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1 | INTRODUCTION

Dwarf mistletoes (Arceuthobium spp., Viscaceae) are native, flow-
ering, hemi-parasitic plants that can severely impact host structure
and function (Glatzel & Geils, 2009; Hawksworth & Wiens, 1996).

Arceuthobium tsugense subsp. tsugense (Rosend.) G.N. Jones infects
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Abstract

Dwarf mistletoes (Arceuthobium species) are arboreal, hemiparasitic plants of conifers
that can change the structure and function of the tree crown. Hemlock dwarf mistle-
toe (Arceuthobium tsugense subsp. tsugense) principally parasitizes western hemlock
(Tsuga heterophylla) and effects 10.8% of all western hemlock trees in Oregon, USA.
In this study, we climbed 16 western hemlock trees (age 97-321 years, height 33-
54.7 m) across a gradient of infection (0%-100% of branches infected) and measured
occurrence of all dwarf mistletoe infections, dwarf mistletoe caused deformities, foli-
age, branch and crown metrics, and sapwood area. We then modelled over 25 differ-
ent response variables using linear and generalized linear models with three metrics
of severity as explanatory variables: total infection incidence, proportion of all live
branches infected, and proportion of all live, infected branches with 33 per cent or
more foliage distal to infection. A strong effect of dwarf mistletoe intensification was
the reduction of branch foliage and an increase in the proportional amount of foliage
distal to infections, with severely infected trees having the majority of foliage distal
to infections. Increasing severity led to an apparent crown compaction as crown vol-
umes decreased and became increasingly comprised of deformities. Sapwood area
was unrelated to infection severity. Branch length and diameters were unrelated to
increasing infection severity despite severely infected branches supporting 1-70 in-
fections. The most severely infected tree had 3,615 individual plants in the crown.
Our results suggested that shifts in crown structure and branch deformation, foliage
amount, and foliage distal to infection, reflected a likely reduction of capacity for tree
growth that coincided with a hypothesized increase in resource demand by dwarf

mistletoe plants as infection severity intensified.
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the crowns of its primary host Tsuga heterophylla (Raf.) Sarg. causing
deformation to woody tissues and reductions to growth, total foli-
age, photosynthetic capacity and water use efficiency (Hawksworth
& 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
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numerous infections (Muir & Hennon, 2007). The infection inten-
sification 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 Arceuthobium tsugense,
mostly focused on managing growth impacts or eliminating and lim-
iting spread into uninfected, younger stands (Geils et al., 2002; Muir
& Hennon, 2007; Parmeter, 1978). However, trends in the last sev-
eral 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 Tsuga 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 struc-
tures such as increasing biodiversity and providing bird and mam-
mal habitat were recognized (Griebel et al., 2017; Shaw et al., 2004).
Infected trees also play a prominent role shaping local fire dynamics
(Shaw & Agne, 2017).

Crown mapping has proved insightful for tree species that create
the largest individuals and commonly co-occur with Tsuga hetero-
phylla such as Pseudotsuga menziesii (Mirb.) Franco, Sequoia semper-
virens (Lamb. Ex D. Don) Endl., and Picea sitchensis (Bong.) Carriére
(Ishii et al., 2017; Kramer et al., 2018; Sillett et al., 2010; Van Pelt &
Sillett, 2008; Pelt et al., 2004). 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 vol-
umes. Previous crown mapping efforts have not targeted T. hetero-
phylla infected with Arceuthobium tsugense despite its contribution
of unique canopy structures and volume across Northwest forests
(Shaw et al., 2004; Van Pelt & Nadkarni, 2004). In Oregon it is esti-
mated 10.8% of all T. heterophylla are infected with A. tsugense and
that 7% of those are moderate or severe (Dunham, 2008). Crown ar-
chitecture and volume impacts have been more easily studied in for-
ests where tree crowns are more visible or accessible such as in Pinus
contorta Douglas ex Loudon or P. ponderosa Douglas ex P. Lawson &
C. Lawson (Agne et al., 2014; Godfree, Tinnin, & Forbes, 2002, 2003;
Hoffman et al., 2007). However, these trees also lack comprehen-
sive 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 Tsuga 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 infection-induced
deformities (Pelt et al., 2004). We assess the impacts to branch form
and foliage, crown architecture, and sapwood area due to infec-
tion 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 se-
verity 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 Arceuthobium tsugense
plants (incidence). These took the place of the Hawksworth 6-class
dwarf mistletoe rating system in our models as infection severity rat-
ings (Hawksworth, 1977). Lastly, we connected our findings to pre-
vious 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 re-
ductions 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.

2 | MATERIALS AND METHODS
2.1 | Study site

This research was conducted at the HJ Andrews Long-Term
Ecological Research (LTER) site and Experimental Forest (HJA), lo-
cated in the western Cascade Mountains, northeast of the commu-
nity 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 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 el-
evations ranging from 410 to 1,630 m. Topography and soils have
been shaped by volcanic, glacial, fluvial, and other geomorphologi-
cal processes (Zald et al., 2016). Low elevation soils are character-
ized by volcanic rock composed of mudflows, ash flows, and stream
deposits, transitioning to mostly lava flows as elevation increases
(Swanson & 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 2,300 mm/year at low elevations to over
3,550 mm/year 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 1,000-1,200 m
seasonal snowpack develops, about 1 m in depth.

The sampled trees stand in old and mature forests, below
1,000 m in elevation in the Western Hemlock Vegetation Zone de-
scribed by Franklin and Dyrness (1973) which comprise the forest
community surrounding each tree. Large, old Pseudotsuga menzie-
sii dominate the overstory but are spread sparsely throughout the
forest. Tsuga heterophylla co-dominates in the overstory and Thuja
plicata Donn ex D. Don 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 & Franklin, 1991). Understory
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tree species included T. heterophylla, Thuja plicata, and Taxus brevifo-
lia Nutt.. Regenerating trees are almost entirely T. heterophylla due
to the dense canopies. The most common understory species are
Polystichum munitum (Kaulf.) C. Presl, Rhododendron macrophyllum
D. Don, Mahonia aquifolium (Pursh) Nutt., Gaultheria shallon Pursh,
Vaccinium parvifolium Sm., and Acer circinatum Pursh.

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 se-
verity 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 & Agne, 2017).
Arceuthobium tsugense persists in fire refugia, or in areas of low burn
severity, and subsequently reinvades post-disturbance likely creat-
ing the landscape distribution pattern present at the HJA (Swanson
et al., 2006).

2.2 | 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 Tsuga heterophylla, to opportunistically
select our trees, using Spies and Franklin (1991) as a guide. We com-
bined 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 severely infected T. heterophylla
crowns were visible in the aerial imagery which led to final stand
selections. Because Arceuthobium tsugense abundance and sever-
ity 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 sum-
ming these for a severity rating between 0 and 6. A score of O 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 O, 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 criterion used to select trees that are or were at one 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
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stand composition, stem density, and stand basal area surrounding
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each tree. No alternate hosts for A. tsugense, such as Abies amabilis
Douglas ex J. Forbes, were present in these stands (Hawksworth &
Wiens, 1996).

2.3 | 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), 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 ac-
cessed the tree crown, the tree height was measured by dropping a
fibreglass tape to the ground. This tape was affixed to the treetop
and to the corresponding f-diameter height to provide a height ref-
erence 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 esti-
mates of foliage area or mass that would have required destructive
sampling. Branches smaller than 4 cm in diameter were not measured
but were counted. Some long-lived trees are capable of reiteration,
where crown architectural units are reproduced within the crown
from existing structures, such as branches, after damage to maintain
crown function (Ishii et al., 2004). A common example is branches
producing upright growths to replace a damaged tree leader. This
process was not encountered while measuring and is rare in Tsuga
heterophylla in general, so all branches are assumed typical of the
species unless affected by dwarf mistletoe.

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 & 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 ellip-
soid. These were measured in the same direction with respect to the
branch, for all structures (length parallel to the branch, width per-
pendicular to the branch, depth perpendicular to those). Deformities
with length, width, and depth all less than 4 cm in were not measured
but counted.

Surveys of other tree species infected with dwarf mistletoes

have found consistently replicated, distinct deformations to branch
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Variable Units Description

Branch Diameter centimetres

TABLE 1 Descriptions of measurement
and their units taken on each branch

Diameter immediately distal to branch collar
Path length of branch from bole face to tip

Slope of branch immediately distal to branch

Slope of branch, from base of branch to tip of

branch or centre of foliage mass at tip.

Branch Length metres
Slope 1 degrees
collar; initial angle
Slope 2 degrees
Branch Foliage Cover per cent
attached to the branch
Foliage Distal to Infection per cent
infection
Number of Live Branches count
Number of Dead Branches count
Total Number of Branches count

Proportion of Live Branches proportion of

Per cent of branch length with live foliage

Per cent of live foliage occurring distal to an

Number of live branches within the tree
Number of dead branches within the tree
Total number of branches within the tree

Number of live branches divided by the total

count number of branches within the tree
X X L. TABLE 2 Descriptions of
Variable Units Description R .
measurements and their units taken on
Deformity Distance to metres Path length along branch, from bole face to the each Arceuthobium tsugense induced
Bole centre of a dwarf mistletoe deformity deformity

Branch Deformity cubic metres

Volume of a dwarf mistletoe deformity

Volume modelled as an ellipsoid

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

Dwarf Mistletoe count Sum of all dwarf mistletoe deformity volumes

Infections within the tree

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 Tsuga heterophylla crowns (Geils
et al., 2002; Hawksworth, 1961). Deformities were classified using
a system we developed, that represented four distinct classes: ‘clas-
sic broom’, ‘platform’, ‘pendulous’, or ‘spindle’ (Figure 1). The same
climber classified deformities in all trees to reduce sampling bias and
variation. In some instances, deformities were clustered or other-
wise 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.

2.4 | Crown volume

We utilized derived crown width measurements from crown map-
ping to capture stochastic differences in tree crown form by model-
ling 5-m 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-m intervals. These

widths were used to 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
& North, 1999) and we assume was better suited to the stochas-
tic 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).

2.5 | Coresampling

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 archi-
tecture such as reductions in foliage (Shinozaki et al., 1964a). We
also measured the 10-year basal area increment (BAIl) and calculated
the relative basal area increment (RBAI) to examine growth trends
related to infection severity. All coring was completed during early
September 2019 to minimize variation from different seasonal avail-
ability of water and bole growth. Diameter of the bole at the coring
location was taken at the narrowest point when branches or stem ir-

regularities were present. The sapwood length was measured in the
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FIGURE 1 The four deformity classes
found within our Tsuga heterophylla
infected crowns: platform (a), classic
broom (b), pendulous (c), and spindle (d).
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

TABLE 3 Descriptions of
measurements taken on the tree crown
and sapwood

Variable

Crown Depth

Crown Volume

Sapwood Area at f DBH

Relative Sapwood Area at

f DBH

Sapwood Area at Live Crown

Base

Relative Sapwood Area at

Live Crown Base

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 Tsuga heterophylla where sapwood is converted to
heartwood and then moisture, phenols, and other compounds con-
centrate there. This results in an abnormally moist portion of heart-
wood and is often associated with ring shake and defence against

rot-associated fungus (Shaw et al., 1995).

Minimum Branch Height

Forest Pathology @ii&ve.

Units Description

metres Lowest live branch on the tree; base of

live crown

metres Tree height minus the height of live crown

base

cubic metres Sum of crown volume frusta, modelled
as paraboloids in 5-m segments or as a

whole paraboloid

Sapwood area measured from cores taken
at the functional breast height

square metres

unitless Sapwood area divided by the total basal

area of the tree stem at the functional
breast height

square metres Sapwood area measured from cores taken

at the base of the live crown

unitless Sapwood area divided by the total basal

area of the tree stem at the base of the
live crown

2.6 | Analysis

A series of linear (LM) and generalized linear models (GLM) were fit
to estimate mean responses among the 16 Tsuga heterophylla where
branch severity, foliage severity, or incidence were explanatory vari-
ables (Table 4). These three measures reflect the process of infec-
tion 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
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TABLE 4 Descriptions of the
explanatory variables and their units used
in the modelling

Variable Units Description

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

Foliage Severity percentage Number of all live, infected branches with 33%
or more foliage distal to infection, divided by
the number of live branches

Incidence count Total number of infections on live branches

within a tree

the DMR system which is the current standard for measuring infec-
tion severity (Hawksworth, 1977). Because foliage distal to infection
was reported to have reduced physiological function, foliage sever-
ity 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.

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 esti-

mating effects of infection intensification:

Y; = #,(Branch, Foliage Severity, or Incidence) + f,

Estimated values for the coefficient g, are presented in Section 3.
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 nat-
ural logarithm link (Ramsey & 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 responses
were modelled by fitting an LM: average, median, and max branch
diameter; average, median, and max branch length; average and me-
dian 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 sap-
wood area at f-DBH and live crown base.

We then compared each model's fit using the amount of vari-
ation explained by the explanatory variables (R?). To compare dif-
ferent model types, we used the theoretical R? for the negative
binomial and quasibinomial GLMs (Nakagawa et al., 2017; Nakagawa
& Schielzeth, 2013). To determine if Arceuthobium tsugense was ex-
hibiting an influence on a specific response, we used a minimum R?
of 0.20. Forest development processes often lead to surviving trees
with individualistic and irregular tree crowns, of which dwarf mis-
tletoe infection is one process (Michel & Winter, 2009; Van Pelt &
Sillett, 2008). Additionally, there were no previous studies to suggest

what amount of association should be expected with a continuous
measure of severity, so we propose an R? of 0.2 is an appropriate
starting place.

Residuals for the LMs were examined graphically for assump-
tions of constant variance and normality. Residual versus deviance
residual plots were examined for each GLM and no unusual pat-
terns 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 report-
ing (Ramsey & 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 & Ripley, 2002).
Theoretical R? was calculated for the negative binomial and quasibi-
nomial GLMs using the MuMIn package (Barton, 2019).

3 | RESULTS

Trees in our data set captured a range of age, height and 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 & Wiens, 1996). Frequently, models where branch or
foliage severity was explanatory variables produced R? values larger
than those same models with incidence. However, the likelihood of
the number of dead branches, was most strongly associated with

incidence.

3.1 | Branch modelling

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 re-
ported the next strongest R? values, although they were below the
0.2 threshold (Appendix A). The proportion of live branches, total
number of branches had weak associations (R% < 0.2), and branch di-

ameter and length were reported very weak relationships (R < 0.1).
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TABLE 5 Characteristics of the 16 Tsuga heterophylla sample trees arranged by age, with tree height, functional diameter, density of all

trees around each sample tree, basal area of the stand surrounding each sample tree, 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), incidence (total
number of individual infections on live branches), and dwarf mistletoe rating (DMR)

Tree f-Diameter Density Basal area

Tree Age Height m cm t/ha m?/ha

1 97 48.8 96.0 159 8.70
2 116 46.6 76.5 191 9.30
3 125 35.5 63.1 223 23.40
4 144 43.8 71.8 318 9.20
5 145 40.4 58.5 350 34.00
6 160 51.6 85.8 95 4.90
7 163 42.7 82.2 159 24.50
8 164 40.5 67.5 350 37.20
9 174 38.6 60.5 255 52.50
10 176 46.8 83.8 446 36.70
11 179 44.4 81.2 64 4.50
12 207 49.2 96.3 127 12.80
13 221 48.7 82.5 637 103.20
14 222 54.7 104.5 159 80.30
15 250 33.0 70.1 255 12.50
16 321 52.0 83.1 191 14.90

Note: DMR was calculated from crown map data, not ground-based estimates, following methods described in Hawksworth (1977).

TABLE 6 Results from modelling for the set of branch-related response variables

Model Coefficient
Response Type Fixed Effect Estimate
Average Branch LM Foliage Severity -13.39
Foliage
Average Slope 1 LM Branch Severity 7.02
Median Slope 1 LM Branch Severity 7.04
Median Slope 2 LM Foliage Severity -13.51

Crown Branch Foliage
volume m® severity % severity % Incidence DMR
1,955.0 0 0 0 0
1,658.8 0 0 0 0
1,864.8 0 0 0 0
1,813.0 58 23 427 5
980.7 100 100 875 6
1,551.4 100 100 1,489 6
2,123.2 100 98 3,615 6
1,803.6 89 57 786 6
2,086.7 75 38 764 5
1,923.0 73 58 1,479 5
1,335.2 16 1 23 2
520.7 100 97 813 6
947.2 64 52 662 5
1,651.4 25 0 69 3
698.7 100 100 1,405 6
2,718.7 0 0 0 0
Low 95% High 95%
cl cl F df p R?
-19.27 -7.51 23.82 1,14 0.000 0.63
-0.56 14.61 3.95 1,14 0.067 0.22
-0.40 14.48 411 1,14 0.062 0.23
-28.81 1.80 3.58 1,14 0.079 0.20

Note: The fixed effect with the highest degree of evidence (measured by R?) of the three is listed with the estimated slope, 95% confidence intervals,
test statistics and R?. Coefficient estimates represent a shift in response variables for a change in severity of 0%-100%. Full set of model results in

Appendix A.

We estimated a reduction in mean average branch foliage of -13.39
per cent (95% Cl -19.27, -7.51) for the foliage severity model as infec-
tion severity increased from O to 100 per cent (R?=0.63, Figure 2).

Results from branch slope modelling showed crown profiles may
be compacting, losing typical conical shape as they became more
severely infected with Arceuthobium tsugense. Branch severity mod-
els of mean average and median slope 1 estimated an increase in
slope angle of 7.02 (95% Cl -0.56, 14.61) and 7.04 (95% CI -0.40,
14.48) as severity increased from O to 100 per cent, respectively
(R*=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% Cl -28.81, 1.80) as severity increased from 0 to 100 per cent

(R? = 0.20). Branch severity also estimated a decrease, but with a

weaker relationship; incidence reported a weak relationship for all
three of these estimates.

Results from both our branch and foliage severity models es-
timated similar changes to the number of live and dead branches
(Figure 3, 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 O to 100 per cent.
Our branch severity model estimated a 1.36-fold (95% Cl 0.89, 2.08)
increase and our foliage severity model estimated a 1.37-fold (95%
Cl1 0.92, 2.04) increase in the mean number of dead branches, as se-
verity increased from O to 100 per cent. However, these estimates
showed weak evidence of correlation. R? 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
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FIGURE 2 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 are plotted alongside
models with branch severity (orange
circles) or foliage severity (blue diamonds)

3.2 | Deformity modelling

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 was asso-
ciated with an increase in the median number of dwarf mistletoe in-
fections per branch (Figure 4). The branch severity model estimated
branches to experience a 27-fold (95% Cl 9.60, 90.06) increase in the
median number of infections, as severity increased from O to 100
per cent (R? = 0.78). The model with incidence reported the highest
degree of evidence of all incidence models with an R? of 0.49.

A small amount of a dwarf mistletoe infected Tsuga heterophylla
crown volume is comprised of deformities (Figure 5). Total deformity
volumes only ranged from 0.56 m? to 75.59 m® while total crown
volumes ranged from 520.70 m® to 2,132.20 m® in dwarf mistletoe
infected trees. We estimated an increase in mean total deformity vol-
ume of 55.12 m® (95% CI 33.54, 76.70) as foliage severity increased
from O to 100 per cent (R? = 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 per cent (95% Cl 4, 11) in proportion of crown com-

prised of deformities (R? = 0.57). However, incidence, branch sever-
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FIGURE 3 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 are plotted alongside models with
branch severity (orange circles) or foliage severity (blue diamonds)

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 R? 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
(R? < 0.0).

ity, 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 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 6).
The branch severity model estimated an increase in mean average
deformity distance to bole of 3.17 m (95% Cl 1.62, 4.70), as infection
severity increased from O to 100 per cent (R? = 0.58).

3.3 | Deformity class

Deformity class did not exhibit evidence for a relationship to aver-

age deformity distance to bole (Table 8). Except for the spindle class,
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TABLE 7 Results from modelling for the set of deformity-related response variables

Model Coefficient
Response Type Fixed Effect Estimate
Median Dwarf Mistletoe GLM Branch Severity 27.20
Infection
Total Deformity Volume LM Foliage Severity 55.12
Proportion of Crown in LM Foliage Severity 0.07
Deformity
Average Deformity LM Branch Severity 3.17

Distance to Bole

Low High

95%Cl  95%Cl F df Ve p R?
9.60 90.06 1 2398 0.000 078

33.54 76.70 3000 1,14  --- 0.000  0.68
0.04 0.11 1885 1,14 - 0.001  0.57
1.62 470 1943 1,14 - 0.001  0.58

Note: The fixed effect with the highest degree of evidence (measured by Rz) of the three is listed with the estimated slope, 95% confidence intervals,
test statistics and R?. Coefficient estimates represent a shift in response variables for a change in severity of 0%-100%. Full set of model results in

Appendix B.
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FIGURE 4 Models of median number of dwarf mistletoe
infections per branch 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 are plotted alongside models with
branch severity (orange circles) or foliage severity (blue diamonds)

deformity class had negligible effects on mean average deformity
volume. Of the deformities large enough to measure volume (24 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.

3.4 | Crown, whole tree, sapwood, and
RBAI modelling

Every model with incidence as an explanatory variable showed al-

most no evidence for a relationship to total crown volume, crown
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FIGURE 5 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 are 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

depth, minimum branch height, and relative or absolute sap-
wood area (Appendix C). Models estimating changes in mean total

crown volume with dwarf mistletoe branch and foliage severity as
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explanatory variables, exhibited our strongest evidence for a rela-
tionship in this set of responses (Table 9, Appendix C). Both esti-
mated similar reductions in mean total crown volume of -632.87 m®
(95% Cl -1330.30, 64.57) for branch severity and -696.34 m® (95%
Cl -1357.10, -35.58) for foliage severity as infection severity in-
creased from O to 100 per cent (Figure 5, top). Total crown volume
and volume allocation by height showed a wide variation, regardless
of dwarf mistletoe infection severity. Like deformity volume, crown

50
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FIGURE 6 Deformity volumes summed at 5-m intervals and
plotted against their height. Each 5-m mark on the vertical axis
represents the 5 m below it. Each line represents one of the 12
infected trees in this study, coloured by their foliage severity (%

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

Average
Deformity Average volume  Max distance to
class n m® volume m® bole m
Classic 932 0.19 (+0.28) 2.95 3.49 (+1.56)
Platform 724 0.14 (+0.19) 2.83 3.00 (+1.52)
Pendulous 400 0.20(+0.37) 5.74 3.56 (+1.68)
Spindle 7 0.003 (+0.001) 0.003 2.51(+1.54)

volume appeared to be concentrated in the lower and middle thirds
of the crown, across the infection severity gradient (Figure 7).

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% Cl -13.19, 0.70) as infection se-
verity increased from O to 100 per cent (R? = 0.21). Mean minimum
branch height was estimated to increase but showed weak evidence
for a relationship to infection severity in our models (R? <0.07). Both
results suggested branches may be thinned from below as infection
severity increases.

Models of relative sapwood area at f-diameter and at live crown
base had almost no evidence for a relationship (R? < 0.01) while es-
timating practically insignificant reductions in area (Appendix C).
Models of mean absolute sapwood area produced higher, but still
weak degrees of evidence (R? < 0.11). The models of mean abso-
lute 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. Modelling 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, foli-
age severity, or incidence (R? at f-diameter = 0.23, R? 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 8).

Tree RBAI was estimated to decrease with increasing infection
severity (Figure 9). Only the model with foliage severity as an ex-
planatory variable met our threshold, with an R? 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 an exceptionally low
to high amount of radial growth. However, all the trees with foliage
severity greater than 90% had an RBAI of less than 0.08.

4 | DISCUSSION

From the branch to whole tree level, Arceuthobium tsugense ex-
erts a profound influence on Tsuga heterophylla trees as infection

TABLE 8 Summary table of statistics
for each deformity class within infected

::iegftg:] tree crowns with number observed,
average and maximum deformity volume

26.07 (£9.00) modelled as an ellipsoid, average distance

28.39 (+9.28) to bole, average height, and their standard

25.93 (£8.29) deviations listed in parentheses

17.78 (+5.37)
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TABLE 9 Results from modelling for the set of whole tree and sapwood area response variables

Model Coefficient
Response Type Fixed Effect Estimate
Frusta-based Crown LM Foliage Severity -696.34
Volume
Crown Depth LM Branch Severity -6.25
Relative Basal Area LM Foliage Severity -0.01
Increment

High 95%
Low95%Cl ClI F df p R?
-1,357.10 -35.58 7.72 1,14 0.040 0.27
-13.19 0.70 3.72 1,14 0.074 0.21
-0.01 0.00 3.51 1,14 0.082 0.20

Note: The fixed effect with the highest degree of evidence (measured by Rz) of the three is listed with the estimated slope, 95% confidence intervals,
test statistics and R?. Coefficient estimates represent a shift in response variables for a change in severity of 0%-100%. Full set of model results in

Appendix C.

FIGURE 7 Crown volume, modelled as

0-25% 25 -50%

frusta of a paraboloid in 5-m bins, using

crown width data, plotted against height

of that frusta in the tree. Each 5-m mark 50+
on the vertical axis represents the 5 m
below it. Each line represents one of the
16 trees in this study and trees have been 401
grouped into 4 groups for ease of viewing, 354
corresponding to their foliage severity (%
live branches with 33% or more foliage
affected by infection): yellow colours are 254
highest severity, and blues and purples
are lowest severity. Each data point
represents an individual frustum 154
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intensifies in the tree crown. Infected trees experienced a decrease
in average branch foliage cover with increasing infection severity,
and in the most severely infected trees, almost all live foliage was
located distal to an A. tsugense infection. It appeared that altering
stem sapwood area was not a compensation mechanism for in-

fected trees to tolerate reduced photosynthetic capacity, as it was

200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Crown Volume (m®)

unrelated to infection severity. Tree crowns became more compact
with increasing infection severity. As infection severity increased we
also observed deformation number and total volume increase, while
RBAI decreased. Foliage distal to infections have reduced N and
photosynthetic capacity (Meinzer et al., 2004) and therefore, as the

number of parasitic plants in T. heterophylla tree crowns increased,
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FIGURE 8 Relative sapwood area models with the number of
live branches as the explanatory variable (top) and foliage severity
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FIGURE 9 Models of relative basal area increment of each tree
with dwarf mistletoe foliage severity as the explanatory variable.
Raw data are plotted alongside the model with foliage severity
(blue diamonds)

the trees likely experienced a reduction in capacity for growth that
coincided with an overall reduction in foliage amount and function,
and an increased resource demand by A. tsugense plants.

This study was exploratory in nature and was the first to apply the

canopy mapping process to examine the transformation of mature

and old growth Tsuga heterophylla crown architecture through a
fine-scale gradient of infection severity by Arceuthobium tsugense.
As such, there was a lack of comparable literature for this present
study although A. tsugense is well studied (Muir & Hennon, 2007).

4.1 | 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 & Wiens, 1996; Meinzer et al., 2004; Sala et al., 2001).
Meinzer et al. (2004) observed that old Tsuga heterophylla infected
by Arceuthobium tsugense experienced reductions in branch foliage
that preserved leaf-specific conductivity in infected branches and
whole tree foliage, likely 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 2). Additionally, almost
all remaining foliage in 100% branch severity trees was found distal
to infections (Figure 10), suggesting these trees are experiencing se-
verely reduced photosynthetic capacity.

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 3). This suggested, despite the aver-
age 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 intensi-
fication. Maintaining infected branches 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 Arceuthobium pusillum
Peck infected Picea glauca (Moench) Voss dedicate a dispropor-
tionate 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 Tsuga heterophylla (Bell et al., 2020;
Marias et al., 2014; Shaw et al., 2008) and observed in this study
(Figure 9).

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

& Hennon, 2007). Further, reductions to whole tree foliage may
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FIGURE 10 Branch foliage cover proximal and distal to infection, or on uninfected branches, stacked, with both summing to total branch
foliage cover, averaged in 5-m intervals for the three trees with the largest crown volumes. The n represents the number of live infections
in that 5-m interval. Trees increase in infection severity from left to right. Trees are labelled with their corresponding tree number and their

foliage severity from Table 5

manifest from reductions in individual branch foliage cover across
the whole tree. Tree selection bias likely limits the scope of this find-
ing 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 Arceuthobium doug-
lasii Engelm. which creates a systemic infection, and Larix occidentalis
Nutt. infected with A. laricis (Piper), which creates non-systemic in-
fections, 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 Nutt. Ex Engelm. affected the
canopy structure of an old growth Pinus contorta var. murrayana (Balf.)
Engelm. 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 (Willd.) J. Presl influence on fire in P. ponder-

osa forest stands, found canopy foliage mass remained unchanged

despite infection severity. This suggested impacts of a dwarf mistle-
toe on its host may be specific to the host and pathogen.

Research that tracks branch foliage and mortality over time
through infection intensification and can link those to physio-
logical impacts, would provide significant clarity to the impact of
Arceuthobium tsugense on host growth. Our study only captures
a point in time; the time of initial infection is unknown, compli-
cating this picture. The epidemiology of dwarf mistletoe involves
spread into new hosts and intensification within the existing host
(Hawksworth & Wiens, 1996; Shaw & Mathiasen, 2013). Impacts of
infections on host trees change through time as tree infection in-
tensifies. 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 Tsuga heterophylla as height growth of uninfected
tops outpaces the rate of upward spread of infection (Muir &
Hennon, 2007). Once height growth slows, total infection of the
crown is possible (Robinson & Geils, 2006). Meinzer et al. (2004)
also suggested transient changes to the leaf area: sapwood area
ratio may have produced apparent discrepancies in tree allome-
tric responses to infection which we could not observe without

repeated measurements.
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4.2 | Crown structure and volume

Counter to expectations, we did not observe evidence for an ef-
fect of increasing infection severity on the mean average, max, or
median branch diameter or length. The only study that examined
Arceuthobium tsugense's effects on Tsuga heterophylla branches,
measured 30 trees averaging 110 years old from dominant and
codominant positions and reported increases in branch diam-
eter, immediately distal to the branch collar, as severity increased
(Smith, 1969). Estimates of branch slope angle to tip (slope 2) sug-
gested 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 & 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 & 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, fur-
ther suggesting decreased slope 2 angles may be a weight-related
phenomenon.

Estimates of decreases in crown depth also run counter to pre-
vious findings of changes to crown structure. Previous reviews of
Arceuthobium tsugense's whole tree effects on Tsuga 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 &
Hennon, 2007; Shaw & Agne, 2017). Our results suggested 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 an-
gles, but this was not clear from our findings (Figure 7). The lack of
compelling evidence for an effect on branch mortality, which would
drive shifts in crown depth, suggested differences in crown depth
are more likely attributable to environmental factors than infection
severity. For example, tree crowns developed in the presence of
nearby dominant trees would likely be less full than crowns devel-
oped in full sunlight. We could not investigate stand level effects
with 16 trees but a larger sample size across a range of old-growth
forests could include these effects in models.

Infection severity exhibited a negative influence on crown
volume, although, of the completely infected trees (branch sever-
ity = 100%), a wide range of total volumes was observed. The small-
est crown volume we observed overall was of a completely infected
tree at 520.7 m®. The largest completely infected crown had a vol-
ume of 2,123.2 m®, 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 sto-
chastic nature of crown development processes in mature and old

growth forests (Reilly & Spies, 2015), but crown volume appeared to

be greatest in the low to mid crown (Figure 7). Clearly environmen-
tal factors, tree vigour, and time since infection are exhibiting influ-
ences on the crown volume and structure, but we found evidence to
support an overall negative effect of dwarf mistletoe on crown vol-
ume. Agne et al. (2014) found strong evidence that in stands of Pinus
contorta subsp. murrayana infected with Arceuthobium americanum,
canopy volume and cohort height decreased as infection severity in-
creased. Godfree et al. (2002), Godfree et al. (2003) 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 manoeuvring within the severely in-
fected crowns, suggested an overall compaction of Tsuga hetero-
phylla crowns due to increasing Arceuthobium tsugense infection
severity. The compaction of infected T. heterophylla crowns could
have implications for biota that utilize deformities for habitat or
forage (Hawksworth & Wiens, 1996; Muir & Hennon, 2007), for
spread and intensification of A. tsugense (Parmeter, 1978; Robinson
& Geils, 2006), and for fire and fuels in forests (Shaw & Agne, 2017).
Arceuthobium tsugense's role in development of old growth struc-
ture in Pacific Northwest forests has largely been attributed to gap
creation caused by host mortality (Mathiasen et al., 2008; Reilly &
Spies, 2016), but compacting crowns as infection severity increased,
suggested 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
& Spies, 2015).

While crowns were decreased in size and spread, total de-
formity volume was estimated to increase as infection severity
increased, resulting in an increased proportion of crown volume
taken up by deformities (Figure 5). Increasing infection severity
and total deformity volume did not coincide with an increase in
average branch deformity volume, suggesting that infection inten-
sification within the tree crown is the main contributor to total de-
formity volume and not all infections form large deformities. The
lack of effect of infection severity on average deformity volume
suggested the development of deformities may be driven instead
by light, temperature, or productivity of foliage, all factors import-
ant for Arceuthobium tsugense's development and related to an in-
fection's height within the canopy (Shaw & Weiss, 2000). Trees
with the greatest infection severity had a 27-fold increase in the
median number of infections per branch when compared to unin-
fected trees and we expected that increasing infection incidence
would result in increasing branch deformity volume (Figure 4). The
distribution of deformity volume within Tsuga heterophylla crowns
varied by height, independent of infection severity but appeared
localized to the low to mid crown (Figure 6), which is consistent
with previous studies of dwarf mistletoe brooms (Hawksworth &
Wiens, 1996).

Concentration of deformities in the low to mid crown can be a

common result of intensification processes (Muir & Hennon, 2007;
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Robinson & Geils, 2006). Increasing average deformity distance to
bole with increasing infection severity suggested deformity vol-
ume becomes localized at the edges of the crown. Branch growth
appears unimpeded by infection likely driving this increase in av-
erage 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 severely infected Tsuga heterophylla. In severely 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 impli-
cations because water path length increases and water transport ef-
ficiency of infected branches decreases (Marias et al., 2014; Meinzer
et al., 2004).

Estimates of crown volume and biomass are often desired for
old trees for carbon accounting and growth modelling as carbon al-
location shifts once trees reach old growth stages (Ishii et al., 2017
Kramer et al., 2018; Sillett et al., 2010), or for modelling the devel-
opment of canopies and how this may relate to the spread of dwarf
mistletoe (Robinson & Geils, 2006; Swanson et al., 2006; Van Pelt &
Nadkarni, 2004). Allometric models have been produced for young
Tsuga heterophylla, or uninfected trees in mature and old growth
forests, however ours were 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 predic-
tors could produce more precise models forest managers can use
to predict future trajectories of T. heterophylla forests infected with

Arceuthobium tsugense.

4.3 | Deformity class

Arceuthobium tsugense caused-deformities in Tsuga heterophylla
crowns, took the shape of four distinct classes, depending on where
infection occurred on the branch (Figure 1, Table 8). Infections oc-
curring on top of a branch resulted in a spray of foliage perpendicu-
lar 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 deformi-
ties 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 associ-
ated 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 & Hennon, 2007).

Previous broom classification systems have been devised for
other host-dwarf mistletoe pathosystems although neither match
deformities observed in this study. Hawksworth (1961) described

three broom growth forms typical of nonsystemic dwarf mistletoes,
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from the bole: typical, volunteer leader, and weeping, with illustra-
tions 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 where branch-
lets droop and hang down below the infected branch at the point
of infection. Tinnin and Knutson (1985) present a classification for
Pseudotsuga menziesii-Arceuthobium douglasii pathosystem broom
types, with illustrations in Parks et al. (1999). These were described
for a systemic dwarf mistletoe infection and appear to be much
larger. The three types, |, Il, and Il are also determined by distance
from bole. Type I's are found furthest from the bole causing severe
droop and eventual breakage of the infected limb; this resembles
our classic deformity. Type Il is found much closer to the bole, where
the supporting limb grows upright and supports a profusion of
smaller, infected twigs. This is similar to the volunteer leader broom
(Hawksworth, 1961). Type lll's arise from infections very near to or
directly from the tree bole, but the form is similar to Type Il brooms.

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 Tsuga heterophylla-Arceutho-
bium tsugense pathosystem. However, we frequently observed mul-
tiple infections within a single deformity, especially large classic
brooms (Figure 1b). Often, branchlets distal to a deformity would
grow towards the edges of the crown and a second infection, caus-
ing 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 Tsuga heterophylla, but previous studies on in-
fected Pinus jeffreyi Balf. and P. ponderosa in valuable recreation for-
ests found deformity removal increased host vigour and extended
life span (Lightle & 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 the
largest trees, deformity abundance appeared to have little to no im-
pact. The impact of deformity abundance on T. heterophylla may be
more significant than on dry-side Pinus spp. as tree growing condi-
tions are more favourable (Waring & Franklin, 1979) and host vigour
is associated with dwarf mistletoe vigour (Shaw et al., 2005).

Further modelling is needed to determine if these classes have
implications for crown function, spread and intensification, physio-
logical 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
Tsuga 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, cam-
bium, and wood on complex branches, based on previous destructive
sampling, that is not time intensive (Van Pelt & 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



CALKINS ET AL.

BLACKWELL

MW[ |B2A'%Gw Forest Pathology @i

are known to influence host growth, survival, and vigour (Lightle &
Hawksworth, 1973; Scharpf et al., 1987), although inclusion of this
classification system into other surveys would require a preliminary

destructive sampling effort.

4.4 | 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 8). Meinzer et al. (2004)
measured sapwood area in severely infected and uninfected T. het-
erophylla and found insignificant differences in sapwood area, sug-
gesting alterations to leaf area over carbon allocation were more
advantageous. It has been shown that sapwood area is tightly cor-
related 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 8).

4.5 | Shifts in crown form, implications for
tree function

The changes in foliage, crown structure, deformity abundance and
volume, and sapwood indicated that infected Tsuga heterophylla
trees likely experience a reduction in capacity for growth due to
increasing infection by Arceuthobium tsugense. Some studies have
reported initial infections are associated with increases in bole diam-
eter 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 & Hennon, 2007). Top-
kill has also been attributed to severe A. tsugense infection (Muir &
Hennon, 2007). As an obligate parasite, A. tsugense infection 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 suggested some
branches may be net water and nutrient sinks rather than sources.
The reduction of photoassimilate available to infected trees for bio-
mass accumulation may be a mechanism to explain previously re-
ported reductions to bole diameter growth (Bell et al., 2020; Marias
et al., 2014). Intensification is also shrinking the crown volume fur-
ther suggesting growth inhibition.

Compensation for alterations in water conductance at the
leaf level, have been observed in pruned Pinus taeda L. such that

leaf-specific water conductance is maintained (Pataki et al., 1998).

Meinzer et al. (2004) reported reductions to overall tree water
use for severely infected Tsuga heterophylla, which appeared to be
compensated for by reductions to branch foliage and live branches,
resulting in maintenance of leaf-specific conductivity. Our findings
supported the reduction of branch foliage, but not the reduction of
live branches, which suggested reducing foliage was the preferred
mechanism for compensation. Additionally, stem sapwood area re-
mained unaffected by infection severity suggesting conductive tis-
sues may not be altered to maintain water conductance. Remaining
branch foliage was 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 resulted in branches of
infected trees supporting 1-70 individual infections. When this
process was scaled to the whole tree however, we observed that
these shifts in form and function were 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 m®, representing a mere 9% of total
crown volume and yet almost all the live foliage was found distal
to an infection (Figure 10). Most of the crown volume of trees was
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 seemed
minor compared to the total volume, but likely represented almost
all of the physiologically relevant tissues in the most severely in-
fected trees.

The outsized impact of Arceuthobium 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 Tsuga tsugense or one of its occasional hosts (Hawksworth
& Wiens, 1996). The leaves of the plant are quite reduced and are
thought to perform only minor photosynthesis (Hawksworth &
Wiens, 1996). However, one infection can produce large deforma-
tions 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 0.5-1 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 characteristic impacts to tree form, namely
shrubby clumps at the site of infection and branch mortality distal
to the infection point (Shaw et al., 2004). Tennakoon and Pate (1996)
described the impacts of Amyema preisii (Miq.) Tiegh. infection on
Acacia acuminata Benth. branches and found similar impacts to host
branches as those in this study. As infection progressed, Amyema
preissii foliage increased in parallel with declining host branch foliage
distal to infection, ultimately resulting in death of the distal portion
of the branch. The degree of these impacts to their host's tree form
or growth however, is minimal compared to A. tsugense infections
(Shaw et al., 2004).
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4,51 | 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 Tsuga heterophylla.
However, the incidence of Arceuthobium 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 infec-
tion severity. Incidence may need to be qualified with a measure of
severity, as a high concentration of infections on 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 3,615 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 modelling such as density,
tree age and size, or tree vigour 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 inci-
dence within the crown (Robinson & Geils, 2006), where location
of female plants was 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 R? values, when using
branch or foliage severity, suggested the effects of Arceuthobium
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 diam-
eters 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 the model with foliage severity as the ex-
planatory variable had the highest R?. So increasingly affected Tsuga
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 in-
fection 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. het-
erophylla, thereby its physiology and further impacts to Northwest
forests.

5 | CONCLUSIONS

The focus on a comprehensive description of Tsuga heterophylla

crown architecture through a fine-scale gradient of infection
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severity by Arceuthobium tsugense utilizing tree climbing is novel in
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this field and has allowed new insight into the dwarf mistletoe-west-
ern hemlock pathosystems. Results from this study suggested that
as the number of parasitic plants in infected T. heterophylla crowns
increased, trees likely experienced a reduction in capacity for growth
that coincided with an overall reduction in foliage amount, a shift of
foliage distal to infection, and likely an increased resource demand
by A. tsugense plants.

Previous research has often used the Hawksworth 6-class dwarf
mistletoe rating (Hawksworth, 1977), dividing crowns into infection
severity classes. This system is useful for forest managers seeking
to sample large forest stands, where a fine-scale, infection sever-
ity measure is not a practical tool. However, it may overlook subtle
transformations of the crown due to the subjective nature of eval-
uation (Shaw et al., 2000). The crown mapping technique can pro-
vide the fine-scale, infection severity measure in a research setting
that eliminates some of this subjectivity. This technique can be pro-
hibitively difficult in large, old trees requiring accessing the crown
or felling trees which can compromise data due to crown damage.
Despite these challenges, further implementation of the crown map-
ping technique as employed in this study has the potential to add sig-
nificant clarity to the large, existing body of literature on the impacts

of A. tsugense on T. heterophylla (Muir & Hennon, 2007).
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APPENDIX A

FULL SET OF MODEL RESULTS FOR THE BRANCH-RELATED RESPONSE VARIABLES

The estimated slope, 95% confidence intervals, test statistics and R? for each fixed effect and response variable. Coefficient estimates repre-

sent a shift from 0% to 100% for branch and foliage severity and a shift from O to 100 infections for incidence.

Model Coefficient Low 95% High

Response Type Fixed Effect Estimate Cl 95% Cl F df Ve p R?
Average Branch LM Branch Severity 0.05 -1.08 1.17 0.01 1,14 --- 0.931 0.00
Diameter 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 LM Branch Severity 0.02 -1.03 1.07 0.00 1,14 --- 0.967 0.00
2lelneies 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 LM Branch Severity 0.60 -2.64 3.84 0.16 1,14 e 0.697 0.01
Diameter 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 LM Branch Severity -0.33 -1.08 0.43 0.86 1,14 --- 0.370 0.06
=2l Foliage Severity ~ -0.30 -1.05 0.44 0.76 1,14 - 0.397 0.05
Incidence 0.01 0.00 0.00 0.65 1,14 - 0.432 0.04
Median Branch LM Branch Severity -0.39 -1.14 0.36 1.26 1,14 e 0.280 0.08
Length 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 -273 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 14.48 411 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 e 0.369 0.06
Foliage Severity ~ -11.73 -26.33 2.88 297 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
Average Branch LM Branch Severity -10.96 -18.55 -3.38 9.61 1,14 e 0.008 0.41
Foliage Foliage Severity ~ -13.39 -19.27 -7.51 2382 1,14  --- 0.000 0.63
Incidence -0.32 -0.69 0.06 3.17 1,14 - 0.097 0.18
Number of Live GLM Branch Severity 0.76 0.55 1.06 --- 1 2.35 0.126 0.14
Eizevz: Foliage Severity ~ 0.76 0.55 1.06 1 246 0117 014
Incidence 1.00 0.99 1.02 1 0.01 0931 0.00
Number of Dead GLM Branch Severity 1.36 0.89 2.08 1 1.88 0.170 0.11
Branches 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 GLM Branch Severity 0.86 0.67 1.10 1 1.43 0.232 0.09
Branches Foliage Severity ~ 0.87 0.68 1.10 1 1.31 0.253 0.08
Incidence 1.00 0.99 1.01 1 043  0.512 0.03
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Model Coefficient Low 95% High
Response Type Fixed Effect Estimate cl 95% Cl F df Ve p R?
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

APPENDIX B

FULL SET OF MODEL RESULTS FOR THE DEFORMITY-RELATED RESPONSE VARIABLES
The estimated slope, 95% confidence intervals, test statistics and R? for each fixed effect and response variable. Coefficient estimates repre-
sent a shift from 0% to 100% for branch and foliage severity and a shift from O to 100 infections for incidence.

Model Coefficient Low High 95%

Response Type Fixed Effect Estimate 95% CI Cl F df ;(2 p R?
Average Deformity LM Branch Severity 3.17 1.62 4.70 19.43 1,14 --- 0.001 0.58
Distance to Bole Foliage Severity ~ 2.29 0.36 4.22 6.47 1,14 - 0023 032
Incidence 0.11 0.02 0.19 7.81 1,14 0.014 0.36
Average Branch LM Branch Severity 0.09 -0.20 0.37 0.49 1,14 m= 0.501 0.05
Deformity Volume 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 LM Branch Severity 0.06 0.02 0.10 10.24 1,14 - 0.006 0.42
Deformity Foliage Severity ~ 0.07 0.04 0.11 18.85 1,14 0.001 0.57

Incidence --- --- --- --- 1,14 --- --- ---
Median Dwarf GLM Branch Severity 27.20 9.60 90.06 --- 1 23.98 0.000 0.78
Mistletoe Infection Foliage Severity ~ 14.12 5.67 37.85 1 17.88 0000  0.67
Incidence 1.11 1.05 1.20 1 10.89 0.001 0.49

APPENDIX C

FULL SET OF MODEL RESULTS FOR THE WHOLE TREE AND SAPWOOD-RELATED RESPONSE VARIABLES
The estimated slope, 95% confidence intervals, test statistics and R? for each fixed effect and response variable. Coefficient estimates repre-
sent a shift from 0% to 100% for branch and foliage severity and a shift from O to 100 infections for incidence.

Model Coefficient High 95%

Response Type Fixed Effect Estimate Low 95% ClI CI F df ;(2 p R?
Minimum Branch LM Branch Severity 2.49 -2.60 7.57 1.1 1,14 --- 0.312 0.07
Height Foliage Severity ~ 2.44 -2.55 7.44 11 1,14 - 0312 007
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 LM Branch Severity -632.87 -1,330.30 64.57 5.46 1,14 --- 0.072 0.21
Volume Foliage Severity ~ -696.34 -1,357.10 -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 LM Branch Severity -0.04 -0.09 0.02 1.74 1,14 0.208 0.11
DBH 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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Model Coefficient High 95%

Response Type Fixed Effect Estimate Low 95%Cl ClI F df Ve p R?
Relative Sapwood LM Branch Severity -0.02 -0.24 0.19 0.06 1,14 0.816 0.00
Area at f-DBH 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 LM Branch Severity -0.03 -0.08 0.02 1.52 1,14 --- 0.239 0.10
=7 ) EESE Foliage Severity ~ -0.02 -0.07 0.03 100 1,14 - 0334 007
Incidence 0.00 0.00 0.00 0.02 1,14 --- 0.898 0.00
Relative Sapwood LM Branch Severity -0.02 -0.19 0.15 0.04 1,14 0.838 0.00
Area at Live Crown Foliage Severity ~ -0.01 -0.18 0.16 0.02 1,14 0.890 0.00

Base
Incidence 0.00 0.00 0.00 0.04 1,14 0.844 0.00



