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Hemlock dwarf mistletoe (Arceuthobium tsugense subsp. tsugense) is an arboreal, 

hemiparasitic plant that principally parasitizes western hemlock (Tsuga heterophylla).   

Hemlock dwarf mistletoe exerts a profound influence on infected trees that can 

drastically change the structure of the tree crown due to reduced growth, top dieback, 

branch deformation and death, resulting in unique habitat structures, changed fire 

dynamics, and more severe drought impacts. Although dwarf mistletoe is important to 

tree crowns, most research has been from the ground or by felling trees.  In this study, we 

climbed 16 western hemlock trees (age 97 – 321 years) across a gradient of infection (0 – 

100% of branches infected) and measured occurrence of all dwarf mistletoe infections, 

branch and crown architecture, and dwarf mistletoe caused deformities. Sapwood area 

was measured at the top of buttressing or 1.37 m above the ground (f-diameter) and at 

base of live crown. To explore the impacts of increasing infection severity, over 25 

different response variables were examined using linear and generalized linear models to 

estimate mean responses among the 16 western hemlocks. We developed three metrics of 



 

 

severity as explanatory variables for the models: total infection incidence, proportion of 

all live branches infected, and proportion of all live, infected branches with 33 percent or 

more foliage distal to infection. Many effects of dwarf mistletoe on crown structure 

appear subtle, except for deformations. Increasing severity led to crowns experiencing an 

apparent compaction, where crown volume was reduced while deformity volume 

increased, and crown volumes became increasingly comprised of deformities. A strong 

effect of dwarf mistletoe intensification is the reduction of branch foliage and an increase 

in the proportional amount of foliage distal to infections, and therefore a likely reduction 

in carbohydrates available to tree growth. Sapwood areas at f-diameter and at base of live 

crown were unrelated to all metrics of infection severity. Branch length and diameters 

were also unaffected by increasing infection severity despite heavily infected branches 

supporting 1 to 70 infections. This suggests infected trees compensate for the water and 

nutrient loss through changes to the crown architecture such as reduced foliage instead of 

through conductive tissues. Our results suggest shifts in crown structure reflect a shift in 

function, from prioritizing biomass production and growth, to tree survival. 
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1 

Transformation of Western Hemlock Tree Crowns by Dwarf Mistletoe 
 

 

CHAPTER 1 -- INTRODUCTION  

Background 

In the Pacific Northwest, from B.C. to northern Oregon, west of the Cascades, 

forest land is dominated by the western hemlock (Tsuga heterophylla) cover type 

(Franklin and Dyrness, 1973). These forests contain a suite of coniferous species, a few 

belonging to the largest and longest-lived tree species in the world, such as Douglas-fir 

(Pseudotsuga menziesii), western red-cedar (Thuja plicata), and Sitka spruce (Picea 

sitchensis) (Franklin and Dyrness, 1973). The development of Douglas-fir/western 

hemlock forests is described in Franklin et al. (2002) as occurring through eight stages: 

disturbance/legacy creation; cohort establishment; canopy closure; biomass 

accumulation/competitive exclusion; maturation; vertical diversification; horizontal 

diversification; pioneer cohort loss. Although this process likely does not occur linearly 

through time (Reilly and Spies, 2015). Disturbance and legacy creation processes result 

in exposed mineral soil and a high light environment, ideal for Douglas-fir establishment 

and growth. After establishment, Douglas-fir dominates the overstory through the 

maturation stage, where shade tolerant species such as western hemlock grow into 

intermediate and co-dominant positions in the canopy, sometimes taking 250 – 300 years. 

Eventual loss of Douglas-fir in the overstory may take 800 to 1000 years and without 

disturbance, these old growth forests transition into stands dominated by western 
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hemlock and western red-cedar (or another shade tolerant conifer) (Waring and 

Franklin, 1979). 

In these forests and globally, large, old trees are one of the key features providing 

structure essential for promoting productivity, maintaining micro-habitats, enhancing 

biodiversity, and sequestering carbon (Carey and Wilson, 2001; Ishii et al., 2004; Lutz et 

al., 2018; Michel and Winter, 2009; Shaw et al., 2004; Sillett et al., 2010), and are 

important considerations for achieving non-timber, management objectives (Franklin et 

al., 2002). Old trees develop their crowns through a multitude of abiotic and biotic factors 

that make them unique from young and mature forests (Sillett et al., 2010; Winter et al., 

2002). In recent decades, the emphasis on understanding the canopy structure of these 

incredible trees and forests has produced many studies attempting to quantify structural 

aspects of the canopy (Ishii et al., 2017; Kramer et al., 2018; Van Pelt et al., 2004; Van 

Pelt and Sillett, 2008) and an installation of a canopy crane (Shaw and Greene, 2003). 

However, most of this work focuses on the largest trees and surprisingly little work has 

been devoted to the canopy structure of western hemlock.  

Van Pelt and Nadkarni (2004) showed that in stands up to 250 years old, western 

hemlock made up a marginal amount of total canopy cover. As the stands increased in 

age however, hemlock contributed a substantial portion of the total canopy cover. In 

older sampled stands of 500 and 650 years, western hemlock made up 59 and 34% of 

canopy cover, respectively. In the oldest sampled site (~950 years) western hemlock 

made up about 43% of the canopy cover and Pacific silver fir (Abies amabilis) made up 

53%, while only one living Douglas-fir remained. Western hemlock contributes 
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significantly to the structure and volume of old growth forest and in younger, naturally 

regenerated stands, western hemlock most likely constitutes much of the suppressed and 

intermediate trees.  

Old growth forests host a wide variety of tree pathogens above and below ground 

that contribute to the process of complex canopy structure formation (Castello et al., 

1995; Hansen and Goheen, 2000). Prominently, western hemlock dwarf mistletoe 

(Arceuthobium tsugense subsp. tsugense), infects the crowns of western hemlocks 

resulting in unique structural features (Hawksworth and Wiens, 1996). In Oregon, 10.8% 

of all western hemlocks are infected with dwarf mistletoe, with 7% being moderately or 

severely infected (Dunham, 2008). Dwarf mistletoes create habitat features, affects fuel 

structures, and changes forest structure overall (Muir and Hennon, 2007). The Johnson’s 

hairstreak butterfly (Callophrys johnsoni) relies on the aerial shoots for food, while the 

northern spotted owl (Strix occidentalis caurina) and marbled murrelet (Brachyramphus 

marmoratus) use the witches’ brooms and swollen branches for nesting platforms, caused 

by infection (Davis, 2010; Forsman et al., 1984). Numerous rodent nests can be found in 

branches with the largest and most developed witches’ brooms. Severe dwarf mistletoe 

infections accelerate mortality in western hemlocks resulting in an increased abundance 

of snags and dead wood in canopies important for cavity nesting birds (Shaw et al., 

2004). Accumulation of fuels in witches’ brooms and lowering of fuels to the forest floor 

increase the susceptibility of these forests to stand replacing fire (Shaw et al., 2004). 

These alterations to fuels and structure may also influence fire at the local level to shape 

fire refugia (Shaw and Agne, 2017). 
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Figure 1.  A mix of uninfected to severely infected western hemlocks in an old growth 

forest at the H.J. Andrews Experimental Forest, OR, US. Uninfected or lightly infected 

trees in the right-hand background next to heavily infected trees (arrows indicate two 

heavily infected trees), with western hemlock mortality with heavy infection severity 

behind them. 

 

Dwarf Mistletoe Biology and Significance 

Dwarf mistletoe is spread by explosively discharged seed, produced from aerial 

shoots of the parasite which emerge from infected branches (Hawksworth and Wiens, 

1996). Hemlock dwarf mistletoe plants are dioecious (Figure 2); each individual infection 

may be male or female (Hawksworth and Wiens, 1996). Seeds are coated in a sticky 
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substance called viscin that lets the seed slide down needles and branches when wet. 

Germination is most successful when the seed slides down the needles and encounters the 

needle-branch connection, especially on young, thin-barked branches (Muir and Hennon, 

2007). Dwarf mistletoe seeds contain chlorophyll in the endosperm allowing 

photosynthesis (Hawksworth and Wiens, 1996). Once germination starts, a small growth 

is produced that mechanically pushes into the branch’s cortex. A root-like structure called 

the haustorium then develops. Once the haustorium encounters the cambium of the 

branch, runners grow in the cambium and sinkers develop in the sapwood, not by 

ramification in the wood, but by the sapwood growing around the wood as the branch 

responds to infection. The combined cambium and xylem colonization of the dwarf 

mistletoe, allows water and nutrients to be absorbed from the host branch (Hawksworth 

and Wiens, 1996). Shaw and Weiss (2000) found aerial shoots to be skewed to high light 

environments within the canopy and that height and light are highly correlated in the 

canopy. 

Figure 2.  Aerial shoots of two different dwarf mistletoe infections. Left: A female plant 

with developed seeds close to ejection. Right: A male plant fully opened flowers. These 

are large plants, found at the tops of two infected trees. 
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When dwarf mistletoe intensifies within a western hemlock crown, the morphology of the 

tree can change drastically. During the first years of infection, the host branch produces a 

swollen ring of sapwood at the site of infection (Muir and Hennon, 2007). Foliage area 

and fine branches increase exponentially forming bushy, characteristic, deformations in 

branch form commonly called “witches’ brooms” (Figure 3). These witches’ brooms 

contain dense growths of fine branches and leaves layered horizontally that can serve as a 

platform-like structure. Hawksworth & Wiens (1996) suggest formation of deformations 

are caused by altered levels of hormones, namely cytokinins, which was supported by 

Logan et al.’s (2013) findings in infected white spruce. In advanced stages of infection, 

branches swell to massive sizes. Infections to the leader or upper branches of a tree result 

in a flat broom top where no other branches take over as leader which severely limits or 

stops height growth (Muir and Hennon, 2007). Bole infections may also occur, but this is 

usually the result of leader infections of young hemlocks and are not commonly observed 

at the tops of older trees. Branch dieback, top death, and loss of foliage and 

photosynthetic capacity follow as infection severity increases (Figure 4). Impacts to 

growth of infected trees may change throughout time as infection severity increases. One 

study of infected western hemlocks in SW Washington, found that bole diameter growth 

increased as infection severity initially increased, but in the most severe infections, bole 

diameter growth greatly decreased (Marias et al., 2014). Deformities (witches’ brooms, 

swellings, etc.) are thought to develop and change as the infection ages and abiotic 

factors influence form of the branch. Once a branch is infected, dwarf mistletoe remains 
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for as long as the host tree is alive and may increase branch longevity, resulting in 

decades old (sometimes defoliated) infected branches (Muir and Hennon, 2007). Dwarf 

mistletoe has also been observed to increase the shade tolerance of branches: infected 

branches keep their foliage low in the crown often longer where uninfected branches 

persist (Muir and Hennon, 2007). A study found infection structures are skewed to the 

lower to mid positions in the canopy (Shaw et al., 2005). Infection can directly, or 

indirectly lead to tree death creating gaps in the canopy. These gaps provide the 

necessary light for understory plants to grow, increasing biodiversity of the forest 

(Franklin et al., 2002). These morphological changes to individual trees lead to forest 

wide structural changes in the canopy. 
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Figure 3.  Three deformities that well represent the classic witches’ broom. These have 

likely been infected for a long period of time based on their pronounced swellings and 

size. While hemlock dwarf mistletoe creates non-systemic infections, these deformities 

may contain several individual infections. Picture by Dave Shaw.  

 

Carbon Accumulation and Growth Implications 

In addition to their unique canopy structure, old growth trees in Pacific Northwest 

forests sequester amounts of carbon rarely matched by other trees into old age 

(Stephenson et al., 2014). In old trees, stem growth below the base of the live crown may 

stop or decline but stem growth above the base of the live crown continues (Ishii et al., 

2017; Van Pelt and Sillett, 2008). Thus, old growth trees continue to increase their mass 

year-after-year (Sillett et al., 2010). Estimates of carbon accumulation are important for 
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climate change modeling. Dwarf mistletoe significantly changes the morphology of 

western hemlocks but also significantly changes the anatomical structure and 

physiological function of the host tree. Meinzer et al. (2004) found daily water use by 

infected trees is significantly less than in uninfected trees. Because of this, severely 

infected trees were estimated to reduce carbon accumulation by 60 percent. Estimates of 

carbon accumulation and biomass of old growth forests may be inaccurate if these effects 

are not considered.  

 
Figure 4.  A heavily infected western hemlock severely impacted by dwarf mistletoe. 

Dwarf mistletoe may increase the likelihood of branch mortality when infection severity 
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becomes too high and the tree is unable to meet its own respiratory needs while 

sustaining one to likely many dwarf mistletoe infections per branch. The dead top is 

another common symptom of high severity infection by dwarf mistletoe. 

 

Estimates of biomass and productivity are commonly based on measurements 

taken from the ground such as DBH or height. However, in Sitka spruce, diameter-based 

measurements of biomass and productivity were less precise than those that included both 

diameter and sapwood area (Bormann, 1990). The addition of sapwood area represented 

observed differences in leaf area which accounted for differences observed in biomass. 

This relationship is an extension of the Pipe-Model theory: the cross-sectional area of 

sapwood at any height is related to the area (or dry mass) of foliage supported above that 

height (Shinozaki et al., 1964a, 1964b). A multitude of studies have been conducted 

examining this relationship across many species and climates, including western hemlock 

(Ewers and Zimmermann, 1984; Sattler and Comeau, 2016; Sellin and Kupper, 2006; 

Waring et al., 1982). These studies, however, are often based on young, healthy trees that 

can be easily felled. Dwarf mistletoe infections reduce the area and decrease the 

efficiency of western hemlock foliage and affect the water transport efficiency of infected 

branch xylem (Meinzer et al., 2004). It is important to understand how dwarf mistletoe 

changes western hemlock live branch proportion and the proportion of crown affected by 

infection and how this is related to bole sapwood area to produce accurate estimates of 

biomass and better understand infected trees’ physiological impacts. 
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Management Implications 

Forest managers need quantified measures of structural complexity to emulate 

disturbances and develop silvicultural prescriptions or accurately model stand 

development (Franklin et al., 2002; Reilly and Spies, 2015). A large literature base exists 

for managing dwarf mistletoe for a wide range of management objectives, summarized 

by Muir & Hennon (2007), that depend on the potential for spread and intensification of 

dwarf mistletoe. Currently, general impacts to infected western hemlocks are understood, 

however managers are unable to quantify canopy structure created by dwarf mistletoe. 

The dwarf mistletoe severity rating system primarily used to estimate impacts is the 

Hawksworth 6-Class Dwarf Mistletoe Rating (DMR) system (Hawksworth, 1977), 

adapted from open ponderosa pine (Pinus ponderosa) forests infected with another dwarf 

mistletoe, A. vaginatum subsp. cryptopodum. In the tall forests of the Pacific Northwest, 

treetop obscurity makes this system difficult to implement accurately. Shaw, Freeman, 

and Mathiasen (2000) found this system to be highly subjective and inconsistent when 

applied to old growth Douglas-fir/western hemlock forests of SW Washington State, US. 

Despite this, researchers have created growth models that predict spread and 

intensification of dwarf mistletoe using datasets based on this DMR system (Robinson 

and Geils, 2006; Trummer et al., 1998).  

Future projections from modeling may not accurately reflect the true growth 

trajectory or development of mature and old growth forests without accurately measuring 

dwarf mistletoe infected western hemlock. For example, forest managers seeking to 

prescribe burn areas may need to incorporate dwarf mistletoe counts or measures of 
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severity to manage fire severity (Shaw and Agne, 2017). Dwarf mistletoe is thought to 

re-infect forested stands by surviving in fire refugia. Predicting how and where these 

refugia will form will be necessary for forest managers. Therefore, precise measurements 

of severity or incidence are important to reveal ongoing processes that have been 

overlooked by the coarse scale DMR, which are almost impossible to measure in old 

growth trees without accessing the crown. 

 

Measuring Tsuga heterophylla Crowns 

Climbing into western hemlock crowns, across an infection gradient of uninfected 

to completely infected (every branch has at least one infection), to completely map the 

tree crown along with measurements of sapwood area, can provide the necessary 

measurements to quantify estimates of growth impacts and link these to physiological 

impacts. Sole reliance on ground-based measurements is inaccurate for estimating mature 

and old tree stem, leaf, and branch growth; the best indicators of these growth attributes 

are measured in the crown, such as at the base of the live crown (Ishii et al., 2017). A 

comprehensive crown inventory with a variety of measurements of all infections and 

branches can elucidate if structural changes forest managers think are important for 

wildlife or fire are occurring in these trees and to what degree. Climbing also avoids 

inaccuracies from using the DMR system and allows a fine-scale measurement of 

infection severity. There has been a large amount of information published about the 

crown structure, growth and development, and biomass of Douglas-fir, coastal redwood 

(Sequoia sempirvirens), Sitka spruce, and Eucalyptus regnans that was produced by 
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accessing these trees’ canopies (Kramer et al., 2018; Sillett et al., 2019, 2018; Van Pelt 

and Sillett, 2008). Canopy cranes have also been constructed for this type of work (Shaw 

and Greene, 2003). While incredibly effective for canopy studies, cranes require more 

resources to set up and operate and do not allow access to the near bole area. Most studies 

of infected T. heterophylla crowns have required tree felling compromising data quality 

or have put a focus on younger trees with more accessible crowns (Smith, 1969). Recent 

advances in tree climbing techniques allow the same detailed measurements of tree 

canopies with minimal impact to valuable, old trees (Anderson et al., 2020) and 

techniques commonly used for arboriculture can be transferred easily to large trees 

(Jepson, 2000). An important consideration for all tree climbing endeavors is safety: 

climbing trees with any amount of disease is dangerous work so an emphasis is placed on 

selecting safe trees to climb. 

 

Research Question 

How does western hemlock dwarf mistletoe affect the development and structure 

of the crown and sapwood area of western hemlock in mid-elevation forests in the 

Central Oregon Cascades? 

 

Rationale and Significance 

There are several reasons to investigate the structural changes dwarf mistletoe 

causes in western hemlocks. First, mature and old growth forests provide numerous 

ecological benefits that are unmatched by other forest types through development of 
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unique structure. Canopy structural components such as limb size and location, dead or 

deformed treetops, and canopy size all affect microclimate, carbon storage, and 

biodiversity (Parker et al., 2004; Sillett et al., 2010; Spies and Duncan, 2012). Dwarf 

mistletoe causes changes to each of these structural components in western hemlocks 

which means it has a direct effect on the biodiversity and ecological benefits of a forest. 

Second, western hemlocks contribute a significant amount to biomass and canopy 

volume of mature and old growth forests. Old growth trees store amounts of carbon 

rarely matched by other forest types around the world and while the largest and oldest 

trees in these forests may play the biggest role, results show western hemlock plays a 

prominent role in forests and contributes much to the structure of the forest. Most of the 

recent canopy and biomass quantification work focuses on the largest trees such as 

coastal redwoods, Douglas-fir, Sitka spruce and Eucalyptus regnans. These forest giants, 

while impressive, are unfortunately not the majority of trees on the landscape and as such 

these detailed studies have a limited scope of applicability. Other research detailing 

anatomical or morphological changes have little or no mention of forest pathogens.  

In trees infected with a pathogen such as dwarf mistletoe, changes in the leaf area 

and water and nutrient transport system occur. Therefore, estimates of the rate of carbon 

accumulation or biomass may be inaccurate. However, by measuring dwarf mistletoe’s 

morphological changes to western hemlock, and incorporating the pipe-model theory, 

sapwood area measured at DBH may be a useful indicator for hydraulic architectural 

changes. This work will provide an important starting point for further investigation of 

western hemlock canopy structure and biomass and dwarf mistletoe’s influence on it.  
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Third, there are management implications for producing accurate estimates of 

canopy structure. Complex canopy structure is important to consider for achieving 

management objectives such as wildlife habitat, fire control, and carbon sequestration. A 

growing field of forestry, referred to as ecological forestry, seeks to balance ecosystem 

services and forest products in a sustainable manner. An important part of this 

management style is emulating disturbances naturally found on the landscape with 

silvicutural prescriptions and as such, forest managers need accurate measures of 

structural complexity to inform their prescriptions. Also, most forest inventories are 

created using metrics easily measured from the ground. Some of these metrics such as 

live crown base height, are used to evaluate canopy structure from the ground and serve 

as proxies for what we know about tree crowns without needing foresters to climb trees. 

Even DBH, when used to estimate biomass, incorporates assumptions about tree canopies 

such as the wood anatomy above live crown base. Often these assumptions are created 

from destructively sampled trees that otherwise would have needed their canopies 

accessed. Lastly, fire seasons have become longer, and fires become uncharacteristically 

severe. Forest managers need to include measurements in their inventories for predicting 

fire risk and fuel loading. Dwarf mistletoe’s role in increasing the likelihood of crown 

fires and requiring fire refugia to persist on a landscape need to be balanced by managers. 

The previously described relationship of DBH and changes to sapwood area may be 

useful for this as well. 
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Goals and Objectives 

Goal 

Assess the impacts of forest pathogens on forest structure using the western 

hemlock – western hemlock dwarf mistletoe, host – parasite interaction as a model 

pathological-system. 

 

Objectives 

Our objectives are to determine how: 

1. The structure and morphology of the western hemlock tree crown change 

across an infection severity gradient at the branch and crown level. 

2. The sapwood area of the western hemlock tree bole change across an 

infection severity gradient at f-diameter and at base of live crown and what implications 

this may have on physiological function. 
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CHAPTER 2 – MANUSCRIPT  

 

Dwarf mistletoes (Arceuthobium spp., Viscaceae) are native, flowering, hemi-

parasitic plants that can severely impact host structure and function (Glatzel and Geils, 

2009; Hawksworth and Wiens, 1996). Arceuthobium tsugense subsp. tsugense infects the 

crowns of its primary host Tsuga heterophylla causing deformation to woody tissues and 

reductions to growth, total foliage, photosynthetic capacity and water use efficiency 

(Hawksworth and Wiens, 1996; Marias et al., 2014; Meinzer et al., 2004). The most 

severely infected trees often exhibit dead tops, an abundance of dead branches, and 

branches supporting several deformities and numerous infections (Muir and Hennon, 

2007). The infection intensification process profoundly transforms the structure of the 

tree crown and forest canopies as plants increase in number and cause deformation. 

There is a large volume of literature on A. tsugense, mostly focused on managing 

growth impacts or eliminating and limiting spread into uninfected, younger stands (Geils 

et al., 2002; Muir and Hennon, 2007; Parmeter, 1978). However, trends in the last several 

decades of forestry and silviculture have shifted to promoting structural complexity, a 

focus on resilience, and a recognition of large old trees (Fahey et al., 2018; Franklin et 

al., 2002; Lutz et al., 2018). Study of older, infected T. heterophylla uncovered the extent 

of impacts to growth and structure, and that these increase over time and severity, and 

increase susceptibility to abiotic stressors (Bell et al., 2020; Marias et al., 2014; 

Mathiasen et al., 2008; Meinzer et al., 2004). Ecological benefits derived from their 

unique structures such as increasing biodiversity and providing bird and mammal habitat 
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were recognized (Griebel et al., 2017; Shaw et al., 2004). Infected trees also play a 

prominent role shaping local fire severity (Shaw and Agne, 2017). 

Crown mapping has proved insightful for tree species that create the largest 

individuals and commonly co-occur with T. heterophylla such as Pseudotsuga menziesii, 

Sequoia sempirvirens, and Picea sitchensis (Ishii et al., 2017; Kramer et al., 2018; Sillett 

et al., 2010; Van Pelt et al., 2004; Van Pelt and Sillett, 2008). Crown mapping produces a 

complete description of a tree’s crown architecture and provides valuable data for 

analysis of crown components such as foliage and branch volumes. Previous crown 

mapping efforts have not targeted T. heterophylla infected with A. tsugense despite its 

contribution of unique canopy structures and volume across Northwest forests (Shaw et 

al., 2004; Van Pelt and Nadkarni, 2004). In Oregon it is estimated 10.8% of all T. 

heterophylla are infected with A. tsugense and that 7% of those are moderate or severe 

(Dunham, 2008). Crown architecture and volume impacts have been more easily studied 

in forests where tree crowns are more visible or accessible such as in Pinus contorta or P. 

ponderosa (Agne et al., 2014; Godfree et al., 2003, 2002; Hoffman et al., 2007). 

Although, these trees also lack comprehensive measurements of the crown’s architectural 

transformation from dwarf mistletoe infection. 

In this exploratory study we apply an adapted crown mapping process for the first 

time to 16 T. heterophylla crowns, across a gradient of infection severity (i.e., dwarf 

mistletoe rating) in mature and old-growth forests at the HJ Andrews Experimental 

Forest. The adaption will incorporate protocols for measuring the infection-induced 

deformities (Van Pelt et al., 2004). We assess the impacts to branch form and foliage, 
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crown architecture, and sapwood area due to infection through statistical models of 

crown mapped data and examine the role deformity class plays in the crown’s 

architecture. Canopy mapping allowed us to use three fine-scale metrics of infection 

severity as explanatory variables: the proportion of all live branches that are infected 

(branch severity), the proportion of live branches with 33% or more foliage distal to 

infection (foliage severity), and the total number of individual infections or dwarf 

mistletoe plants (incidence). These took the place of the Hawksworth 6-class dwarf 

mistletoe rating system in our models as infection severity ratings (Hawksworth, 1977). 

Lastly, we connect our findings to previous work to bridge gaps between the physical 

alterations to tree form and its physiological and ecosystem function. We expected 

branches to have reduced foliage cover as a response to reported reductions in overall 

infected tree water use, as well as smaller lengths and diameters as infection severity 

increased. We expected to see a compensatory shift in sapwood associated with 

decreased foliage area and increasing infection severity. We also expected tree crown 

volumes to shrink as infection severity increased. 

 

Materials and Methods 

Study Site 

This research was conducted at the HJ Andrews Long-Term Ecological Research 

(LTER) site and Experimental Forest (HJA), located in the western Cascade Mountains, 

northeast of the community of Blue River, McKenzie Bridge, Oregon (44.2°N, 122.2°W) 

and is part of the Willamette National Forest, administrated by the USFS PNW Research 
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station (https://andrewsforest.oregonstate.edu). Topographical features are 

representative of the western Cascade Range, with steep mountainous terrain, exposed 

ridges, sheltered valleys, and a high degree of topographic heterogeneity with elevations 

ranging from 410 to 1630 m. Topography and soils have been shaped by volcanic, 

glacial, fluvial, and other geomorphological processes (Zald et al., 2016). Low elevation 

soils are characterized by volcanic rock composed of mudflows, ash flows, and stream 

deposits, transitioning to mostly lava flows as elevation increases (Swanson and Jones, 

2002).  

Climatic conditions are typical of maritime climates: wet, mild winters and dry, 

cool summers. Mean temperatures range from 1° C in January to 18° C in July, varying 

with elevation, aspect, and topographical setting. Precipitation falls primarily from 

November to March, averaging 2300 mm yr-1 at low elevations to over 3550 mm yr-1 at 

higher elevations. In lower elevations, rain mixed with snow is common during winter 

and snowpack rarely persists. Snow is more common at higher elevations; above 1000 – 

1200 m seasonal snowpack develops, about 1 m in depth. 

The sampled trees stand in old and mature forests, below 1000 m in elevation in 

the Western Hemlock Vegetation Zone described by Franklin and Dyrness (1973) which 

comprise the forest community surrounding each tree. Large, old Pseudotsuga menziesii 

dominate the overstory but are spread sparsely throughout the forest. Tsuga heterophylla 

co-dominates in the overstory and Thuja plicata is present in the overstory on the wetter 

sites, in valley bottoms and stream-side. Other characteristics of old-growth such as 

multi-storied canopy structure and an abundance of dead wood are also common (Spies 
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and Franklin, 1991). Understory tree species included T. heterophylla, T. plicata, and 

Taxus brevifolia. Regenerating trees are almost entirely T. heterophylla due to the dense 

canopies. The most common understory species are Polystichum munitum, 

Rhododendron macrophyllum, Mahonia aquifolium, Gaultheria shallon, Vaccinium 

parvifolium, and Acer circinatum. 

Forest establishment is due to a mix of wildfire and logging. High and mixed 

severity wildfire is the primary disturbance agent at HJA, with the oldest stands (>500 

years old) established post high severity fire (Tepley et al., 2013). Non-stand replacing 

fires are also common resulting in complex forest structure (Tepley et al., 2013). Forest 

establishment and disturbance processes are typical of west cascades forests in 

northwestern Oregon (Spies et al., 2018). Arceuthobium tsugense abundance and severity 

varied by stand, but was always present, even nearby our uninfected trees (see below). 

Fire and forest structure are the most important controls on dwarf mistletoe occurrence at 

the landscape scale (Shaw and Agne, 2017).  Arceuthobium tsugense persists in fire 

refugia, or in areas of low burn severity, and subsequently reinvades post-disturbance 

likely creating the landscape distribution pattern present at the HJA (Swanson et al., 

2006). 

 

Tree Selection 

We combined lidar data and aerial imagery from the HJA (Spies, 2016), to 

identify stands of mature and old-growth forest, across the HJA, containing T. 

heterophylla, to opportunistically select our trees, using Spies and Franklin (1991) as a 
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guide.  We combined canopy closure values and canopy heights derived from the lidar 

data to find multistoried stands of non-uniform densities with the tallest trees. Dead tops 

and heavily infected T. heterophylla crowns were visible in the aerial imagery which led 

to final stand selections. Because A. tsugense abundance and severity are difficult to 

evaluate from remote sensing data, stands were then surveyed for dwarf mistletoe in 

person. To capture the full range of infection severity, trees were first rated from the 

ground using the Hawksworth 6-class dwarf mistletoe rating (DMR) system 

(Hawksworth, 1977). This involves splitting the live tree crown into thirds and assigning 

a score of 0, 1, or 2 to each third, and then summing these for a severity rating between 0 

and 6. A score of 0 means no branches are infected, a 1 means half the branches or less 

are infected, and a 2 means more than half the branches are infected with dwarf mistletoe. 

We selected from suitable trees, picking four trees with a DMR of 0, four with DMR 1-2, 

four with DMR 3-4, and four with DMR 5-6 for a total of 16 trees. Tree selection criteria 

also included diameter (> 50 cm), height (> 35 m), and feasibility and safety of climbing. 

Dominant or codominant canopy position was another criteria used to select trees that are 

or were at point highly vigorous. Individuals with live tops and minimal bole damage or 

decay were prioritized to minimize confounding effects on crown structure and sapwood 

responses. At each tree, we inventoried a 10 – m fixed-radius plot of trees over 15 cm in 

diameter for estimating stand composition, stem density, and stand basal area 

surrounding each tree. No alternate hosts for western hemlock dwarf mistletoe, such as 

Abies amabilis, were present at these stands (Hawksworth and Wiens, 1996). 
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Tree Crown Measurements 

Trees were rigged and then climbed using standard rope climbing techniques 

emphasizing climber safety; trees with root and butt rot or multiple forks were avoided. 

We used a simplified version of the whole-tree and crown mapping process described in 

Kramer et al. (2018), Van Pelt et al. (2004), and Van Pelt and Sillett (2008) and adapted 

it to incorporate dwarf mistletoe-related measurements. Before climbing, a functional 

diameter (f-diameter) was established to account for irregularities in ground height or 

stem form such as buttressing. Functional diameters were established and measured just 

above irregularities in stem form; if none were present, then diameter was measured at 

1.37 m above the ground. Once we accessed the tree crown, the tree height was measured 

by dropping a fiberglass tape to the ground. This tape was affixed to the treetop and to the 

corresponding f-diameter height to provide a height reference for all branches and coring; 

once established, branches were measured. Branch measurements included diameter, 

length, slope, an estimate of foliage cover, and whether branches were live or dead (Table 

1). Branch foliage cover estimates were used in place of estimates of foliage area or mass 

that would have required destructive sampling. Branches smaller than 4 cm in diameter 

were not measured but were counted. Reiterations were not encountered while measuring 

and are rare in T. heterophylla in general, so all branches are assumed typical of the 

species unless affected by dwarf mistletoe. 
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Table 1.  Descriptions of measurement and their units taken on each branch.   

Variable Units Description 

Branch Diameter centimeter Diameter immediately distal to branch collar 

Branch Length meter Path length of branch from bole face to tip 

Slope 1 degrees Slope of branch immediately distal to branch collar; initial angle 

Slope 2 degrees 
Slope of branch, from base of branch to tip of branch or center of 

foliage mass at tip. 

Branch Foliage Cover percent Percent of branch length with live foliage attached to the branch 

Foliage Distal to Infection percent Percent of live foliage occurring distal to an infection 

Number of Live Branches count Number of live branches within the tree 

Number of Dead Branches count Number of dead branches within the tree 

Total Number of Branches count Total number of branches within the tree 

Proportion of Live 
Branches 

proportion of 
count 

Number of live branches divided by the total number of branches 
within the tree 

 

Branches that had developed an infection-related deformity were intensively 

measured to describe transformations to branch form and assess the impact of deformity 

volume on host function (Table 2). Deformities were defined as irregularities in typical 

branch structure caused by an infection such as swellings or witches’ brooms 

(Hawksworth and Wiens, 1996). These could be identified by either living or dead aerial 

shoots or “basal cups” left behind where aerial shoots had emerged from the branch and 

subsequently detached. To calculate infection structure (deformity) volume, a length, 

width, and depth was measured which was then used to model an ellipsoid. These were 

measured in the same direction with respect to the branch, for all structures (length 

parallel to the branch, width perpendicular to the branch, depth perpendicular to those). 



 

 

25 

Deformities with length, width, and depth all less than 4 cm in were not measured but 

counted. 

Table 2.  Descriptions of measurements and their units taken on each dwarf mistletoe 

induced deformity. 

 

Surveys of other tree species infected with dwarf mistletoes have found 

consistently replicated, distinct deformations to branch structure thought to be a 

characteristic of that host-pathosystem (Geils et al., 2002). While classes have been 

previously described for non-systemic dwarf mistletoes, they did not adequately capture 

the deformations we observed in T. heterophylla crowns (Geils et al., 2002; Hawksworth, 

1961). Deformities were classified using a system we developed, that represented four 

distinct classes: “classic broom”, “platform”, “pendulous”, or “spindle” (Figure 5). The 

same climber classified deformities in all trees to reduce sampling bias and variation. In 

some instances, deformities were clustered or otherwise difficult to distinguish as arising 

from an individual infection, so judgement of the climber was used to delineate 

structures, and to classify and measure them. 

 

Variable Units Description 

Deformity Distance to 

Bole 
meter 

Path length along branch, from bole face to the center of a dwarf 

mistletoe deformity 

Branch Deformity 

Volume 
cubic meter Volume of a dwarf mistletoe deformity modeled as an ellipsoid 

Proportion of Crown in 
Deformity 

proportion 
Total volume of deformities in the tree divided by the total 
volume of the crown 

Dwarf Mistletoe 

Infections 
count Sum of all dwarf mistletoe deformity volumes within the tree 
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Figure 5.  The four deformity classes found within our T. heterophylla infected crowns: 

platform (top left), classic broom (top right), pendulous (lower left), and spindle (lower 

right). Note the foliage and branchlets of the classic extend away from the bole leaving 

one side bare while the pendulous has a skirt of foliage all around it. The classic and 

spindle are both exhibiting secondary infection.  

 

Crown Volume 

We utilized derived crown width measurements from crown mapping to capture 

stochastic differences in tree crown form by modeling 5-meter paraboloid frusta for the 

length of the live crown. The base of the live crown was defined as the lowest living 

branch (Shinozaki et al., 1964b). Crown widths were calculated from individual branch 

slope measurements and then averaged in 5-meter intervals. These widths were used to 
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model the parabolic frusta and summed for the whole tree. This frusta-summation 

method estimated smaller crown volumes than the commonly used parabolic method 

(Van Pelt and North, 1999) and we assume was better suited to the stochastic crowns. 

The crown volume metrics measured included minimum branch height, crown depth, 

crown volume, and sapwood area at DBH and live crown base (Table 3). 

 

Core Sampling 

We collected two tree cores at the f-diameter and two cores at the base of the live 

crown from each tree to examine a mechanism for trees to compensate for infection-

induced reductions to whole tree water use by measuring sapwood area (Meinzer et al., 

2004). Sapwood area may also reflect other alterations to hydraulic architecture such as 

reductions in foliage (Shinozaki et al., 1964a). We also measured the 10-year basal area 

increment (BAI) and calculated the relative basal area increment (RBAI) to examine 

growth trends related to infection severity. All coring was completed during September 

2019 to minimize variation from different seasonal availability of water and bole growth. 

Diameter of the bole at the coring location was taken at the narrowest point when 

branches or stem irregularities were present. The sapwood length was measured in the 

field to avoid drying-related shrinkage. Sapwood was determined by holding the fresh 

core up to a light source and examining the core for the sapwood – heartwood boundary. 

These cores were saved for later BAI measurements and cross-dating to determine ages. 

Occasionally wetwood was encountered in tree cores. Wetwood is a phenomenon in 

western hemlocks where sapwood is converted to heartwood and then moisture, phenols 
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and other compounds concentrate there. This results in an abnormally moist portion of 

heartwood and is often associated with ring shake and defense against rot-associated 

fungus (Shaw et al., 1995). 

Table 3.  Descriptions of measurements taken on the tree crown and sapwood. 

 

Analysis 

A series of linear (LM) and generalized linear models (GLM) were fit to estimate 

mean responses among the 16 western hemlocks where branch severity, foliage severity, 

or incidence were explanatory variables (Table 4). These three measures reflect the 

process of infection intensification, where ejected seeds land on branches of the original 

host and infect new branches or reinfect the source branch, increasing incidence and/or 

severity within a tree crown (Geils et al., 2002). Branch severity was used to represent a 

fine-scale version of the DMR system which is the current standard for measuring 

infection severity (Hawksworth, 1977). Because foliage distal to infection was reported 

Variable Units Description 

Minimum Branch Height meter Lowest live branch on the tree; base of live crown 

Crown Depth meter Tree height minus the height of live crown base 

Crown Volume cubic meter 
Sum of crown volume frusta, modeled as paraboloids in 5-meter 

segments or as a whole paraboloid 

Sapwood Area at f DBH square meter 
Sapwood area measured from cores taken at the functional breast 
height. 

Relative Sapwood Area 

at f DBH 
unitless 

Sapwood area divided by the total basal area of the tree stem at 

the functional breast height. 

Sapwood Area at Live 
Crown Base 

square meter 
Sapwood area measured from cores taken at the base of the live 
crown. 

Relative Sapwood Area 

at Live Crown Base 
unitless 

Sapwood area divided by the total basal area of the tree stem at 

the base of the live crown. 
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have reduced physiological function, foliage severity was used to represent where 

infection impacts would be most strongly associated (Meinzer et al., 2004). Incidence is 

another way of measuring the intensification process which we compare to the other two 

measures of severity.  

Table 4.  Descriptions of the explanatory variables and their units used in the modeling. 

 

It was not possible to include all explanatory variables in one model and capture 

their interactions due to limited sample size and power, so all responses were tested with 

each measure of severity. The general form of the linear and generalized linear model for 

estimating effects of infection intensification:  

 =  𝛽1(𝐵𝑟𝑎𝑛𝑐ℎ, 𝐹𝑜𝑙𝑖𝑎𝑔𝑒 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 𝑜𝑟 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒) + 𝛽0 

Estimated values for the coefficient β1 are presented below. We fit a 

quasibinomial GLM for proportion of live branches as the response with a logit link and 

fit negative binomial GLMs for the number of live branches, number of dead branches, 

total number of branches, and median number of infections per branch with a natural 

logarithm link (Ramsey and Schafer, 2012). Slope estimates from the binomial model 

with a logit link are estimated odd ratios. Slope estimates from negative binomial models 

with a natural logarithm link are multiplicative changes in mean response. All other 

Variable Units Description 

Branch Severity percentage 
Number of live, infected branches divided by number of live 
branches 

Foliage Severity percentage 
Number of live, infected branches with effected foliage greater 

than 33%, divided by the number of live branches 

Incidence count Total number of infections on live branches within a tree 
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responses were modeled by fitting an LM: average, median, and max branch diameter; 

average, median, and max branch length; average and median branch slope 1; average 

and median branch slope 2; average branch foliage; average deformity distance to bole; 

average branch deformity volume; total deformity volume; minimum branch height; 

crown depth; total crown volume; proportion of crown volume in deformity; sapwood 

area at f-DBH and live crown base; relative sapwood area at f-DBH and live crown base.  

We then compared each model’s fit using the amount of variation explained by 

the explanatory variables (R2). To compare different model types, we used the theoretical 

R2 for the negative binomial and quasibinomial GLMs (Nakagawa et al., 2017; Nakagawa 

and Schielzeth, 2013). To determine if A. tsugense was exhibiting an influence on a 

specific response, we used a minimum R2 of 0.20. Forest development processes often 

lead to surviving trees with individualistic and irregular tree crowns, of which dwarf 

mistletoe infection is one process (Michel and Winter, 2009; Van Pelt and Sillett, 2008). 

Additionally, there are no previous studies to suggest what amount of association should 

be expected with a continuous measure of severity, so we propose an R2 of 0.2 is an 

appropriate starting place. 

Residuals for the LMs were examined graphically for assumptions of constant 

variance and normality. Residual vs deviance residual plots were examined for each 

GLM and no unusual patterns were observed. Overdispersion was checked for each GLM 

with a negative binomial and binomial distribution. Only the GLM with counted 

proportion of live branches as the response variable was found to have a high measure of 

overdispersion (> 5.0) and so a quasibinomial correction was used for final analyses and 
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reporting (Ramsey and Schafer, 2012). All analyses were performed using R version 

3.6.3 (R Core Team, 2019). Negative binomial GLMs were fit with the MASS package 

version 7.3-47 (Venables and Ripley, 2002). Theoretical R2 was calculated for the 

negative binomial and quasibinomial GLMs using the MuMIn package (Barton, 2019). 

 

Results 

Trees in our dataset captured a range of age, height, diameter expected in old and 

mature forests, and the full range of infection severity (Table 5). No evidence of decay 

was present in the roots of trees and extensive coring revealed no evidence of decay at the 

base of the live crown and at the f-diameter. Tree 12 exhibited a dead top, a common 

symptom associated with extensive A. tsugense infection (Hawksworth and Wiens, 

1996). Frequently, models where branch or foliage severity were explanatory variables, 

produced R2 values larger than those same models with incidence. However,  the 

likelihood of the number of dead branches, was most strongly associated with incidence. 
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Table 5.  Characteristics of the 16 T. heterophylla sample trees arranged by age, with 

tree height, functional diameter, density of all trees around each hemlock, basal area of 

the stand surrounding each hemlock, crown volume, branch severity (the proportion of all 

live branches infected), foliage severity (the proportion of all live branches with 33% or 

more foliage affected by infection), and incidence (total number of individual infections 

on live branches).  

 

Tree Age 
Tree 

Height m 

f-Diameter 

cm 

Density 

𝑡 ℎ𝑎−1 

Basal 

Area 

𝑚2 ℎ𝑎−1 

Crown 

Volume  

𝑚3 

Branch 
Severity 

% 

Foliage 
Severity 

% 

Incidence 

1 97 48.8 96.0 159 8.70 1955.0 0 0 0 

2 116 46.6 76.5 191 9.30 1658.8 0 0 0 

3 125 35.5 63.1 223 23.40 1864.8 0 0 0 

4 144 43.8 71.8 318 9.20 1813.0 58 23 427 

5 145 40.4 58.5 350 34.00 980.7 100 100 875 

6 160 51.6 85.8 95 4.90 1551.4 100 100 1489 

7 163 42.7 82.2 159 24.50 2123.2 100 98 3615 

8 164 40.5 67.5 350 37.20 1803.6 89 57 786 

9 174 38.6 60.5 255 52.50 2086.7 75 38 764 

10 176 46.8 83.8 446 36.70 1923.0 73 58 1479 

11 179 44.4 81.2 64 4.50 1335.2 16 1 23 

12 207 49.2 96.3 127 12.80 520.7 100 97 813 

13 221 48.7 82.5 637 103.20 947.2 64 52 662 

14 222 54.7 104.5 159 80.30 1651.4 25 0 69 

15 250 33.0 70.1 255 12.50 698.7 100 100 1405 

16 321 52.0 83.1 191 14.90 2718.7 0 0 0 
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Branch Modeling 

Changes in mean average branch foliage, followed by branch slopes 1 and 2 were 

best estimated by dwarf mistletoe branch and foliage severity models (Table 6). The 

number of live and dead branches reported the next strongest R2 values, although they 

were below the 0.2 threshold (Appendix A). The proportion of live branches, total 

number of branches had weak associations (R2 < 0.2), and branch diameter and length 

were reported very weak relationships (R2 < 0.1). We estimated a reduction in mean 

average branch foliage of -13.39 percent (95% CI -19.27, -7.51) for the foliage severity 

model as infection severity increased from 0 to 100 percent (R2 = 0.63, Figure 6).  

Table 6.  Results from modeling for the set of branch-related response variables. The 

fixed effect with the highest degree of evidence (measured by R2) of the three is listed 

with the estimated slope, 95% confidence intervals, test statistics and R2. Coefficient 

estimates represent a shift in response variables for a change in severity of 0 to 100%. 

Full set of model results in Appendix A.  

Response 
Model 

Type 

Fixed 

Effect 

Coefficient 

Estimate 

Low 95% 

CI 

High 95% 

CI 
F df p R2 

Average 
Branch 

Foliage 

LM 
Foliage 
Severity 

-13.39 -19.27 -7.51 23.82 1, 14 0.000 0.63 

Average 
Slope 1  

LM 
Branch 
Severity 

7.02 -0.56 14.61 3.95 1, 14 0.067 0.22 

Median 

Slope 1  
LM 

Branch 

Severity 
7.04 -0.40 14.48 4.11 1, 14 0.062 0.23 

Median 
Slope 2 

LM 
Foliage 
Severity 

-13.51 -28.81 1.80 3.58 1, 14 0.079 0.20 

 

Results from branch slope modeling showed crown profiles may be compacting, 

losing typical conical shape as they became more heavily infected with A. tsugense. 

Branch severity models of mean average and median slope 1 estimated an increase in 
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slope angle of 7.02 (95% CI -0.56, 14.61) and 7.04 (95% CI -0.40, 14.48) as severity 

increased from 0 to 100 percent, respectively (R2 = 0.22 and 0.23). Foliage severity 

similarly estimated an increase but with a weaker relationship. Meanwhile, foliage 

severity models of median slope 2 estimated a decrease in slope angle of -13.51 (95% CI 

-28.81, 1.80) as severity increased from 0 to 100 percent (R2 = 0.20). Branch severity also 

estimated a decrease, but with a weaker relationship; incidence reported a weak 

relationship for all three of these estimates. 

 

Figure 6.  Models of mean average branch foliage cover with branch severity (orange 

lines, % live branches with infection) and foliage severity (blue lines, % live branches 

with 33% or more foliage affected by infection) as explanatory variables. Raw data is 

plotted alongside models with branch severity (orange circles) or foliage severity (blue 

diamonds). 

Results from both our branch and foliage severity models estimated similar 

changes to the number of live and dead branches (Figure 7, Appendix A). A 0.76-fold 

(95% CI 0.55, 1.06)  reduction in the mean number of live branches was estimated by the 

branch and foliage severity models, as severity increased from 0 to 100 percent. Our 
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branch severity model estimated a 1.36-fold (95% CI 0.89, 2.08)  increase and our 

foliage severity model estimated a 1.37-fold (95% CI 0.92, 2.04)  increase in the mean 

number of dead branches, as severity increased from 0 to 100 percent. However, these 

estimates showed weak evidence of correlation. R2 values for the branch severity models 

were 0.14 for the number of live and 0.11 for the number of dead branches; for the 

foliage severity models were 0.14 for the number of live and 0.13 for the number of dead 

branches; the incidence model for mean number of live branches did not meet 

assumptions and an R2 of 0.14 for number of dead branches was highest among the three 

explanatory variables. No evidence was found for the estimated decrease in the 

proportion of live branches (R2 ≤ 0.01). 
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Figure 7.  Models of mean number of live (top) and dead branches (bottom) with dwarf 

mistletoe branch severity (orange lines, % live branches with infection) and foliage 

severity (blue lines, % live branches with 33% or more foliage affected by infection) as 

explanatory variables. Raw data is plotted alongside models with branch severity (orange 

circles) or foliage severity (blue diamonds). 

 

Deformity Modeling 

Deformity-related response variables produced models with our highest degrees 

of evidence (Table 7, Appendix B). As expected, an increase in branch severity, foliage 

severity, and incidence resulted in an increase in the median number of dwarf mistletoe 

infections per branch (Figure 8). The branch severity model estimated branches to 
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experience a 27-fold (95% CI 9.60, 90.06)  increase in the median number of 

infections, as severity increased from 0 to 100 percent (R2 = 0.78). The model with 

incidence reported the highest degree of evidence of all incidence models with an of R2 

0.49. 

Table 7.  Results from modeling for the set of deformity – related response variables. The 

fixed effect with the highest degree of evidence (measured by R2) of the three is listed 

with the estimated slope, 95% confidence intervals, test statistics and R2. Coefficient 

estimates represent a shift in response variables for a change in severity of 0 to 100%. 

Full set of model results in Appendix B. 

Response 
Model 

Type 

Fixed 

Effect 

Coefficient 

Estimate 

Low 95% 

CI 

High 95% 

CI 
F df 2 p R2 

Median Dwarf 
Mistletoe 

Infection 

GLM 

 

Branch 

Severity 
27.20 9.60 90.06 --- 1 23.98 0.000 0.78 

Total Deformity 

Volume  
LM 

Foliage 

Severity 
55.12 33.54 76.70 30.00 1, 14 --- 0.000 0.68 

Proportion of 
Crown in 

Deformity 

LM 
Foliage 

Severity 
0.07 0.04 0.11 18.85 1, 14 --- 0.001 0.57 

Average 

Deformity 

Distance to 
Bole 

LM 
Branch 

Severity 
3.17 1.62 4.70 19.43 1, 14 --- 0.001 0.58 
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Figure 8.  Models of median branch dwarf mistletoe infection count with dwarf mistletoe 

branch severity (orange lines, % live branches with infection) and foliage severity (blue 

lines, % live branches with 33% or more foliage affected by infection) as explanatory 

variables. Raw data is plotted alongside models with branch severity (orange circles) or 

foliage severity (blue diamonds). 

A small amount of a dwarf mistletoe infected T. heterophylla crown volume is 

comprised of deformities (Figure 9). Total deformity volumes only ranged from 0.56 m3 

to 75.59 m3 while total crown volumes ranged from 520.70 m3 to 2132.20 m3 in dwarf 

mistletoe infected trees. We estimated an increase in mean total deformity volume of  

55.12 m3 (95% CI 33.54, 76.70)  as foliage severity increased from 0 to 100 percent (R2 = 

0.68). As the total deformity volume in a T. heterophylla crown increased, so too did the 

proportion of the crown comprised of deformities. Foliage severity models estimated an 

increase of 7 percent (95% CI 4, 11)  in proportion of crown comprised of deformities (R2 

= 0.57). However, incidence, branch severity, and foliage severity were estimated to have 

essentially no effect on the mean average branch deformity volume and exhibited weak 

evidence for a relationship in those models (Appendix B). Examining the allocation of 
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deformity volume by height showed variation in the location of deformity volume in 

the crowns of infected trees but appears localized to the mid-crown of the infected trees 

(Figure 10). The branch severity model estimated an increase in mean average deformity 

distance to bole of 3.17 m (95% CI 1.62, 4.70), as infection severity increased from 0 to 

100 percent (R2 = 0.58). 

 

Figure 9.  Models of mean total crown volume (top), total deformity volume (middle), 

and proportion of crown composed of deformities (bottom) with branch severity (orange 

lines, % live branches with infection) and foliage severity (blue lines, % live branches 

with 33% or more foliage affected by infection) as explanatory variables. Raw data is 
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plotted alongside models with branch severity (orange circles) or foliage severity (blue 

diamonds). As infection severity increases, volume of the tree’s crown decreases and 

total deformity volume increases resulting in an increased proportion of crown volume 

filled by deformities.  

 

 

Figure 10.  Deformity volumes summed at 5-meter intervals and plotted against their 

height. Each 5-meter mark on the vertical axis represents the 5 meters below it. Each line 

represents one of the 12 infected trees in this study, colored by their foliage severity (% 

live branches with 33% or more foliage affected by infection) where yellow colors are 

highest severity and blues and purples are lowest severity. Each data point represents a 

deformity volume summation. Trees varied widely where the deformity volume was 

located within the crown, but most of the volume was concentrated in the middle third of 

the crown. 
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Deformity Class 

Deformity class did not exhibit evidence for a relationship to average deformity 

distance to bole (Table 8). Except for the spindle class, deformity class had negligible 

effects on mean average deformity volume. Of the deformities large enough to measure 

volume (≥ 4 cm in one dimension), we counted 932 classic brooms, 724 platforms, 400 

pendulous-shaped, 7 spindle-shaped, and 1 bole infection across all trees. The spindle 

class represented the smallest amount of total volume of all the classes and were smallest 

on average, but they were much more abundant than it appears because they were small 

and we only tallied incidence for small infections. A pendulum infection created the 

largest max volume of any deformity. The four classes were also found at least 2.51 m 

from the bole on average. 

Table 8.  Summary table of statistics for each deformity class within infected tree crowns 

with number observed, average and maximum deformity volume modeled as an ellipsoid, 

average distance to bole, average height, and their standard deviations listed in 

parentheses. 

Deformity Class n Average Volume m3 Max Volume m3 
Average Distance to 

Bole m 
Average Height m 

Classic 932 0.19 (± 0.28) 2.95 3.49 (± 1.56) 26.07 (± 9.00) 

Platform 724 0.14 (± 0.19) 2.83 3.00 (± 1.52) 28.39 (± 9.28) 

Pendulous 400 0.20 (± 0.37) 5.74 3.56 (± 1.68) 25.93 (± 8.29) 

Spindle 7 0.003 (± 0.001) 0.003 2.51 (± 1.54) 17.78 (± 5.37) 

 

Crown, Whole tree, and Sapwood Modeling 

Every model with incidence as an explanatory variable showed almost no 

evidence for a relationship to total crown volume, crown depth, minimum branch height, 

and relative or absolute sapwood area (Appendix C). Models estimating changes in mean 



 

 

42 

total crown volume with dwarf mistletoe branch and foliage severity as explanatory 

variables, exhibited our strongest evidence for a relationship in this set of responses 

(Table 9, Appendix C). Both estimated similar reductions in mean total crown volume of 

-632.87 m3 (95% CI -1330.30, 64.57) for branch severity and -696.34 m3 (95% CI -

1357.10, -35.58) for foliage severity as infection severity increased from 0 – 100 percent 

(Figure 9, top). Total crown volume and volume allocation by height showed a wide 

variation, regardless of dwarf mistletoe infection severity. Similar to deformity volume, 

crown volume appeared to be concentrated in the lower and middle thirds of the crown, 

across the infection severity gradient (Figure 11). 
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Table 9.  Results from modeling for the set of whole tree and sapwood area response 

variables. The fixed effect with the highest degree of evidence (measured by R2) of the 

three is listed with the estimated slope, 95% confidence intervals, test statistics and R2. 

Coefficient estimates represent a shift in response variables for a change in severity of 0 

to 100%. Full set of model results in Appendix C 

Response 
Model 

Type 

Fixed 

Effect 

Coefficient 

Estimate 
Low 95% CI High 95% CI F df p R2 

Frusta-based 

Crown Volume 
LM 

Foliage 

Severity 
-696.34 -1357.10 -35.58 7.72 1, 14 0.040 0.27 

Crown Depth LM 
Branch 

Severity 
-6.25 -13.19 0.70 3.72 1, 14 0.074 0.21 

 

In addition to estimated reductions in mean total crown volume, crown depth is 

also estimated to decrease as dwarf mistletoe branch and foliage severity increases (Table 

9). We estimated a reduction in mean crown depth of -6.25 m (95% CI -13.19, 0.70) as 

infection severity increased from 0 – 100 percent (R2 = 0.21). Mean minimum branch 

height was estimated to increase but showed weak evidence for a relationship to infection 

severity in our models (R2 ≤ 0.07). Both of these results suggest branches may be thinned 

from below as infection severity increases. 
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Figure 11.  Crown volume, modeled as frusta of a paraboloid in 5-meter bins, using 

crown width data, plotted against height of that frusta in the tree. Each 5-meter mark on 

the vertical axis represents the 5 meters below it. Each line represents one of the 16 trees 

in this study and trees have been grouped into 4 groups for ease of viewing, 

corresponding to their foliage severity (% live branches with 33% or more foliage 

affected by infection): yellow colors are highest severity and blues and purples are lowest 

severity. Each data point represents an individual frustum. 

Models of relative sapwood area at f-diameter and at live crown base had almost 

no evidence for a relationship (R2 ≤ 0.01) while estimating practically insignificant 

reductions in area (Appendix C). Models of mean absolute sapwood area produced 

higher, but still weak degrees of evidence (R2 ≤ 0.11). The models of mean absolute 
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sapwood area also estimated a practically insignificant change in area associated with 

increases in all three explanatory variables. We performed an additional exploratory 

analysis to examine if the pipe-model theory was evidenced in our sample trees, utilizing 

the number of live branches as an explanatory variable in place of the area or mass of live 

foliage. Modeling relative sapwood area at the f-diameter and at the base of live crown, 

with the number of live branches of each tree as the explanatory variable, exhibited 

stronger evidence for a relationship than branch severity, foliage severity, or incidence 

(R2 at f-diameter = 0.23, R2 at base of live crown = 0.33). These models estimated 

increases in relative sapwood area as the number of live branches increased, without 

accounting for dwarf mistletoe infection severity or incidence (Figure 12). Tree RBAI 

was estimated to decrease with increasing infection severity. Only the model with foliage 

severity as an explanatory variable met our threshold, with an R2 of 0.20. This low degree 

of evidence was likely due to the wide variation in RBAI for uninfected trees, ranging 

from 0.002 to 0.02, or very low to very high amount of radial growth. However, all the 

trees with foliage severity greater than 90% had an RBAI of less than 0.08. 
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Figure 12. Relative sapwood area models with the number of live branches as the 

explanatory variable (top) and foliage severity (% live branches with 33% or more 

foliage affected by infection, bottom). Models for the relative sapwood at the functional 

diameter (green lines and circles) and live crown base (purple lines and circles) are 

displayed with the raw data. 
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Discussion 

From the branch to whole tree level, A. tsugense exerts a profound influence on T. 

heterophylla trees as infection intensifies in the tree crown. Our results suggest shifts in 

crown structure imply a shift in function, from biomass production and growth, to 

survival. Infected trees experienced a decrease in average branch foliage cover with 

increasing infection severity (Figure 6), and in the most severely infected trees, almost all 

live foliage was located distal to an A. tsugense infection (Figure 13). Whole tree foliage 

has been suggested to be reduced by an increase in branch mortality due to high infection 

severity, but we found weak evidence for decreased live branches. Direct impacts to 

crown form were not clear, but crowns experienced an apparent compaction due to 

increasingly downward branch slopes and a rising base of live crown resulting in reduced 

crown volumes. Increasing severity led to increasing deformity volume and crowns that 

were increasingly comprised of deformities. Sapwood area was unrelated to infection 

severity suggesting in foliage cover may allow the trees to compensate for the water and 

nutrient loss.  

This study was exploratory in nature and is the first to apply the canopy mapping 

process to examine the transformation of mature and old growth T. heterophylla crown 

architecture through a fine-scale gradient of infection severity by A. tsugense. As such, 

there is a lack of comparable literature for this present study although A. tsugense is well 

studied (Muir and Hennon, 2007). 
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Foliage Impacts 

Dwarf mistletoe infections continually influence water and nutrient dynamics in 

their host, resulting in shifts of hydraulic architecture that allow the tree to maintain some 

form of water homeostasis (Hawksworth and Wiens, 1996; Meinzer et al., 2004; Sala et 

al., 2001). Meinzer et al. (2004) observed that old T. heterophylla infected by A. tsugense 

experienced reductions in branch foliage that preserved leaf-specific conductivity in 

infected branches and whole tree foliage due to a loss of live branches in infected trees. 

The remaining branch foliage distal to infection was found to contain almost half the 

nitrogen, likely influenced by the mistletoe. This decrease in foliage and photosynthetic 

capacity is thought to render infected trees unable to meet the respiratory demands of live 

branches and support A. tsugense infections during stress events, resulting in branch 

dieback and reductions in tree growth (Bell et al., 2020; Marias et al., 2014; Meinzer et 

al., 2004). Our results show compelling evidence that T. heterophylla experience 

reductions in branch foliage cover due to of infection intensification, although the 

average reduction was only ~ 13% (Figure 6). Additionally, almost all remaining foliage 

in 100% branch severity trees was found distal to infections (Figure 13), suggesting these 

trees are experiencing severely reduced photosynthetic capacity.  
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Figure 13.  Branch foliage cover proximal and distal to infection, or on uninfected 

branches, stacked, with both summing to total branch foliage cover, averaged in 5 – 

meter intervals for the three trees with the largest crown volumes. The n represents the 

number of live infections in that 5 – meter interval. Trees increase in infection severity 

from left to right. Trees are labeled with their corresponding tree number and their foliage 

severity from Table 5.  

 

While our models also estimated a decrease in live branches and an increase in 

dead branches, likely resulting in reduced whole tree foliage, we found weak evidence of 

correlation with infection severity and estimated a wide range of plausible values for the 

slopes of both models (Figure 7). This suggests, despite the average reduction in branch 

foliage cover and reduced photosynthetic capacity of remaining needles, infected trees in 

this study are still capable of meeting the respiratory demands of all branches and that 

branch mortality may not be a direct result of infection intensification. Branches of T. 

heterophylla have been reported to be kept alive and foliated, below zones of 
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prohibitively low light where other uninfected branches would have been shaded out 

(Muir and Hennon, 2007). Further, reductions to whole tree foliage may manifest from 

reductions in individual branch foliage cover across the whole tree. Tree selection bias 

likely limits the scope of this finding though, as safer trees to climb usually have fewer 

dead branches and may be more vigorous. Studies, such as Meinzer et al. (2004), that can 

access severely infected trees without this bias and without felling, may have a more 

accurate representation of branch mortality. 

Foliage impacts are not consistent throughout the other dwarf mistletoe – host 

pathosystems, though available literature on foliage impacts is limited. Sala et al. (2001) 

found the opposite effect of our results on foliage when measuring changes to the leaf 

area: sapwood area ratio of Pseudotsuga menziesii infected with A. douglasii which 

creates a systemic infection, and Larix occidentalis infected with A. laricis, which creates 

non-systemic infections, in mixed conifer forests. In both tree species, high infection 

severity was associated with increases in the leaf area: sapwood area ratio due to 

increases in leaf area. Godfree et al. (2003), examined how the abundance of A. 

americanum affected the canopy structure of an old growth Pinus contorta var. 

murrayana forest in central Oregon. They found severe infections were associated with a 

stand-wide, skew of foliage distribution to lower heights in the canopy but made no 

determinations about changes in total foliage mass or area. Most recently Hoffman et al. 

(2007), in a study on A. vaginatum’s influence on fire in P. ponderosa forest stands, 

found canopy foliage mass remained unchanged despite infection severity. This suggests 

impacts of a dwarf mistletoe on its host may be specific to the host and pathogen. 
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Research that tracks branch foliage and mortality over time through infection 

intensification and can link those to physiological impacts, would provide significant 

clarity to the impact of A. tsugense on host growth. Our study only captures a point in 

time, the time of initial infection is unknown, complicating this picture. The 

epidemiology of dwarf mistletoe involves spread into new hosts and intensification 

within the existing host (Hawksworth and Wiens, 1996; Shaw and Mathiasen, 2013).  

Impacts of infections on host trees change through time as tree infection intensifies. 

During initial stages of infection, there may be increased growth associated with low 

severity, but at high severity there is typically severely decreased growth (Marias et al., 

2014).  

The location of initial infection may also alter the impacts. For example, initial 

infections lower in the tree crown may be outgrown by T. heterophylla as height growth 

of uninfected tops outpaces the rate of upward spread of infection (Muir and Hennon, 

2007). Once height growth slows, total infection of the crown is possible (Robinson and 

Geils, 2006). Meinzer et al. (2004) also suggests transient changes to the leaf area: 

sapwood area ratio may produce apparent discrepancies in tree allometric responses to 

infection which we could not observe without repeated measurements. 

 

Crown Structure and Volume 

Counter to expectations, we did not observe evidence for an effect of increasing 

infection severity on the mean average, max, or median branch diameter or length. The 

only study that examined A. tsugense’s effects on T. heterophylla branches, measured 30 
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trees averaging 110 years old from dominant and codominant positions and reported 

increases in branch diameter, immediately distal to the branch collar, as severity 

increased (Smith, 1969). Estimates of branch slope angle to tip (slope 2) suggest branch 

tips end up closer to the tree bole and ground due to increasing infection severity than 

would be expected for the typical branch arrangement in uninfected trees that maximizes 

light interception (Smith and Brewer, 1994). Some deformities have been observed to 

weigh up to several hundred kilograms and this additional weight on the tips of branches 

may result in a branch droop (Muir and Hennon, 2007). The estimated increased initial 

branch slope angle (slope 1) with increasing infection severity may be a compensating 

mechanism for the branch to handle the added weight. Wellwood (1956) observed more 

compression wood within trees’ stems, on the side nearest to infected branches, further 

suggesting decreased slope 2 angles may be a weight related phenomenon. 

Estimates of decreases in crown depth also run counter to previous findings of 

changes to crown structure. Previous reviews of A. tsugense’s whole tree effects on T. 

heterophylla have described increasing infection severity may lower the base of the live 

crown due to branches kept alive below the height where uninfected branches would self-

thin (Geils et al., 2002; Muir and Hennon, 2007; Shaw and Agne, 2017). Our results 

suggest the base of the live crown may actually be increasing in height, although 

estimates for increases in minimum branch height were not well supported. Decreasing 

crown depth may also shift canopy volume allocation higher in the trees, despite 

decreasing branch slope 2 angles, but this was not clear from our findings (Figure 11). 

The lack of compelling evidence for an effect on branch mortality, which would drive 



 

 

53 

shifts in crown depth, suggest differences in crown depth are more likely attributable to 

environmental factors than infection severity. 

Infection severity exhibited a negative influence on crown volume, although, of 

the completely infected trees (branch severity = 100%), a wide range of total volumes 

was observed. The smallest crown volume we observed overall was of a completely 

infected tree at 520.7 m3. The largest completely infected crown had a volume of 2123.2 

m3, second largest overall and the same tree with the highest incidence (Table 5). In all 

our trees, crown volume allocation by height varied across all infection severities 

reflecting the stochastic nature of crown development processes in mature and old growth 

forests (Reilly and Spies, 2015), but crown volume appeared to be greatest in the low to 

mid crown (Figure 11). Clearly environmental factors, tree vigor, and time since infection 

are exhibiting influences on the crown volume and structure, but we found evidence to 

support an overall negative effect of dwarf mistletoe on crown volume. Agne et al. (2014) 

found strong evidence that in stands of Pinus contorta subsp. murrayana infected with A. 

americanum, canopy volume and cohort height decreased as infection severity increased. 

Godfree et al. (2003, 2002) found evidence that individual tree crown volume may be 

reduced by high severity dwarf mistletoe infections, but that total canopy volume 

remained constant in their stand due to demographic shifts in tree size classes.  

Branch slope, crown depth, and crown volume model results, as well as increased 

difficulty maneuvering within the heavily infected crowns, suggest an overall compaction 

of T. heterophylla crowns due to increasing A. tsugense infection severity. The 

compaction of infected T. heterophylla crowns could have implications for biota that 
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utilize deformities for habitat or forage (Hawksworth and Wiens, 1996; Muir and 

Hennon, 2007), for spread and intensification of A. tsugense (Parmeter, 1978; Robinson 

and Geils, 2006), and for fire and fuels in forests (Shaw and Agne, 2017). Arceuthobium 

tsugense’s role in development of old growth structure in Pacific Northwest forests has 

largely been attributed to gap creation caused by host mortality (Mathiasen et al., 2008; 

Reilly and Spies, 2016), but compacting crowns as infection severity increases suggest a 

continuous process of increasing space between tree crowns before mortality occurs. This 

would allow more light to reach the forest floor in between trees, especially under the 

canopies of T. heterophylla dominated forests where light penetration is low (Reilly and 

Spies, 2015).  

While crowns were decreased in size and spread, total deformity volume was 

estimated to increase as infection severity increased, resulting in an increased proportion 

of crown volume taken up by deformities (Figure 9). Increasing infection severity and 

total deformity volume did not coincide with an increase in average branch deformity 

volume, suggesting that infection intensification within the tree crown is the main 

contributor to total deformity volume and not all infections form large deformities. The 

lack of effect of infection severity on average deformity volume suggests the 

development of deformities may be driven instead by light, temperature, or productivity 

of foliage, all factors important for A. tsugense’s development and related to an 

infection’s height within the canopy (Shaw and Weiss, 2000). Trees with the greatest 

infection severity had a 27-fold increase in the median number of infections per branch  

when compared to uninfected trees and we expected that increasing infection incidence 
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would result in increasing branch deformity volume (Figure 8). The distribution of 

deformity volume within T. heterophylla crowns varied by height, independent of 

infection severity but appeared localized to the low to mid crown (Figure 10), which is 

consistent with previous studies of dwarf mistletoe brooms (Hawksworth and Wiens, 

1996).  

Concentration of deformities in the low to mid crown can be a common result of 

intensification processes (Muir and Hennon, 2007; Robinson and Geils, 2006). Increasing 

average deformity distance to bole with increasing infection severity suggests deformity 

volume becomes localized at the edges of the crown. Branch growth appears unimpeded 

by infection likely driving this increase in average distance to bole as seeds continue to 

infect the thin barked segments near the tips. Branch maximum length may then indicate 

a maximum distance to bole and an eventual maximum crown width of heavily infected 

T. heterophylla. In heavily infected trees, interior crowns may be mostly branch wood 

and free space, while the outer shell of the crown is comprised of deformities and 

effected foliage. This increase in deformity distance from bole also has implications 

because water path length increases and water transport efficiency of infected branches 

decreases (Meinzer et al., 2004). 

Estimates of crown volume and biomass are often desired for old trees for carbon 

accounting and growth modeling as carbon allocation shifts once trees reach old growth 

stages (Ishii et al., 2017; Kramer et al., 2018; Sillett et al., 2010), or for modeling the 

development of canopies and how this may relate to the spread of dwarf mistletoe 

(Robinson and Geils, 2006; Swanson et al., 2006; Van Pelt and Nadkarni, 2004). 
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Allometric models have been produced for young T. heterophylla, or uninfected trees 

in mature and old growth forests, however ours are the first attempt to cover a gradient of 

dwarf mistletoe infection severity. Further research that expands the sample size and 

integrates destructive sampling, branch age, and time since infection, with ground-based 

measurements for predictors could produce more precise models forest managers can use 

to predict future trajectories of T. heterophylla forests infected with A. tsugense. 

 

Deformity Class 

Arceuthobium tsugense caused-deformities in T. heterophylla crowns, took the 

shape of four distinct classes, depending on where infection occurred on the branch 

(Figure 5, Table 8). Infections occurring on top of a branch resulted in a spray of foliage 

perpendicular to the tree (platform); those infecting the main stem of a lateral branch 

formed a classic witches’ broom (classic); those that infected branchlets of primary 

branches, formed pendulum-shaped deformities that caused the branchlets to droop and 

foliage to spray out, perpendicularly to the branchlet (pendulous); infections occurring in 

small branchlets created spindle-shaped swellings commonly associated with early stages 

of infection (spindle). The classic deformity was the most observed class of deformities 

larger than 4 cm in one dimension and it is likely that pendulous infections transition into 

classic deformities with age (Table 8). Deformities smaller than 4 cm in one dimension 

were not classified, but the vast majority resembled a spindle-shaped swelling, as was 

expected (Muir and Hennon, 2007). 
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Hawksworth (1961) described three broom growth forms typical of 

nonsystemic dwarf mistletoes, using A. vaginatum as a model, determined by distance 

from the bole: typical, volunteer leader, and weeping, with illustrations in Geils et al. 

(2002). The typical resembles the classic brooms we found in our trees. The volunteer 

leader broom is characterized as an infected branch that produces branches that grow 

erect and upright. Weeping brooms exhibit the opposite trait after infection: branchlets 

droop and hang down below the infected branch at the point of infection. Except for the 

similarity between our classic broom and the typical broom, these three classes did not 

apply well to the deformities we observed in our trees. Hawksworth and Wiens (1996) 

point out secondary infections, where a second infection occurs within an already 

infected branch or deformity, is rarely observed for the T. heterophylla – A. tsugense 

pathosystems. However, we frequently observed multiple infections within a single 

deformity, especially large classic brooms. Often, branchlets distal to a deformity would 

grow towards the edges of the crown and a second infection, causing a small spindle, 

could be observed there. 

The impacts of deformity abundance (as opposed to infection severity or 

incidence) and class on tree physiology and growth have not been explored in T. 

heterophylla, but previous studies on infected Pinus jefferyi and P. ponderosa in valuable 

recreation forests found deformity removal increased host vigor and extended life span 

(Lightle and Hawksworth, 1973; Scharpf et al., 1987). Stanton (2006) examined radial 

growth impacts from broom abundance in P. ponderosa and found that infection severity 

explained the majority of growth reductions in their model and that in oldest stand with 



 

 

58 

the largest trees, deformity abundance appeared to have little to no impact. The impact 

of deformity abundance on T. heterophylla may be more significant than on dry-side 

Pinus spp. as tree growing conditions are more favorable (Waring and Franklin, 1979) 

and host vigor is associated with dwarf mistletoe vigor (Shaw et al., 2005).  

Further modeling is needed to determine if these classes have implications for 

crown function, spread and intensification, physiological functioning, and if infection 

classes can be predicted based on location within the crown. These determinations could 

also help future attempts to assess infection impacts in the crowns of infected T. 

heterophylla, either from the ground or within the tree. Small units of measurement, 

called “foliar units”, are often employed in crown mapping that allow a researcher to 

quantify leaves, bark, cambium, and wood on complex branches, based on previous 

destructive sampling, that is not time intensive (Van Pelt and Sillett, 2008). Despite the 

gaps in knowledge, deformity class may be able to serve a similar role. Classifying 

deformities was not time intensive and deformities are known to influence host growth, 

survival, and vigor (Lightle and Hawksworth, 1973; Scharpf et al., 1987), although 

inclusion of this classification system into other surveys would require a preliminary 

destructive sampling effort.   

 

Sapwood 

While the crown showed evidence for profound change to structure, we found 

almost no evidence of an effect or relationship between sapwood area, either at f-diameter 

or at base of the live crown, and our measures of infection severity (Figure 12). Meinzer 
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et al. (2004) measured sapwood area in severely infected and uninfected T. 

heterophylla and found insignificant differences in sapwood area, suggesting alterations 

to leaf area over carbon allocation were more advantageous. It has been shown that 

sapwood area is tightly correlated to the live foliage area above it, especially when 

measured at the base of the live crown (Ishii et al., 2017; Shinozaki et al., 1964b; Waring 

et al., 1982). Lacking direct measures of leaf area or mass, we substituted the total 

number of live branches and found a stronger correlation to relative sapwood area at f-

diameter and at base of the live crown and estimated an increase in relative area as total 

live branches increased (Figure 12).  

These results suggest, it may be beneficial to A. tsugense to keep infected 

branches alive and continue drawing resources from the host, potentially explaining the 

weak evidence for infection severity’s relationship to decreasing live branches and its 

non-effect on sapwood area. Keeping infected branches alive with ~ 13% less foliage and 

significantly reduced photosynthetic capacity, would mean carbon accumulation would 

be severely limited, resulting in adjustments to allocation. Logan et al. (2013) suggested 

A. pusillum infected Picea glauca dedicate a disproportionate amount of photoassimilate 

to branches with low water use efficiency, reflected in severely decreased bole diameter 

growth while significant reductions to bole diameter growth have been demonstrated in 

infected T. heterophylla (Bell et al., 2020; Marias et al., 2014; Shaw et al., 2008). 
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Shifts in Crown Form, Implications for Tree Function 

The changes in crown structure imply a shift in function, from biomass 

production and growth, to survival. Some studies have reported initial infections are 

associated with increases in bole diameter growth potentially due to deformity-caused 

increases in branch foliage, or that more vigorous trees are more likely to be infected and 

are growing more rapidly despite infection (Marias et al., 2014; Shaw et al., 2005). 

Ultimately, infections result in large reductions in height and bole diameter growth as 

infection severity increases (Bell et al., 2020; Marias et al., 2014; Muir and Hennon, 

2007). Top-kill has also been attributed to severe A. tsugense infection (Muir and 

Hennon, 2007). These impacts and other reported in this study drastically change crown 

structure and physiological function, but the mortality process is still a very slow decline 

rather than immediate and cause of death cannot always be attributed to dwarf mistletoe, 

rather increasing susceptibility to other biotic and abiotic mortality agents (Muir and 

Hennon, 2007).  

Arceuthobium tsugense may be driving diversions of photoassimilate from growth 

related processes to maintenance of infected branches and its own maintenance and 

reproductive needs (Logan et al., 2013). This further suggests some branches may be net 

water and nutrient sinks rather than sources. The reduction of photoassimilate available to 

infected trees for biomass accumulation may be a mechanism to explain previously 

reported reductions to bole diameter growth (Bell et al., 2020; Marias et al., 2014). 

Intensification is also shrinking the crown volume further suggesting growth inhibition.  
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Compensation for alterations in water conductance at the leaf level, have been 

observed in pruned loblolly pines such that leaf-specific water conductance is maintained 

(Pataki et al., 1998).  Meinzer et al. (2004) reported reductions to overall tree water use 

for heavily infected T. heterophylla, which appeared to be compensated for by reductions 

to branch foliage and live branches, resulting in maintenance of leaf-specific. Our 

findings support the reduction to branch foliage, but not the reduction of live branches, 

suggesting reducing foliage is the preferred mechanism for compensation. Additionally, 

stem sapwood area remained unaffected by infection severity suggesting conductive 

tissues may not be altered to maintain water conductance. Remaining branch foliage is 

increasingly found distal to an infection likely compounding reduced photosynthetic 

capability and reduced water use efficiency (Marias et al., 2014; Meinzer et al., 2004). 

Simultaneously, infection intensification results in branches of infected trees supporting 1 

to 70 individual infections. When this process is scaled to the whole tree however, we see 

that these shifts in form and function are due to an exceptionally small amount of 

deformed tissue. For example, in tree 7, where we observed the highest incidence by far, 

total deformity volume only reached a maximum of ~ 76 m3, representing a mere 9% of 

total crown volume and yet almost all the live foliage was found distal to an infection 

(Figure 13). Most of the crown volume of trees is likely comprised of woody tissues or 

space, and minimally, actively photosynthesizing tissues. Therefore, the modest increase 

in the proportion of crown volume comprised of deformities seems small compared to the 

total volume, but likely represents almost all of the physiologically relevant tissues in the 

most severely infected trees.  
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The outsized impact of A. tsugense, relative to the size of its host is 

phenomenal, especially when compared with the large leafy mistletoes in Loranthaceae. 

Arceuthobium tsugense plants grow to 7 cm in height on average and the plant itself is 

completely inconspicuous without careful observation of deformities high in the crowns 

of T. tsugense or one of its occasional hosts (Hawksworth and Wiens, 1996). The leaves 

of the plant are quite reduced and are thought to perform only minor photosynthesis 

(Hawksworth and Wiens, 1996). However, one infection can produce large deformations 

in branch form and severely impact growth (Marias et al., 2014; Meinzer et al., 2004). In 

contrast, species of mistletoe in the Amyema genus, are much larger, producing robust, 

shrub-like plants that are on average 0.5 to 1 m in overall diameter (Shaw et al., 2004). 

Additionally, the mistletoe leaves in Australia are an important food and water source for 

birds and mammals (Shaw et al., 2004; Watson, 2001). Amyema spp. produce similar 

impacts to tree form, namely broom-like deformities and branch mortality, but the degree 

of impact to tree form or growth is minimal compared to A. tsugense infections (Shaw et 

al., 2004).  

 

Incidence and Severity Model Performance 

This study was the first to provide a complete survey of all infections within a tree 

crown of an infected old-growth T. heterophylla. However, the incidence of A. tsugense 

infection did not adequately explain the impacts to crown architecture in our study when 

used alone in a model with a sample across a range of infection severity. Incidence may 

need to be qualified with a measure of severity, as a high concentration of infections on 
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one branch would not have the same magnitude of physiological influence on water 

use dynamics as the same number of infections spread among many live branches 

(Meinzer et al., 2004). Comparisons of two T. heterophylla with the same or similar 

severity ratings could benefit from inclusion of incidence in models when considering 

impacts of intensification, such as our trees 7 and 12, both with branch severity measured 

at 100%. We observed an incidence of 3615 infections in tree 7 and 813 in 12; this 

enormous difference in incidence likely results in very different influences on tree crown 

architecture. Stand- and tree-level characteristics common in forest modeling such as 

density, tree age and size, or tree vigor may also improve incidence model results (Geils 

et al., 2002; Muir et al., 2004). Attempts to model the epidemiology of A. tsugense could 

benefit from knowledge of incidence within the crown (Robinson and Geils, 2006), 

where location of female plants is crucial for determining spread within a tree or forest 

stand. Incidence is likely to be valuable for these applications of infection severity 

evaluation, but further investigation is required. 

Discrepancies in model estimates and R2 values, when using branch or foliage 

severity, suggests the effects of A. tsugense may be better evaluated using one or the 

other of these severity measurements. In some cases, foliage severity may be more 

accurate estimating impacts such as average branch foliage or crown volume. In others, 

either measure may be inconsequential such as sapwood area, average branch deformity 

volume, or branch diameters and lengths. These differences likely highlight how 

infection impacts to crown form are manifested by the tree. For example, we found 

increasing infection severity to be associated with a decrease in branch foliage, and that 
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the model with foliage severity as the explanatory variable had the highest R2. So 

increasingly affected T. heterophylla foliage by A. tsugense is likely to drive the 

reduction in average branch foliage cover, and not simply an increase in the number of 

infected branches. Future research that incorporates a larger sample size and includes the 

branch age and estimate of infection date, branch severity, foliage severity, and 

environmental explanatory variables in a model may further elucidate the degree to which 

infection severity transforms the crown of an infected T. heterophylla, thereby its 

physiology and further impacts to Northwest forests. 

 

Conclusions 

The focus on a comprehensive description of T. heterophylla crown architecture 

through a fine-scale gradient of infection severity by A. tsugense utilizing tree climbing is 

novel in this field and has allowed new insight into the dwarf mistletoe – western 

hemlock pathosystems. Results from this study suggest that shifts in crown structure 

imply a shift in function, from biomass production and growth to tree and branch 

survival. Further implementation of the crown mapping technique as employed in this 

study, has the potential to add significant clarity to the large, existing body of literature 

(Muir and Hennon, 2007). Utilizing a fine-scale, infection severity measure can be 

prohibitively difficult in large, old trees without accessing the crown or felling and 

compromising data. Previous research has often used the Hawksworth 6-class dwarf 

mistletoe rating (1977), dividing crowns into infection severity class, which may 

overlook subtle transformations of the crown.
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CHAPTER 3 – GENERAL CONCLUSIONS 

Our results suggest shifts in crown structure reflect a shift in function, from 

biomass production and growth to tree and branch survival. Our models relating 

increasing dwarf mistletoe infection severity to branch and deformity level response 

variables exhibited the largest degrees of correlation (Table 6, 7). Little evidence was 

found for infection severity’s correlation with our whole crown and sapwood related 

variables (Appendix C). Models that lack evidence of correlation however, still provided 

valuable insights about what may be impacted by increasing severity. 

The most notable findings from our branch level modeling was the compelling 

evidence for a decrease in average branch foliage cover with increasing infection severity 

(Figure 6). This agrees with previous observations about alterations to hydraulic 

architecture in by A. tsugense to T. tsugense (Hawksworth and Wiens, 1996; Meinzer et 

al., 2004), but contrasts with previous findings in other tree species infected with dwarf 

mistletoe (Godfree et al., 2003; Sala et al., 2001). The estimated decrease in live 

branches, increase in dead branches, and a reduction in the proportion of live branches 

with increasing infection severity showed weak evidence for an association with 

increasing infection severity (Figure 6). However, decreases in the number of live 

branches had been previously hypothesized to be a mechanism for infected trees to 

compensate for infection (Meinzer et al., 2004). The combination of a reduction in 

average branch foliage cover, residual foliage photosynthetic capacity, and the number of 

live branches may explain the previous reports of the significant reductions to bole 

diameter growth (Bell et al., 2020; Marias et al., 2014).  
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Infection severity showed little evidence for an effect on absolute and relative 

sapwood area despite reductions to foliage and potential impacts to the number of live 

branches. Live foliage area or mass has been shown to be linked to the sapwood area of a 

tree (Shinozaki et al., 1964b; Waring et al., 1982). Meinzer et al. (2004) suggest that it 

may be more advantageous for the tree to compensate for increased water stress through 

reductions in foliage than through reductions to water conducting tissue and that the 

leaves may experience transient changes to their function to maintain water homeostasis. 

The lack of expected effect on branch diameter and length contrasts with previous 

work on T. heterophylla branches infected with A. tsugense, which found branch 

diameters increased as a result of infection (Smith, 1969). We did find an association 

with infection severity and decreasing branch slope 2 angles, defined as the angle 

between the point at which the branch protrudes from the tree and the tip of the branch. 

This resulted in decreases to crown volume and suggests an overall compaction of the 

crown. However, this may not be a result of the same infection process that produces the 

deformities. Rather severely infected branches that support many deformities may be 

weighed down. Large deformities are reported to weigh hundreds of kilograms (Muir and 

Hennon, 2007) and compression wood has been found to be concentrated in tree boles 

closest to deformed branches (Wellwood, 1956).  

Modeling deformity related responses produced our model set with the highest R2 

values. Aside from increasing average distance to bole, we also found evidence for an 

increase in total deformity volume, proportion of crown in deformity, and the median 

dwarf mistletoe infection per branch. It has been noted that secondary infections in T. 
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heterophylla are rarely observed but infected branches had between 1 and 70 infections 

(Hawksworth and Wiens, 1996).  

Four distinct deformity classes were observed within the crowns of infected trees. 

Of the deformities large enough to measure (> 4 cm in length, width, or depth), the 

classic deformity class was most observed (Table 8). However further research is needed 

to determine if these classes can be predicted based on location within the crown and of 

there are differing physiological impacts to infected trees.  

Overall crown volume was found to decrease as infection severity increased 

(Figure 9). Decreasing branch slope 2 angles and decreasing crown depth both 

contributed to decreasing crown volume, where crowns became less wide and the length 

of the crowns shortened. As crown volume decreased, the proportion of crown volume 

comprised of deformation increased. Because the average distance of deformities to bole 

increased, we observed the increasing deformity volume, shift to the exteriors of the 

crown and allocation appeared to be localized to the low and mid crowns (Figure 10). 

Finally, as infection severity  increased, foliage became increasingly located distal to 

infections (Table 5, Foliage Severity; Figure 13). In Pinus contorta subsp. murrayana 

stands with dwarf mistletoe infection, Agne et al. (2014) found strong evidence for a 

decrease in crown volume as infection severity increased and Godfree et al. (2002) 

showed changes to individual crown structure that led to reduced crown volumes. 

In most models, incidence poorly explained variance of the response variable or 

did not meet model assumptions. The number of individual infections may not be useful 

in a model alone or at all when examining impacts to tree crowns on a gradient of 
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infection severity. Models that examine trees already completely infected (branch 

severity = 100%) could benefit from the inclusion of incidence in a model as differences 

in the physiology or crown architecture could not be explained by measures of severity. 

Additionally, any model attempting to assess impacts may need to include stand and tree 

level characteristics, such as density, tree age and size, or tree vigor (Geils et al., 2002; 

Muir et al., 2004). Aside from model performance, this also suggests that increasing 

infection abundance may not create additional draws on host resources, despite the 

substantial increase in the number of infections per branch as severity increases. 

Understanding how A. tsugense transforms an infected crown is imperative for 

predicting how forests act during fire events (Shaw and Agne, 2017), for forest managers 

meeting certain ecosystem function goals through forest structure (Franklin et al., 2002), 

and for carbon accounting when A. tsugense is appreciably present in a forest (Ishii et al., 

2017; Marias et al., 2014). Forest structure has been linked to its ecosystem functions 

such as benefiting animal biodiversity through providing unique habitat structures (Shaw 

et al., 2004; Watson, 2001). Therefore, efforts to develop resilient forests benefit from 

knowledge of changing forest structure due to forest pathogens (Agne et al., 2018; Carey 

and Wilson, 2001; Ishii et al., 2004).  
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A. Full set of model results for the branch-related response variables.  

The estimated slope, 95% confidence intervals, test statistics and R2 for each fixed effect and response variable. 

Coefficient estimates represent a shift from 0 to 100% for branch and foliage severity and a shift from 0 to 100 infections for 

incidence. 

Response 
Model 
Type 

Fixed Effect Coefficient Estimate Low 95% CI High 95% CI F df 2 p R2 

Average Branch 

Diameter 

LM Branch Severity 
0.05 -1.08 1.17 0.01 1, 14 --- 0.931 0.00 

  
Foliage Severity -0.02 -1.13 1.09 0.00 1, 14 --- 0.969 0.00 

  
Incidence 0.00 0.00 0.00 0.10 1, 14 --- 0.757 0.01 

Median Branch 

Diameter 

LM Branch Severity 
0.02 -1.03 1.07 0.00 1, 14 --- 0.967 0.00 

  
Foliage Severity 0.02 -1.01 1.05 0.00 1, 14 --- 0.971 0.00 

  
Incidence 0.01 -0.03 0.05 0.29 1, 14 --- 0.599 0.02 

Max Branch 
Diameter 

LM Branch Severity 
0.60 -2.64 3.84 0.16 1, 14 --- 0.697 0.01 

  
Foliage Severity 0.29 -2.90 3.49 0.04 1, 14 --- 0.847 0.00 

  
Incidence 0.00 -0.14 0.14 0.00 1, 14 --- 0.960 0.00 

Average Branch 
Length 

LM Branch Severity 
-0.33 -1.08 0.43 0.86 1, 14 --- 0.370 0.06 

  
Foliage Severity -0.30 -1.05 0.44 0.76 1, 14 --- 0.397 0.05 
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Incidence 0.01 0.00 0.00 0.65 1, 14 --- 0.432 0.04 

Median Branch 
Length 

LM Branch Severity 
-0.39 -1.14 0.36 1.26 1, 14 --- 0.280 0.08 

  
Foliage Severity -0.36 -1.10 0.38 1.25 1, 14 --- 0.311 0.07 

  
Incidence 0.00 -0.02 0.04 0.32 1, 14 --- 0.582 0.02 

Max Branch 
Length 

LM Branch Severity 
-0.99 -2.81 0.83 1.35 1, 14 --- 0.264 0.09 

  
Foliage Severity -0.94 -2.73 0.86 1.25 1, 14 --- 0.282 0.08 

  
Incidence 0.02 -0.06 0.10 0.19 1, 14 --- 0.673 0.01 

Average Slope 1  LM Branch Severity 7.02 -0.56 14.61 3.95 1, 14 --- 0.067 0.22 

  
Foliage Severity 4.53 -3.50 12.55 1.46 1, 14 --- 0.246 0.09 

  
Incidence 0.17 -0.19 0.52 1.01 1, 14 --- 0.331 0.07 

Median Slope 1  LM Branch Severity 7.04 -0.40 14.48 4.11 1, 14 --- 0.062 0.23 

  
Foliage Severity 5.02 -2.78 12.82 1.90 1, 14 --- 0.189 0.12 

  
Incidence 0.17 -0.18 0.52 1.09 1, 14 --- 0.315 0.07 

Average Slope 2 LM Branch Severity -6.88 -22.77 9.01 0.86 1, 14 --- 0.369 0.06 

  
Foliage Severity -11.73 -26.33 2.88 2.97 1, 14 --- 0.107 0.17 

  
Incidence -0.17 -0.86 0.52 0.28 1, 14 --- 0.605 0.02 

Median Slope 2 LM Branch Severity -8.03 -24.88 8.82 1.04 1, 14 --- 0.324 0.07 

  
Foliage Severity -13.51 -28.81 1.80 3.58 1, 14 --- 0.079 0.20 

  
Incidence -0.20 -0.94 0.53 0.35 1, 14 --- 0.562 0.02 
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Average Branch 
Foliage 

LM Branch Severity 
-10.96 -18.55 -3.38 9.61 1, 14 --- 0.008 0.41 

  
Foliage Severity -13.39 -19.27 -7.51 23.82 1, 14 --- 0.000 0.63 

  
Incidence -0.32 -0.69 0.06 3.17 1, 14 --- 0.097 0.18 

Number of Live 

Branches 

GLM Branch Severity 
0.76 0.55 1.06 --- 1 2.35 0.126 0.14 

  
Foliage Severity 0.76 0.55 1.06 --- 1 2.46 0.117 0.14 

 
Incidence 1.00 0.99 1.02 --- 1 0.01 0.931 0.00 

Number of Dead 

Branches 

GLM Branch Severity 
1.36 0.89 2.08 --- 1 1.88 0.170 0.11 

  
Foliage Severity 1.37 0.92 2.04 --- 1 2.20 0.138 0.13 

  
Incidence 1.01 1.00 1.03 --- 1 2.48 0.115 0.14 

Total Number of 

Branches 

GLM Branch Severity 
0.86 0.67 1.10 --- 1 1.43 0.232 0.09 

  
Foliage Severity 0.87 0.68 1.10 --- 1 1.31 0.253 0.08 

 
Incidence 1.00 0.99 1.01 --- 1 0.43 0.512 0.03 

Live Proportion GLM Branch Severity 0.56 0.29 1.05 3.26 1, 14 --- 0.090 0.01 

 
Foliage Severity 0.55 0.30 1.01 3.74 1, 14 --- 0.070 0.01 

Incidence 0.99 0.96 1.01 0.84 1, 14 --- 0.380 0.00 
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B. Full set of model results for the deformity-related response variables. 

The estimated slope, 95% confidence intervals, test statistics and R2 for each fixed effect and response variable. 

Coefficient estimates represent a shift from 0 to 100% for branch and foliage severity and a shift from 0 to 100 infections for 

incidence. 

Response Model Type Fixed Effect 
Coefficient 
Estimate 

Low 95% CI High 95% CI F df 2 p R2 

Average 

Deformity 
Distance to Bole 

LM Branch Severity 3.17 1.62 4.70 19.43 1, 14 --- 0.001 0.58 

 
Foliage Severity 2.29 0.36 4.22 6.47 1, 14 --- 0.023 0.32 

  
Incidence 0.11 0.02 0.19 7.81 1, 14 --- 0.014 0.36 

Average Branch 
Deformity 

Volume 

LM Branch Severity 0.09 -0.20 0.37 0.49 1, 14 --- 0.501 0.05 

 
Foliage Severity 0.09 -0.10 0.28 1.21 1, 14 --- 0.299 0.12 

  
Incidence 0.00 0.00 0.00 0.06 1, 14 --- 0.808 0.01 

Total Deformity 

Volume 

LM Branch Severity 
49.40 22.63 76.17 15.67 1, 14 --- 0.001 0.53 

  
Foliage Severity 55.12 33.54 76.70 30 1, 14 --- 0.000 0.68 

  
Incidence --- --- --- --- 1, 14 --- --- --- 

Proportion of 

Crown in 
Deformity 

LM Branch Severity 0.06 0.02 0.10 10.24 1, 14 --- 0.006 0.42 

 
Foliage Severity 0.07 0.04 0.11 18.85 1, 14 --- 0.001 0.57 

  
Incidence --- --- --- --- 1, 14 --- --- --- 
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Median Dwarf 
Mistletoe 

Infection 

GLM Branch Severity 27.20 9.60 90.06 --- 1 23.98 0.000 0.78 

 
Foliage Severity 14.12 5.67 37.85 --- 1 17.88 0.000 0.67 

 
Incidence 1.11 1.05 1.20 --- 1 10.89 0.001 0.49 
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C. Full set of model results for the whole tree and sapwood-related response variables. 

The estimated slope, 95% confidence intervals, test statistics and R2 for each fixed effect and response variable. 

Coefficient estimates represent a shift from 0 to 100% for branch and foliage severity and a shift from 0 to 100 infections for 

incidence. 

Response 
Model 
Type 

Fixed Effect 
Coefficient 
Estimate 

Low 95% CI High 95% CI F df 2 p R2 

Minimum Branch 

Height 

LM Branch Severity 
2.49 -2.60 7.57 1.1 1, 14 --- 0.312 0.07 

  
Foliage Severity 2.44 -2.55 7.44 1.1 1, 14 --- 0.312 0.07 

  
Incidence -0.02 -0.24 0.21 0.03 1, 14 --- 0.873 0.00 

Crown Depth LM Branch Severity -6.25 -13.19 0.70 3.72 1, 14 --- 0.074 0.21 

  
Foliage Severity -5.77 -12.70 1.15 3.19 1, 14 --- 0.096 0.19 

  
Incidence -0.11 -0.44 0.21 0.55 1, 14 --- 0.470 0.04 

Frusta-based 
Crown Volume 

LM Branch Severity -632.87 -1330.30 64.57 5.46 1, 14 --- 0.072 0.21 

 
Foliage Severity -696.34 -1357.10 -35.58 7.72 1, 14 --- 0.040 0.27 

  
Incidence -2.38 -35.40 31.14 0.12 1, 14 --- 0.881 0.00 

Sapwood Area at f 

DBH 

LM Branch Severity 
-0.04 -0.09 0.02 1.74 1, 14 --- 0.208 0.11 

  
Foliage Severity -0.03 -0.09 0.03 1.33 1, 14 --- 0.269 0.09 

  
Incidence 0.00 0.00 0.00 0.06 1, 14 --- 0.804 0.00 
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Relative Sapwood 
Area at           f-

DBH 

LM Branch Severity -0.02 -0.24 0.19 0.06 1, 14 --- 0.816 0.00 

 
Foliage Severity -0.04 -0.25 0.17 0.16 1, 14 --- 0.694 0.01 

  
Incidence 0.00 0.00 0.00 0.02 1, 14 --- 0.891 0.00 

Sapwood Area at 

Live Crown Base 

LM Branch Severity -0.03 -0.08 0.02 1.52 1, 14 --- 0.239 0.10 

 
Foliage Severity -0.02 -0.07 0.03 1.00 1, 14 --- 0.334 0.07 

  
Incidence 0.00 0.00 0.00 0.02 1, 14 --- 0.898 0.00 

Relative Sapwood 
Area at Live 

Crown Base 

LM Branch Severity -0.02 -0.19 0.15 0.04 1, 14 --- 0.838 0.00 

 
Foliage Severity -0.01 -0.18 0.16 0.02 1, 14 --- 0.890 0.00 

  
Incidence 0.00 0.00 0.00 0.04 1, 14 --- 0.844 0.00 

 


