tree fate 

(live, blowdown, snag), and crown condition (both dieback and crown density by percent, 

as in the original study). After removing trees with missing or incomplete information 

from the dataset, we performed our analysis on 717 trees from the original dataset. 

Data analysis 

Mortality.—We used generalized linear mixed models, implemented with the glmer 

function of the lme4 package in R (version 2.15.1; R Core Development Team, 2012), to 

determine the effects of tree-level variables, measured in 2001, on the probability that 

individual trees would die between 2001 and 2009. Given that our response variable 

(mortality) was binary, we assumed a Bernoulli (i.e., binomial with number of trials = 1) 

error distribution (Pacala et al. 1993), thus requiring the use of a generalized model 
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approach. We used mixed models to account for non-independence of individual tree 

responses due to spatial clustering within plots and sites. All variables used are listed in 

Table 1. We specified candidate models for the entire dataset, with tree fate as the binary 

response variable (0 = dead and 1 = living), and site and plot within site as nested random 

effects. Candidate models included plausible combinations of variables and their 

interactions and were guided by preliminary univariate analyses and parsimony (i.e., we 

did not test all possible permutations of variables in an attempt to avoid overfitting). We 

compared the relative support for alternative models using Akaike’s Information 

Criterion (AIC) (Burnham and Anderson 2002), and made inferences about the 

importance of any given variable based on whether adding that variable to a simpler 

model improved AIC or not. 

Long-term growth ratio (GLONG).—We used linear mixed models (solved in R with the 

lme function, under the assumption that growth followed an approximately Gaussian 

distribution) to analyze the effect of tree-level covariates on changes in tree growth rate 

over time, as indexed by the ratio of basal area increment between two periods: 2001-

2009 and 1982-2001 (we refer to this ratio as GLONG). The period 1982-2001 was largely 

unaffected by drought, which only occurred in 1980 and 2000 (the presumptive inciting 

event for the pulse of oak decline under study). We used the same predictor variables as 

in the mortality analysis, and compared models with AIC. 

Short-term growth ratio (GSHORT).—We calculated a second growth ratio, the ratio of  

2001-2009 growth to 1997-2001 growth, which we refer to as GSHORT, for comparison 

with GLONG. In doing this, we sought to determine whether predictor variables more 

closely reflected growth trends over a shorter or longer period of time. We used the same 
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predictor variables and model selection criteria as in the preceding two analyses. A visual 

examination of the relationship between TVI (which we found to be the dominant 

predictor) and GSHORT suggested that it was linear. However, since a nonlinear fit 

appeared possible, and to further test the nature of the relationship, we compared a 

nonlinear function (a Michaelis-Menten curve) with the linear relationship through 

explicit modeling of this alternative nonlinear function of TVI. Additionally, we 

conducted a post-hoc comparison of the linear model with a model containing a quadratic 

term (TVI
2
) to see if the addition of this term improved model fit. For tractability, in this 

part of the analysis we ignored the random effects of site and plot (which the previous 

analysis suggested were relatively small in magnitude). We used the mle2 function in the 

bblme package of R to optimize the nonlinear function and as a basis for comparing 

nonlinear and linear model fits.  

Blowdown 

To account for the effects of wind disturbance as a mortality agent separate from 

those related to tree decline, we recorded wind-caused mortality (blowdown) for a 

separate analysis. For this analysis we compared TVI and crown dimensions of blown-

down trees to those of trees that died standing. 

RESULTS 

Mortality 

 Between 2002 and 2009, 36 trees (5% of the total) died across all plots. This rate 

is generally below background mortality rates for codominant and dominant red oaks 

reported by Shifley et al. (2006). Using TVI to categorize trees as “declining,” “stable,” 
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or “healthy” (Voelker et al. 2008) revealed that trees categorized as declining were 3-4 

times more likely to die between 2001 and 2009 than stable or healthy trees (Fig. 1). In 

general, mortality was evenly distributed across mature (60-90 years) and old (90+ years) 

classes, but was somewhat lower within the class of young (< 60 years) trees (Table 2). 

The logistic mixed model analysis of mortality revealed a range of competing 

models that identify 1-5 variables as being important for predicting the probability of 

mortality (Table 3). The four highest-ranked models all included dieback as a significant 

effect, and reducing the model to include this variable alone achieved the single highest 

gain in ΔAIC among these four models. Although the final four models shown in Table 3 

were supported by similarly low ΔAIC values, the model with the single lowest AIC 

score and highest weighted estimate of model strength included the variables dieback, 

age, relative height, and the interaction between age and relative height. 

Plotting the logistic curve for the relationship between dieback and mortality (Fig. 

2) showed that although dieback may be the single best predictor in our set of variables, 

even trees with 100% dieback only had a ~70% probability of dying during the study 

period. Hence, some trees that had reductions in leaf area exceeding 95% (usually these 

trees had one or two branches with a cluster of leaves) may have subsequently reflushed 

to live for one or more additional seasons.  

Growth  

  Slower growth followed the episode of oak decline observed in 2001. Tree growth 

in the dataset followed the normal distribution. The mean ratio of growth from 2001-2009 
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to growth in the previous twenty years was 0.71. This apparent regional decrease in 

growth was not an artifact of tree age, since it occurred across all age classes (Fig. 3). 

In both the GLONG and GSHORT analyses of shifts in growth rate over time, model 

selection was more straightforward than the mortality analysis, because in both cases 

overall AIC values converged on a single, highly supported model. For the wider time 

interval (GLONG), the most highly supported growth model (AIC weight = 0.94) included 

the variables age, dieback, and TVI (Table 4). However, models including age and 

dieback alone were much less strongly supported than those with TVI, indicating that 

TVI is the dominant explanatory variable. Univariate analyses based on linear regressions 

show that, whereas TVI explained approximately 26% of the variance in growth (p < 

0.001), dieback explained only one-third that amount and age only ~6% (p < 0.001 in 

both cases). Computing a pseudo-r
2
 for the complete model including all three of these 

variables indicated that the complete model explains approximately 35% of the variation 

in the data (pseudo-r
2
=0.3513). When slope was included as a significant effect, its 

parameter had a positive sign, indicating that steeper slopes were associated with greater 

growth. However, this association described little of the variation in the data in a 

univariate analysis (r
2 

= 0.02; p < 0.001).  

 TVI performed better when fitted to growth trends for narrower time periods (i.e., 

GSHORT) as opposed to longer ones (i.e., GLONG). For the ratio of growth between 2001-

2009 and 1997-2001 (GSHORT), models including TVI alone were most highly supported 

(Table 5). Plotting this growth ratio against TVI values showed a clear relationship (Fig. 

4). The function that most closely fit the growth trend ratio for GSHORT was a linear 

function, 𝐺𝑆𝐻𝑂𝑅𝑇 = (0.059 ∗ TVI) + 0.332 (r
2 

= 0.257; p < 0.001; Fig. 4). We found no 
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evidence to support a nonlinear relationship, either from the Michaelis-Menten function 

fit or the addition of a quadratic term for TVI. Random effects of site (sd = 0.036) and 

plot nested in site (sd = 0.059) were relatively small (but not negligible) in relation to 

unexplained residual variance (sd = 0.25, all listed for the GSHORT analysis).   

Blowdown 

Trees that died from being blown down were characterized by higher TVI and 

larger crown surface areas than trees that died standing. Mean TVI of blown-down trees 

was similar to that of live trees (slightly higher) but substantially higher than that of 

standing dead trees (Fig. 5). Meanwhile, trees that suffered blowdown tended to be 

outwardly healthy (high TVI) but had crown surface areas that were 20-30% larger than 

the average surviving trees of the same species (Fig. 5). Although trees with larger-than-

average canopies suffered a greater incidence of blowdown, taller trees within a given 

plot were not more susceptible (Fig. 5). 

DISCUSSION 

TVI and dieback as predictor variables 

This study validates the initial findings of Voelker et al. (2008) concerning the 

utility of TVI as a predictor variable for assessing the health of black and scarlet oak 

stands, especially as contrasted with the commonly used variable dieback. Currently, 

some variation of dieback provides the metric most often used for rapid assessments of 

tree health (e.g., Alexander and Barnard 1994; Anderegg et al. 2012; McLaughlin et al. 

1992; Worrall et al. 2010). In this study, dieback was more closely associated than TVI 

with imminent mortality. However, when dieback was at levels high enough to be readily 
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apparent to observers from the forest floor, it was likely that trees had already begun an 

irreversible death process (Manion 1981). In other words, dieback, although correlated to 

some degree with imminent mortality, was insensitive to lower-level decline processes 

for these two tree species. Even 100% dieback did not always predict mortality (Fig. 2). 

This finding highlights the ability of these trees to compartmentalize and preserve 

essential systems for life as well as the difficulty in predicting absolute death of an 

individual even when the tree has almost no foliage, exhibits large amounts of decay, or 

has other indicators of impending mortality. 

  Variables such as crown ratio or crown size can improve on simpler univariate 

allometric relationships for predicting tree growth (Wyckoff and Clark 2005). However, 

growth does not increase monotonically as trees grow larger and older and begin to 

deteriorate; even though growth continues in old trees, growth rates reach a peak and then 

decline (but see Stephenson et al. 2014). Our data confirm that simple measures of tree 

size alone do not differentiate whether tree growth will increase or decrease (i.e., they are 

poor predictors of growth trend). TVI, on the other hand, accurately reflected growth 

trends because stem growth is a low priority for carbon allocation (Waring et al. 1998), 

and TVI captures much of the variation in two of the essential components of tree carbon 

balance, namely canopy size and the mass of living woody tissue. Canopy size 

determines the potential for total carbon acquisition, while the amount of living tissue 

within a tree determines the carbon demands for respiration, defense, and the recovery of 

xylem hydraulic conductivity following embolism. Since TVI is readily calculated from 

only five fairly standard forest inventory measurements, it may be more useful than 

dieback to forest managers seeking to evaluate forest health and predict growth 
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depressions and recoveries across the landscape. Not surprisingly, this signal does have 

an optimal temporal resolution, illustrated by its better performance at predicting growth 

trends between narrower rather than wider sets of adjacent time periods. Like most 

“state” variables, it is dynamic and most closely reflects the most recent health status of 

the tree.  

Models of individual tree growth can often be improved by including variables 

related to stand-level competition (Lhotka and Lowenstein 2011). Oak decline does not 

affect isolated individual trees: the most affected stands in the Ozarks tended to be 

overstocked prior to the pulse of decline-related mortality (Voelker et al. 2008). 

However, following that pulse of mortality, stocking was not found to be important for 

predicting growth (Tables 4 and 5). Together, these findings highlight the shortcomings 

of employing tree size and stand-level competition as the dominant variables used to 

predict tree growth following widespread mortality events caused by drought and/or 

forest decline. 

Currently, most discussions of forest decline focus on mortality, despite this being 

only one very visible sign of the many demographic and physiological processes affected. 

This binary level of understanding (will the tree die or not?) has proven to be a large 

challenge for forest scientists (Monserud 1976). To further both scientific understanding 

and the crafting of appropriate conservation goals in the face of climate change, the 

recent resurgence of concern about forest decline should include reflection about what 

characteristics define a healthy or adaptable forest (Sulak and Huntsinger 2012) and what 

metrics besides mortality can best contribute to monitoring forest health and adaptability 

(Puettmann et al. 2009).   
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 The prominence of TVI in our models may reflect the ways in which the oak-

dominated forests of the Missouri Ozarks depart from typical forest structure and 

disturbance regimes in many other eastern U.S. deciduous forests. Periodic drought is a 

major disturbance type in Missouri that has shaped many aspects of forest structure and 

function (Guyette et al. 2006). Although recent droughts in the south-central U.S. are 

likely of shorter duration and/or severity than under prehistoric conditions (Stambaugh et 

al. 2011), climate projections are for increased drought severity in this region 

(Diffenbaugh et al. 2011). Compared to much of the eastern deciduous forest, the Ozark 

Highlands may better resemble portions of the arid West, where drought-related mortality 

events have been common for tree species near the dry edges of their ranges (Breshears et 

al. 2005).  

On the sites we sampled, snags have largely resulted from oak decline except in 

rare cases where a random event such as lightning has killed a tree and left it standing. 

However, windthrow is also an important agent of mortality that interacts with tree vigor 

in a different way than other disturbance agents. For most species, the likelihood of 

windthrow is greater in larger trees (Canham et al. 2001). However, our study did not 

consider the influence of tree height or tree architecture. Our data show that for trees with 

a similar total height, individuals with a greater crown size are more likely to incur 

windthrow.  

Predisposing factors and cohort senescence 

In the context of red oak decline, much discussion has focused on environmental 

factors that predispose trees to decline by exerting chronic stresses (after Manion 1981). 
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Early work proposed that thin soils and exposed aspects were among the site factors 

responsible for weakening trees throughout their lifetimes, so that when inciting stresses 

such as drought or unseasonable frost occurred, trees underwent declines in growth that 

eventually led to death (e.g., Law and Gott 1987; Starkey et al. 1989). Kabrick et al. 

(2008), however, showed that after accounting for the initial pre-drought proportion of 

basal area of red oak species, there were no differences in mortality across landforms and 

soil groups that differ in productivity after 10 years covering a drought and decline 

episode. Our data support the findings of Kabrick et al. (2008) in that the mixed model 

selection procedure did not detect a significant association between site factors and the 

probability of mortality or growth trends, with the possible exception of slope.  Model 

selection detected a possible slight correlation between steeper slopes and better tree 

growth. Jenkins and Pallardy (1995) produced an explanation for their observations of 

greater tree mortality on lower slope positions where soils are deeper, by explaining that 

habituation to nutrient and water deficiencies on steeper slopes and/or thinner soils 

stimulates the development of greater root/shoot ratios, enabling those trees to cope better 

with severe droughts. In support of this notion, Jenkins and Pallardy (1995) and Haavik et 

al. (2011) documented that trees with higher juvenile growth rates were more vulnerable 

to oak decline, perhaps because of the root/shoot issue mentioned above. Alternatively, 

apparently greater soil depth may be illusory in less steep slope positions underlain by 

fragipans impervious to root growth and water infiltration (Aide et al. 2006). Where 

water accumulates atop these fragipans, trees may normally have abundant water but may 

suffer during drought because they cannot access water deep in the soil profile. Water 

accumulation could also induce hypoxia-related ethanol production from roots (Bailey-
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Serres et al. 2012), which in turn stimulates Armillaria pathogenesis (Garraway et al. 

1991), leading to quickened mortality.  

Our limited observations of mortality from 2001-2009 do not provide strong 

evidence for or against the hypothesis that red oak decline in the Ozarks is related to 

cohort senescence (sensu Mueller-Dombois 1992). Two observations from these data do 

weakly support the hypothesis: (1) mortality levels were twice as high for mature and old 

trees (60+ years) than they were for younger trees; and (2) age was selected as a 

significant (although weak) predictive variable for both tree mortality and growth in 

mixed models. Since mortality levels were similar for trees in 60-90, 90-120, and 120+-

year age classes, these data do not appear to support the finding of Dietze and Moorcroft 

(2011) that more “middle-aged” oaks die than young or old oaks; but the difference in 

scales between our limited, local, fine-scale dataset and their regional, coarse-scale one 

makes comparisons inadvisable. Some limited evidence against the cohort senescence 

theory in the case of oak decline also emerged from this study: examining basal area 

growth trends between the two most adjacent time periods revealed that growth declines 

were similarly pervasive between all age classes (Fig. 3). However, since previous work 

has shown that the decline process in oaks can take multiple decades, typically 

punctuated by several drops in growth with leveling-out but not recovery of former 

growth increment (Dwyer et al. 1995), a growth decline at a young age does not 

necessarily portend mortality at a young age.  Because observed mortality from 2002-

2009 took place in an inter-decline period, rather than during the main decline episode 

itself, it is difficult to draw strong conclusions about cohort senescence from this dataset. 

Severe drought and heat in Missouri during 2011 and 2012 make it likely that continuing 
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to document mortality within this set of trees will provide a clearer understanding of the 

relationship between tree age and decline-related mortality.   

CONCLUSIONS 

 This study provided an opportunity for continued retrospective study of an 

episode of red oak decline related to severe drought in the 1990s. The long-term nature of 

MOFEP will allow for continued tracking of these trees through future periods of 

drought. As climates shift and disturbance regimes adjust to accommodate the nature of 

these shifts, the insights gained from tracking these trees will enable a better 

understanding of forest health in this region, with its distinctive land-use history, 

interacting disturbances, and complex mosaic of public and private ownership. This study 

shows that TVI can be a useful tool for ecologists and forest scientists seeking to predict 

tree growth following decline and/or mortality events that quickly decrease stand-level 

competition. Understanding forest stands at the sub-mortality level and working to pick 

apart the web of mechanisms behind red oak decline will ultimately provide better 

recommendations to land managers seeking to promote a multitude of goals across the 

landscape. As part of the continuing program of developing such recommendations, 

ecologists may also find it useful to test the applicability of this variable in the case of 

other tree species in other regions and under other disturbance regimes. 
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Table 1.  List of variables collected on MOFEP sites (Voelker et al. 2008) and used in the 

analysis. 

Variable Abbreviation Type Information/units 

Site
†
 SITE Categorical 9 sites 

Plot
†
 PLOT Categorical 88 plots 

Age AGE Continuous Tree age (years) assessed by coring 

Dieback DIEBK Continuous Percent of crown in dead branches, 

rounded to the nearest 5% 

Tree vigor 

index 

TVI Continuous Unitless ratio of crown density and 

dimensions to stem surface area—see text 

for details 

Aspect class ASP Categorical 4 categories denoting exposure to solar 

radiation (NE, SE, SW, NW) 

Slope SLP Continuous A measure of topographic steepness, in 

percent 

Geology code GEO Categorical 2 categories (Roubidoux sandstone parent 

material, Upper and Lower Gasconade 

dolomitic parent material)  

Site index SI Continuous Site quality indicated as tree height (m) at 

a given age 

Relative 

height 

RH Continuous Ratio of individual tree height (m) to 

mean tree height (m) on plot 

Stocking in 

2001 

STOCK Continuous A measure of site occupancy by trees in 

2001 in percent; can exceed 100% 
†
 Treated as random effects in the analysis; all other variables were fixed effects 
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Table 2. Table of mortality statistics for trees alive in 2002 and dead in 2009. 

Tree age 

category 

Total trees Trees dead % dead 

Young (30-60) 202 6 3.1 

Mature (60-90) 346 19 5.5 

Old (90-120) 134 9 7 

Senescent (120+) 35 2 6 
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Table 3. Candidate models to explain probability of tree mortality between 

2001-2009 using variables collected in 2001. AIC = Akaike’s Information 

Criterion; ΔAIC = change in AIC from model to model; w = Akaike weight 

(weighted estimate of relative strength of model). 

Covariates included in model (fixed 

effects)
 †
 

AIC ΔAIC W 

null (intercept only) 291.5 61.2 <0.001 

AGE, ASP, SLP, GEO, SI, RH, STOCK, 

DIEBK, TVI, AGE*RH, AGE*GEO 
240 9.7 0.002 

AGE, ASP, GEO, SI, RH, STOCK, 

DIEBK, TVI, AGE*RH, AGE*GEO 
238 7.7 0.007 

AGE, ASP, GEO, SI, RH, STOCK, 

DIEBK, AGE*RH, AGE*GEO 
236.3 6.0 0.016 

AGE, GEO, SI, RH, STOCK, DIEBK, 

AGE*RH, AGE*GEO 
234.6 4.3 0.036 

RH, DIEBK 233.9 3.6 0.052 

AGE, DIEBK 233.9 3.6 0.052 

DIEBK 231.9 1.6 0.139 

AGE, RH, STOCK, SI, DIEBK, AGE* 

RH 
231.5 1.2 0.173 

AGE, RH, STOCK, DIEBK, AGE*RH 231.1 0.8 0.208 

AGE, RH, DIEBK, AGE*RH 230.4 0 0.314 
†
 PLOT and PLOT within SITE were treated as random effects 
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Table 4. Candidate models to explain variation in tree basal area growth in 

2001-2009 as a ratio of increase or decrease over growth in the previous 

20-year period (1982-2001) using variables collected in 2001 (GLONG). 

AIC = Akaike’s Information Criterion; ΔAIC = change in AIC from model 

to model; w = Akaike weight (weighted estimate of relative strength of 

model). 

Covariates included in model (fixed 

effects) 
AIC ΔAIC W 

null model (intercept only) 599.10 252.0 <0.001 

DIEBK 495.04 147.9 <0.001 

AGE, DIEBK  492.13 145.0 <0.001 

AGE, ASP, SLP, GEO, SI, RH, STOCK, 

DIEBK, TVI, AGE*RH, AGE*GEO 
426.85 79.7 <0.001 

AGE, ASP, SLP, GEO, SI, RH, DIEBK, 

TVI, AGE*RH, AGE*GEO  
412.99 65.9 <0.001 

AGE, ASP, SLP, GEO, RH, DIEBK, TVI, 

AGE*RH, AGE*GEO 
400.55 53.4 <0.001 

AGE, ASP, SLP, GEO, RH, DIEBK, TVI, 

AGE*RH 
386.97 39.9 <0.001 

AGE, ASP, SLP, RH, DIEBK, TVI, 

AGE*RH 
379.44 32.3 <0.001 

TVI 372.81 25.7 <0.001 

AGE, ASP, SLP, RH, DIEBK, TVI 369.07 22.0 <0.001 

DIEBK, TVI 361.46 14.3 <0.001 

AGE, SLP, RH, DIEBK, TVI 356.36 9.2 0.009 

AGE, SLP, DIEBK, TVI 352.87 5.8 0.05 

AGE, DIEBK, TVI 347.12 0 0.94 
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Table 5. Candidate models to explain variation in tree basal area growth in 

2001-2009 as a ratio of increase or decrease over growth in 1997-2001 

using variables collected in 2001 (GSHORT). AIC = Akaike’s Information 

Criterion; ΔAIC = change in AIC from model to model; w = Akaike weight 

(weighted estimate of relative strength of model). 

Covariates included in model (fixed 

effects) 
AIC ΔAIC 

W 

null model (intercept only) 354.02 190.8 <0.001 

AGE, ASP, SLP, GEO, SI, RH, STOCK, 

DIEBK, TVI, AGE*RH, AGE*GEO 
266.77 103.6 <0.001 

AGE, ASP, SLP, GEO, RH, STOCK, 

DIEBK, TVI, AGE*RH, AGE*GEO 
253.40 90.2 <0.001 

AGE, ASP, SLP, GEO, RH, STOCK, 

DIEBK, TVI, AGE*RH 
239.18 76.0 <0.001 

AGE, ASP, SLP, RH, STOCK, DIEBK, 

TVI, AGE*RH 
231.17 68.0 <0.001 

AGE, ASP, SLP, RH, DIEBK, TVI, 

AGE*RH 
217.78 54.6 <0.001 

AGE, SLP, RH, DIEBK, TVI, AGE*RH 200.46 37.3 <0.001 

AGE, SLP, RH, DIEBK, TVI 190.17 27.0 <0.001 

AGE, SLP, DIEBK, TVI 187.40 24.2 <0.001 

AGE, SLP, TVI 176.90 13.7 0.001 

AGE, TVI 169.00 5.8 0.052 

TVI 163.21 0 0.947 
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Figure Captions 

Figure 1. Mortality rates of trees between 2002-2009 within each tree vigor condition 

category of Voelker et al. (2008). 

Figure 2. Relationship between TVI score in 2002 and the probability of mortality within 

the subsequent seven years (dotted line) and between percent branch dieback in 2002 and 

mortality probability (solid line). 

Figure 3. Mean basal area growth per 20-year age class across three subsequent time 

periods (mean ±1 standard error).  

Figure 4. Linear function (GSHORT = (0.059*TVI) + 0.332) relating TVI to the trend in 

tree growth between 2001-2009 and 1997-2001 (GSHORT). 

Figure 5. Mean (a) TVI, (b) crown surface area weighted by live crown ratio, and (c) 

relative tree height between groups of trees that were assigned to tree health categories 

using TVI in 2003 and that suffered blowdown between 2002 and 2009. 
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