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SNCC Background and Organization

A major challenge to intensive management of Douglas-fir in Oregon and Washington is
the current Swiss needle cast (SNC) epidemic. Efforts to understand the epidemiology,
symptoms, and growth losses from SNC have highlighted gaps in our knowledge of basic
Douglas-fir physiology, growth, and silviculture. The original mission of the Swiss Needle Cast
Cooperative (SNCC), formed in 1997, was broadened in 2004 to include research aiming to
ensure that Douglas-fir remains a productive component of the Coast Range forests. The SNCC
is located in the Department of Forest Engineering, Resources and Management within the
College of Forestry at Oregon State University. The Membership is comprised of private, state,
and federal organizations. Private membership dues are set at a fixed rate. An annual report,
project reports, and newsletters are distributed to members each year. Our objective is to carry
out projects in cooperation with members on their land holdings.

SNCC Mission

To conduct research on enhancing Douglas-fir productivity and forest health in the
presence of Swiss needle cast and other diseases in coastal forests of Oregon and Washington.

SNCC Objectives

(1) Understand the epidemiology of Swiss needle cast and the basic biology of the causal fungus,
Phaeocryptopus gaeumannii.

(2) Design silvicultural treatments and regimes to maximize Douglas-fir productivity and
ameliorate disease problems in the Coast Range of Oregon and Washington.

(3) Understand the growth, structure, and morphology of Douglas-fir trees and stands as a
foundation for enhancing productivity and detecting and combating various diseases of Douglas-
fir in the Coast Range of Oregon and Washington.
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January 19, 2015

To: Swiss Needle Cast Cooperative Membership

From: David Shaw, Director and Gabriela Ritokova, Faculty Research Assistant, Swiss Needle
Cast Cooperative, College of Forestry, Oregon State University

Re: Introduction to the Annual Report for 2014

Swiss needle cast is continuing to intensify along the coast strip, move marginally east,
and develop around the Mary's Peak area. In addition, reports are emerging along the foothills of
the western Cascades (east of Sweet Horne and north) of plantations with moderate symptoms.
ODF and SNCC visited some of these sites and confirmed the presence of SNC. In 2015 we
plan to include aerial survey of the Cascade foothills north of Springfield to the Columbia if
visible symptoms warrant, and our annual 2015 Spring Field Trip is planned for the area in
collaboration with OSU Forestry Extension and Oregon Small Woodland Owners Association.

2014 was another record year for the USFS-ODF Cooperative Aerial Survey at 586,249
acres of visible symptoms seen from the air. Therefore, it is clear the disease is not abating, and
could be intensifying and emerging in a broader area of the Douglas-fir - Region. Washington
State will again survey the western portion of the state in 2015. What exactly is happening with
SNC? The climate record during the previous three years would imply some abatement of SNC
because of cooler temperatures, yet it continues to intensify. Rainfall has not changed
significantly during the same period, though some analysis indicates less fog has been occurring
along the coast.

The SNC Research and Monitoring plot network is designed to provide the framework
and regional assessment to let us make some conclusions, develop hypotheses, and overlay
additional studies. We are about mid-way through the 3-year cycle to install plots from
California to Washington State and inland 35 miles in 10-25 year old plantations. We are
collecting data on soil and foliar nutrients, foliage retention, disease severity, and tree growth in
collaboration with CIPS (Center for Intensive Plantation Silviculture). Our scale of inference for
modeling disease severity and predicting disease occurrence and severity will be vastly
improved. We are also collaborating with Jeff Stone and Patrick Bennett of the OSU Botany and
Plant Pathology department, to investigate the molecular genetics ecology of the disease, as they
pursue study of two biotypes of the fungus which causes SNC.

The plot network is allowing us to leverage other studies and write grant proposals that
use a regional network of existing plots to do experiments. Currently, we are working on an
emerging hypothesis regarding dew as a major factor in disease epidemiology with an integrated



research group at the College. With luck this group will secure funds external to the SNC
budget.

Perhaps the most significant new development in SNC research is a new collaboration
with the USFS PNW Research Station, Connie Harrington and Brad St. Clair. Within an already-
installed reciprocal planting (common garden) study of west- side Douglas-fir, we will be
investigating the genetics of Douglas-fir host- disease interactions by assessing disease incidence
and severity. Nicholas Wilhelmi is a Masters' student who will work on the project, with field
work scheduled for Spring 2015. This project will allow a direct test of the idea that local seed
source is always better.

On a positive note, USFS FHP California and ODF cooperative aerial survey again
surveyed N. Coastal California and detected no significant SNC symptoms, particularly
interesting given the disease pressure predicted by the Zhao climate model for that region.
Luckily, Connie Harrington and Brad St. Clair included N. California in the common garden
study, and we will have insight into whether there is a tree genetics component involved.

The SNCC continues to focus on this important disease that is not abating. It is critical
that we advance our understanding at this time as we have a solid foundation to move ahead.

Sincerely,

David Shaw Gabriela Ritokova



2014 Swiss Needle Cast Aerial Survey

Alan Kanaskie and Danny Norlander, Oregon Department of Forestry

Survey procedures:

The observation plane flew at 1,500 to 2,000 feet above the terrain, following north-south lines
separated by 2 miles. Observers looked for areas of Douglas-fir forest with obvious yellow to
yellow-brown foliage, a symptom of Swiss needle cast. Patches of forest with these symptoms
(patches are referred to as polygons) were sketched onto computer touch-screens displaying
topographic maps or ortho-photos and the position of the aircraft. Each polygon was classified
for degree of discoloration as either “S” (severe) or “M” (moderate). Polygons classified as “S”
had very sparse crowns and brownish foliage, while those classified as “M” were predominantly
yellow to yellow-brown foliage with slightly denser crowns than those classified as “S”. The
survey area extended from the Columbia River in Oregon south to the middle of Humboldt
County, California, and from the coastline eastward until obvious symptoms were no longer
visible. We did not survey the Cascade Range in 2014, but Swiss needle cast does occur at
damaging levels in some areas.

In Curry County we ground-checked a random sample of 14 polygons. Each polygon was given
a plantation-level score for discoloration (1 to 4; 1 = normal green, 4 = severe yellowing) and
SNC disease severity (1 to 6; 1 = healthy, 6 = severe SNC damage). A 250 foot transect was
established in a representative part of each stand and 10 trees were evaluated for mid-crown
foliage retention.

Results:

The survey was flown on April 29, 30, and May 1, 7, 12, 13, 14. Weather conditions and
symptom development both were excellent during the survey period. The survey covered a total
of 4,543,908 acres; 3,765,590 in Oregon and 778,318 in California (figure 1).

For Oregon, the 2014 survey results show an increase in the area of forest with symptoms of
Swiss needle cast compared to the previous 3 years and reached an all-time high for the fourth
year in a row. We mapped 586,249 acres of Douglas-fir forest with obvious symptoms of Swiss
needle cast (figure 2). As has been the case for the past several years, the easternmost area with
obvious SNC symptoms was approximately 28 miles inland from the coast in the Highway 20
corridor, but most of the area with symptoms occurred within 18 miles of the coast. Figures 3
and 4 show the trend in damage from 1996 through 2014. This year’s increase in SNC likely is
due in part to prolonged wet weather in spring of 2013 which was very conducive to infection,
and the near perfect conditions for symptom development and detection in 2014.

Usually the survey stops in northern Curry County because few symptoms have been observed
south of there. In 2014, we extended the survey south through Curry County into Del Norte
County and the northern half of Humboldt County in California. In Curry County we mapped 96
polygons representing 7,362 acres with symptoms. In California we mapped only 3 polygons (94
acres total): two just south of the Oregon border and one in northern Humboldt County.



The Humboldt County polygon was ground-checked and the yellowing was not due to Swiss
needle cast (Zach Heath, USFS, personal communication). The two Del Norte County polygons
were not ground-checked, but photographs taken from the survey plane suggested a rather weak
SNC signature.

Swiss needle cast was present at all 14 of the Curry County ground-check polygons. Mean
foliage retention ranged from 2.0 to 4.2 annual compliments with a mean of 2.7. Stand color
ratings were either 2 or 3, with a mean of 2.4. Mean stand SNC rating was 2.6, ranging from 2 to
3. Itis unlikely that SNC was the cause of discoloration in the two stands with the highest foliage
retention (3.7 and 4.2).

The Swiss needle cast aerial survey provides a conservative estimate of damage because
observers can map only those areas where disease symptoms have developed enough to be
visible from the air. We know Swiss needle cast occurs throughout the survey area, but
discoloration often is not severe enough to enable aerial detection. The total area of forest
affected by Swiss needle cast is far greater than indicated by the aerial survey. The aerial survey
does, however, provide a reasonable depiction of the extent of moderate and severe damage, and
coarsely documents trends in damage over time.

Acknowledgements:

The survey was conducted by the Oregon Department of Forestry Forest Health and Air
Operations sections, and was funded by the Oregon State University Swiss Needle Cast
Cooperative, the USDA Forest Service Forest Health Monitoring Program, and the Oregon
Department of Forestry. Steve Larsen (ODF) piloted the plane. Danny Norlander (ODF) is the
survey coordinator. The aerial observers were Bob Schroeter (USFS Region 6 FHP), Rob
Flowers (ODF) and Bob Noyes (USFS).

Additional Notes:

We appreciate any information regarding the accuracy or usefulness of the maps. If you have a
chance to look at some of the mapped areas on the ground, please let us know what you observe.
Please call Alan Kanaskie (503-945-7397) or Danny Norlander (503-945-7395) if you have
questions, suggestions, or comments.

The GIS data and a .pdf file can be accessed via the ODF web page at:

http://www.oregon.gov/ODF/privateforests/fhMaps.shtml



http://www.oregon.gov/ODF/privateforests/fhMaps.shtml
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Figure 2. Areas of Douglas-fir forest with symptoms of Swiss Needle Cast detected in the 2013

and 2014 aerial surveys.
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Figure 3. Area of Douglas-fir forest in western Oregon with symptoms of Swiss needle cast detected
during aerial surveys conducted in April-June, 1996-2014 (2008 area estimated from partial survey

consisting of 3 sample blocks).

11
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Figure 4. Area of Douglas-fir forest in western Oregon with symptoms of Swiss needle cast detected
during aerial surveys conducted in April-June, 1996-2014; north and south halves of survey area (2008
area estimated from partial survey consisting of 3 sample blocks).



2014 Conditions in brief — Aerial survey in California

Zachary Heath, Aerial Survey Program Manager, USDA Forest Service, Forest Health
Protection

Background

Swiss Needle Cast (SNC), caused by the fungus Phaeocryptopus gaeumannii, is a foliar disease
affecting Douglas-fir causing premature needle drop. In severe cases, trees look very sparse and
chlorotic with a transparent yellow to brown hue. The Swiss Needle Cast Cooperative,
comprised of various academic, industrial and government participants have flown special

aerial surveys to detect the extent and severity of this disease for many years especially along
the Oregon coast. Surveys are timed at just prior to tree budbreak in spring when the symptoms
of this disease are most apparent. The first survey for SNC was conducted in California in 2013,
in response to ground reports of the disease in the Arcata area. To date, SNC is not known to
cause extensive damage in California but does have economic impact in Oregon. This flight
was done as an extension of Region 6’s SNC survey in Oregon and Washington.

Objective
Detect and map the extent and severity of SNC along the northwest coast of California.
Methodology

Stands of plantation Douglas-fir were mapped visually by surveyors using digital aerial sketch-
mapping systems flying in a light fixed-wing aircraft approximately 1,000 feet above ground
level. The surveyors recorded areas of discolored Douglas-fir having the signature of SNC.
Attempts will be made to verify the presence of the disease.

Details

Coastal areas of Del Norte and Humboldt Counties were surveyed, mostly covering private
lands but including potions of the Redwood State and National Parks. (Figure 1)

Very few areas were observed to have symptoms similar to severe SNC. Most of the
discoloration was observed near the Oregon state line (Figure 2), and an additional area that
looked like SNC was mapped a few miles away, just north of the state line, as well in a
subsequent flight.

Surveyors noted damage to eucalyptus, possibly from cold damage or insect activity. A ground
visit in Sonoma County, about 200 miles south of the survey area, found widespread leaf
feeding by insects in eucalyptus at that location. (Figure 3)

The surveyors also noted widespread, low intensity tree mortality and damage throughout the
survey area from black bears and, to a lesser extent, Port-Orford-Cedar root disease.
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Figure 1. Flown area and mapped tree mortality and damage.
O A 7V O -
| Acressurveyed: 841,000 acres
| Acres with mortality: N/A
| Number of dead trees: N/A |
| Acres with other damage: 94 acres

— -
/ B
e

o

Figure 2. Discolored Douglas-fir in
Del Norte County, with red line
delineating area of discoloration.
Photo Bob Schroeter.

Figure 3. Eucalyptus leaf damage in
Sonoma County. Photo credit Bill
Ciesla.

Direct questions pertaining to this report to Zack Heath
(email:zheath@fs.fed.us phone: 530-759-1751).
Report Date May 16, 2014.
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Economic impact of Swiss needle cast in Oregon forests

Alan Kanaskie, Forest pathologist, Oregon Department of Forestry.
Brandon Kaetzel, Forest Economist, Oregon Department of Forestry.
Andrew Herstrom, Resource Analyst (retired), Oregon Department of Forestry.

Findings

Douglas-fir volume growth loss due to Swiss needle cast in the Oregon Coast Range exceeds 190
million board-feet per year in 10 to 70 year-old stands. The log value of this reduced growth is
$78 million per year at current log prices. The economic impact to Oregon’s economy IS
equivalent to more than 2,100 jobs, representing $117 million in labor income, $10 million in
income tax, and $700,000 in harvest tax, for a total of $128 million per year.

Methods

We defined the analysis area as the Coast Range forest with visible damage from Swiss needle
cast based on cumulative annual aerial surveys from 1996-2013 (Figure 1). In this 2.9 million
acre area we are certain that SNC impacts the growth of Douglas-fir (the survey detects moderate
and severe damage from SNC).

We overlaid the Swiss Needle Cast Cooperative (SNCC) and ODF permanent plot networks,
which include three types of plots: 1) growth impact; 2) pre-commercial thinning, and; 3)
commercial thinning. These plots provide the basis for growth impact estimates and fall mostly
within the area defined by the north half of the analysis area. The age classes represented by the
plots are 10-70 yrs. We assumed growth impacts in the south half of the analysis area are similar
to those in the north half.

We estimated the amount of Douglas-fir in the analysis area by age class (10-30, 31-70, and >70
yrs) using Gradient Nearest Neighbor (GNN) data from the Landscape Ecology, Modeling,
Mapping, and Analysis project (LEMMA: OSU, USFS PNW Station). We selected all cells in
the analysis area in which Douglas-fir was the dominant tree species, and calculated the area,
Douglas-fir volume, and total volume.

The GNN data do not include an estimate of periodic annual volume increment (PAI). PAI varies
widely among stands due to age, site index, and other factors. Mean PAI in 50-70 year-old stands
ranges from 7 to 28 m®/ha/yr (100 to 400 ft3/ac/yr) (Burns and Honkala, 1990). Data from the
SNCC growth impact and thinning plots indicate a mean PAI of approximately 15.5 m*/ha/yr
(222 ft3/ac/yr) for Douglas-fir plantations age 10 to 30 and 30 to 60 years old (Maguire et al,
2011; Mainwaring et al, 2005). USFS FIA data for the analysis area indicates an average
Douglas-fir PAI of 17.8 m/halyr (254 ft/ac/yr) and 11.7 m3/ha/yr (166 ft3/ac/yr) for 10-30 and
31-70 yr-old stands, respectively (Dave Azuma, personal communication). We chose 15 m®/ha/yr
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(214 ft3/ac/yr) as the average PAI for all Douglas-fir stands in the analysis area, which very
likely underestimates the true PAI (Marshall and Curtis, 2001).

Older stands (>70 yrs) suffer damage from Swiss needle cast, but the majority of these are not
available for harvest, so these were excluded from the analysis of economic impact. However,
the disease substantially impacts the ecology of these stands in terms of stand structure and tree
longevity. We also excluded very young stands (<10 yrs) from the analysis.

We chose 20 percent as the mean annual volume growth reduction due to Swiss needle cast in
the analysis area. This is a conservative estimate based on SNCC studies (Maguire et al, 2011;
Maguire et al, 2002).

Many of the GNN data cells with Douglas-fir as the dominant species also contain other tree
species. To avoid over-estimating volume based on mean PAI, we adjusted the volume growth
estimate by the ratio of Douglas-fir volume to total volume.

Job losses associated with timber volume reduction were calculated with IMPLAN (Impact
Analysis for Planning). Value of Douglas-fir logs was based on current saw log pond values of
$653/MBF and $715/MBF for the north and south analysis areas, respectively, and utility log
values of $100/MBF and $125/MBF, north and south, respectively. We assigned utility log
values to all volume estimates for 10-30 yr-old trees. IMPLAN is accepted and used by the
Oregon State Economist and the DAS Employment Division.
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SWISS NEEDLE CAST
IMPACT ANAYSIS ZONES
09 MAY 2014
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Figure 1. Swiss needle cast analysis zones represent an area in which SNC has reached damaging
levels based on aerial detection surveys and plots. Map on right shows cumulative aerial survey
map of moderate (yellow) and severe (red) SNC damage.

18



Table 1. Calculation of value of annual growth loss due to Swiss needle cast in the Oregon Coast Range.

ANNUAL ADJUSTED
GROWTH VOLLOSS (20%)  vOLLOSS (20%) RATIO DFVOL VOLUME LOSS JOBLOSS (#of  Pond value of log
ZONE AGE AREA (AC) DF VOLUME (FTS) (AREA*PAI) ft3/yr FT3/YR BF/YR(CFx5) TOTOTALVOL (BF/YR) jobs) volume lost
NORTH 1-9 872 1,064,419
NORTH 10-30 365,340 2,163,771,546 78,318,010 15,663,602 78,318,010 0.64 49,753,706 552 $4,975,371
NORTH 31-70 366,031 8,262,290,171 78,465,992 15,693,198 78,465,992 0.61 47,990,943 533 $31,338,086
NORTH >70 242,337 16,360,695,847 51,949,748 10,389,950 51,949,748 0.65 33,855,293
ALL 974,579 26,787,821,983 131,599,941 1,085 36,313,456
SOUTH 1-9 12 14,663
SOUTH 10-30 243,158 1,619,893,218 52,125,763 10,425,153 52,125,763 0.79 41,293,020 458 $5,161,628
SOUTH 31-70 311,412 7,642,446,234 66,757,465 13,351,493 66,757,465 0.77 51,417,967 571 $36,763,847
SOUTH >70 334,165 22,485,920,697 71,634,921 14,326,984 71,634,921 0.79 56,839,599
ALL 888,747 31,748,274,812 149,550,587 1,029 41,925,474
NORTH-SOUTH TOTAL 1,863,327 58,536,096,794
TOTAL, 10-30yr 91,046,726 1,011 $10,136,998
North analysis area (acres, gross) 1,604,350 TOTAL, 31-70 yr 99,408,911 1,103 $68,101,933
South analysis area (acres, gross) 1,288,679 TOTAL>70yr
TOTAL 2,893,029
GRAND TOTAL 190,455,637 2,114 $78,238,931
Economic value of job loss
Labor Income $117,306,959
Income Tax $10,557,527
Harvest tax $701,639
TOTAL $128,566,125

Board-foot volume = cubic volume x 5. Value of log volume lost does not account for logging costs.
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SNCC Research and Monitoring Plot Network

Gabriela Ritokova, Dave Shaw, Doug Maguire, Doug Mainwaring, John Browning, Mark
Gourley, Greg Filip, Alan Kanaskie

Introduction

Among the long term objectives of the SNCC is a constant monitoring of disease
conditions. While this can be accomplished qualitatively with the results of the annual aerial
survey, quantitative assessment of the tree growth loss resulting from Swiss needle cast requires
periodic measurements. This has been accomplished up until now with the Growth Impact Study
(GIS) plot network (Maguire et al. 2011).

During the final remeasurement of the GIS plots (2008), it was decided that their utility
had become limited. The original sample of 10-30 year old GIS stands is now 25-45, which is
considered outside the age range of those stands for which information is especially valuable.
Furthermore, ground observation of foliage retention, the original methodology for determining
disease severity, has become difficult to impossible as a result of crown recession and canopy
closure. In addition, these plots were distributed only between Newport and Astoria, thereby
providing inference only to the northern Oregon Coast Range.

In order to address these limitations, the decision was made to install a new monitoring
plot network, which is foreseen to provide disease condition and growth loss information for at
least 10 years. These plots have been installed in 10-20 year stands, thereby addressing the
shortcomings of the aged GIS network. In addition, these plots will be distributed as far south as
the California border, and as far north as southern Washington.

These plots will not only provide periodic information about disease severity, growth
loss and its geographic distribution, but will also offer sites to be used for other SNC research, be
it epidemiological, climatological, or other forms. Timeline is attached to the end of this report.

Methods
Criteria for selection

Candidate stands should not be treated by fertilization or disturbed (thinned, cleared) for
ten years. The selected one-fifth acre plots with a 0.5 chain buffer (0.58 ac) should have not
been pre-commercially thinned or fertilized in the past 5 years. The targeted basal area
composition is 80% Douglas-fir, targeted age between 10 and 30-years old of Douglas-fir.
Ideally dense understory should be avoided and density aimed to 300-400 trees per acre.
At each plot, a 1/5 acre plot has been laid out, and all trees tagged. Field methods have followed
Kanaskie and Maguire, March 30, 2002 Field Specifications and Manual for Rating Swiss
Needle Cast in Douglas-fir. The following is adapted from that document but specific to the 1/5
acre plot and needle retention will be estimated in years.

20



Sampling matrix

We identified four zones based on
distance from coast (in miles): 0-5, 5-15, 15-
25, and 25-35. Each of these zones was
equally divided (north-south), following
township lines as closely as possible. Each
block spans approximately 58 miles north-
south. This resulted in 20 sampling blocks.
In addition to the 20 cell matrix in coastal
Oregon, 4 sampling blocks were established
in SW Washington. Attached Google Earth
image shows these blocks (Fig.1.)

Sites /||| 4ss“Newport
In addition to the 30 plots established ‘ %
in 2013, in 2014, 39 sites were selected,
installed and measured. All of 2014 sites are
located in Oregon on land owned by
Weyerhaeuser, Menasha Forest Products
Corporation, Oregon Department of
Forestry, Hampton Affiliates or Hancock
Forest management Inc., bringing the overall /) AR
number of sites to 69. Plots within the /) 4 Coos Bay
stands were chosen subjectively. it

Florence

Measurements
Following the establishment and 113 S I
marking of plot boundaries, all trees were LE oA el Gold Beach
given a unique numbered tag. Following the TR
conclusion of the 2014 growing season, all Figure 1. Research plot network matrix.

trees were measured for dbh and species was

recorded. A forty tree height sample was collected, such that it included the 10 largest trees by
dbh, the four smallest by dbh, and the final 26 were ranged across the diameter distribution. In
the spring, the 10 largest trees will be assessed for foliage retention, and needles will be sampled
for pseudothecial occlusion, and foliar nutrition. In addition, soil samples were collected for Jeff
Hatten’s soil study.
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Summary statistics

Table 1: Data from the 36 plots for which data has been entered

Douglas-fir Other Species

Plot Trees per plot |Av. Dbh (cm) |Av. Ht (m) Av. CR Trees per plot |Av. Dbh (cm)
CB01 96 16.5 11.08; 0.68 51 8.7
CB02 119 17.1 13.50 0.63 29 8.0
CB151 99 18.3 16.61 0.57

CB152 105 17.3 15.47 0.71

CB251 82 16.9 14.63 0.81 5 13.7
CB252 96 18.0 17.51 0.68 1 6.0
CB51 121 15.2 13.47 0.71 17 7.3
CB52 113 12.4 9.86 0.86 1 5.8
CB53 79 16.5 11.67 0.87

CB54 53 24.7 19.92 0.63

FO2 79 17.1 13.19 0.62 96| 10.2
F251 74 14.3 11.07 0.91 15 5.4
F51 70 23.9 19.22 0.60

G01 138 16.2 12.58 0.66 1 6.9
NO1 60 17.8 14.23 0.70 34 15.1
NO2 87 20.8 13.93 0.59 14 9.8
NO3 54 18.6 15.07 0.65 121 9.3
NO4 64 19.8 15.73 0.61 116 7.3
NO5 64 23.6 20.21 0.52

N153 58 24.6 18.69 0.62 20 8.9
N154 56 24.9 16.90 0.68 1 7.5
N155 92 17.8 15.29 0.72

N252 76 20.0 17.28 0.69 4 12.0
N253 68 19.5 17.99 0.72 10 8.0
N255 117 15.9 14.09 0.67 34 6.7
N51 65 18.9 14.74 0.74 5 8.5
N52 64 25.4 18.28, 0.62

N53 54 26.4 18.89 0.60 1 5.9
N54 71 18.9 12.01 0.77 11 9.4
N55 93 17.9 14.21 0.68 39 7.6
T154 51 28.1 19.60 0.60 22 9.3
T155 111 17.2 15.74 0.72 9 8.6
T254 51 24.7 19.41 0.65

T256 55 24.8 18.55 0.64 8 16.7
T257 135 13.1 13.22 0.75 1 10.4
T52 33 31.8 24.28 0.55 6 11.9
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Figure 1: Height-diameter relationships for the 36 plots for which data has been entered
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2013

2014 Spring Begin Collect Branches (FR, Disease Severity). Fall, Plot Establishment Tree

TIMELINE: Research and Monitoring Plot Network Chronology

Fall, Begin Plot Establishment Tree Measurements.

Measurements

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

Spring Collect Branches (FR, Disease Severity). Fall, Complete Plot Establishment Tree

Measurements (120 plots)

Spring Complete Collect Branches (FR, Disease Severity).

Re-measure 2013
Collect Branches (FR, Disease Severity) Re-measure 2014
Collect Branches (FR, Disease Severity) Complete 5 yr Re-measure 2015

Complete 5 yr Collect Branches (FR, Disease Severity)

Re-measure 2013
Collect Branches (FR, Disease Severity) Re-measure 2014
Collect Branches (FR, Disease Severity) Complete 10 yr Re-measure 2015

Complete 10 yr Final Collect Branches (FR, Disease Severity)
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Mapping Vegetation Decline from Swiss Needle Cast using LIDAR and
satellite remote sensing

Thomas Hilker, College of Forestry, Oregon State University

Introduction

Increased outbreaks of native diseases, associated with a warmer climate, have been rec-
orded in the forests of the Pacific Northwest Region over the last two decades. These outbreaks
are sufficiently severe to cause changes in the economics and management of native forests. Re-
cent changes in regional climate appear to promote outbreaks of many native diseases and insects
(Bentz et al., 2010; Woods et al., 2005), causing widespread decrease in forest health and loss in
biodiversity. For instance, Swiss needle cast (SNC), a disease caused by fungal pathogen Phaeo-
cryptopus gaeumannii is intensifying along the coast of Washington and Oregon affecting
586,000 acres of Douglas-fir forest (Kanaskie 2014), and causing significant economic loss
(Kimberley et.al. 2011).

Current state of the art mapping includes visual interpretation from helicopter or aircraft,
which is costly and not sufficiently accurate, because a) weather conditions may not permit
enough flight hours to cover the entire coast range, and b) smaller areas may be overlooked, or
their extent may not fully be assessed. In addition to spatial extend, ecological and economic im-
pact is difficult to assess. Growth loss for instance, can currently only be assessed from field
plots, which, while accurate, are spatially discrete, time consuming and costly.

Objective

The objective of this work is to assess impact on growth A2
limitation of Swiss Needle Cast on Coastal Douglas-fir ' e e
(Pseudotsuga menziesii) plantations using remote sensing tech- =% "% ¥ *‘5'«5‘,
niques, specifically airborne Light Detection and Ranging (Li- g S ey f‘w
DAR) and satellite observations from the Landsat series of satel- Red A 8
lites.

Methods and preliminary findings | o I e
LiDAR is a remote sensing technique that directly el S
measures the three-dimensional distribution of canopy compo- i U’»‘}
nents as well as sub-canopy topography, thereby providing high- ~ &/we Ak '
ly accurate and detailed estimates of vegetation height, cover,  pgre 1 vegetation structure
crown shape, density and other aspects of canopy structure  opserved from airborne (blue)
(Neesset & @kland, 2002). LiDAR has been used extensively to  and terrestrial (red) LiDAR sys-
measure tree height and canopy structure. Unlike passive re-  tems
mote sensing, LIDAR measures the three dimensional structure
of forests directly (Hilker et al., 2012; Lim, Treitz, Wulder, St-Onge, & Flood, 2003). Height es-
timates from LIDAR data are typically of similar or better accuracy than corresponding field
based estimates (Naesset & @kland, 2002) and studies have demonstrated that the LIDAR meas-
urement error for individual trees is less than 1.0 m (Persson, Holmgreen, and Soderman 2014)
and less than 0.5 m for plot based estimates of maximum and mean canopy height with full can-
opy closure (Magnussen & Boudewyn, 1998; Nesset & @kland, 2002; Nasset, 1997). The abil-
ity of LIDAR to provide high resolution canopy and sub canopy topography along with the ca-
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pacity to accurately measure leaf area index (LAI), vegetation height, and above ground biomass
(Lefsky, Cohen, Parker, & Harding, 2002) will allow accurate comparisons of Coastal forests
with and without SNC infestation. For the state of Oregon most of the Coast Range has been
flown by aerial LIDAR surveys and the Oregon Department of Geology and Mineral Industries
(DOGAMI) has been involved in the collection high-resolution data since 2003. This dataset will
be available at no cost to this proposal through an agreement between DOGAMI and Oregon
State University.

Stand growth may be estimated from LIiDAR derived stand height, if the age of the forest
is known. The Landsat series of satellite data provides the longest existing satellite record of ter-
restrial vegetation, starting in 1972, and maturing with the Landsat MSS and TM instruments
since 1984. Landsat’s spatial resolution of 30 m, and extent of 185 x 185 km per scene has prov-
en utility for monitoring vegetation change at regional scales (Wulder et al., 2008, Hansen et al.,
2008) and numerous forest change algorithms have been developed, validated, and applied (Zhu
and Woodcock, 2012) (e.g. Collins & Woodcock, 1996; Healey et al., 2005; Kennedy et al.,
2007; Masek et al., 2008). This study uses disturbance estimates from Landsat to derive stand
age for managed forests of 30 years of age or less. One of the most common techniques to de-
termine stand replacing disturbances is the disturbance index (DI) of Healey et al (2005). This
method transforms spectral observations into a tasseled Cap data space and is then calculated us-
ing the three Tasseled Cap indices (brightness, greenness and wetness) from Landsat TM/ETM+
data (Crist, and Kauth 1986; Healey et al. 2005; Masek et al. 2008). The disturbance is quantified
as the normalized spectral distance of any given pixel from a nominal “mature forest” class
(Healey et al., 2005; Hilker et al., 2009). Figure 2 shows a Landsat based estimate of disturb-
ances in costal Washington and Oregon since 1984 and the overlap between Landsat observed
date of disturbance and available height estimates from LiDAR. The color of the disturbed areas
corresponds to the month of disturbance, running as continuous number from Jan. 1984 through

Dec. 2012. 125°0'0"W 123°0'0"W 121°0'0"V

Future work/Next steps

To date, estimates of vegetation 46°0'0"N
growth have been obtained across the
state of Oregon using all available Li-
DAR data. Observations are compiled at  4500:g"N
30 spatial resolution to match estimates
of Landsat. In addition, estimates of
disturbance have been finalized across
the coast range since 1984. Next steps of
this work include validation of remotely
sensed growth estimates with existing
field observations and the incorporation
of field plots to assess differences in
vegetation growth from SNC-infected
and non-infected Douglas-fir planta-
tions.

44°0'0"N

43°0'0"N

42°0'0"N

Figure 2: Potential estimates of vegetation growth
along Oregon’s coast range resulting the combination 26
of Landsat based estimates of disturbance and height
estimates from airborne LiDAR
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Response of Swiss needle cast-infected Douglas-fir to

pre-commercial thinning in northwestern Oregon
Doug Mainwaring, Doug Maguire, Alan Kanaskie, Gabriela Ritokova

Introduction

Reduction of stand density is commonly used in stands where low vigor limits individual
tree growth or makes trees susceptible to pests (Mitchell et al. 1983). The potential benefits of
thinning SNC-infected stands in northwestern Oregon had been debated vis-a-vis field
observations suggesting that thinning was exacerbating symptoms by increasing air flow and tree
sway within stands, thereby leading to greater foliar losses.

Because density reduction enables crowns to expand and elongate, the rationale behind
thinning was an expected increase in crown length, canopy depth, and subsequent foliage area per
tree, with corresponding improvement in individual tree growth and increased likelihood that trees
would reach merchantable size. Furthermore, because trees show differential levels of SNC
disease tolerance (Johnson 2002), thinning from below would presumably remove genotypes that
were performing most poorly in the presence of SNC. All of these factors would suggest that
thinning SNC impacted stands would improve their growth, as has been shown in previous
analyses of post-PCT growth. An additional question is whether thinning influences disease
severity, as represented by pseudothecial abundance.

Foliage retention results from this study were published in a previous SNCC annual report
(2013). Therefore, this report provides updated results from the last measurement, as well as an
analysis of pseudothecial occlusion from data collected in 2009.

Methods

The study sites were distributed within the Coast Range of northwestern Oregon across a
gradient of Swiss needle cast (SNC) severity and exhibited initial conditions representative of
young candidate stands for PCT (Table 1).
Treatments

In the late winter/early spring of 1998, 23 sets of plots were established in 5-16 yr old
stands. One of the plots at each site was randomly chosen for pre-commercial thinning, generally
to 500 trees per hectare (TPH), while the other was left unthinned (~1000 TPH). Because stand
densities were already low on two installations, the thinned plots at these sites were prescribed to
a lower target residual density of 250 TPH. Five additional 250 TPH plots were established as a
third plot at five of the 21 sites that already included a plot thinned to 500 TPH. On all 21
installations that included a plot thinned to 500 TPH, both the control plots and 500-TPH plots
were square and covered 0.08-ha. On the remaining two installations containing a single thinned
plot with 250 residual TPH, both the control and thinned plots were twice as large, or 0.16 ha in
size. On the five installations that included a third plot thinned to 250 TPH, the 250-TPH plot was
also increased to 0.16 ha. All thinnings were implemented before the growing season in 1998, and
were based on spacing, so stems were removed proportionally across the diameter distribution.

On each measurement plot, all trees were measured for dbh prior to thinning. At least 40
residual Douglas-fir trees, distributed across the dbh distribution, were measured for total height
(nearest 0.01 m) and height to lowest live branch (nearest 0.01 m). After two, four, six, ten, and
fifteen growing seasons (1998-99, 2000-01, 2002-03, 2004-07, and 2008-2012 growth periods),
all trees were remeasured for dbh, and all trees from the original height subsample were
remeasured for total height and height to crown base. Missing total heights and heights to crown
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base for Douglas-fir trees were estimated as a function of dbh by fitting regression models specific
to each plot and growth period. Cubic volume of each Douglas-fir was estimated with equations
previously developed for second-growth Douglas-fir (Bruce and DeMars 1974).

In April and May of each of the first seven years of the study (1998-2004), ten dominant
or codominant trees in each plot were assessed for SNC symptoms. From the ground, foliage
retention was assessed for each third of the live crown (upper, middle, lower) by visually
estimating the average number of years (nearest 0.1 yrs) of foliage retained. Tree-level foliage
retention was calculated as the average of all crown-thirds. Estimates were made on the same trees
each year.

In the spring of 2009, the largest four-year old lateral of the southernmost five year old
branch was collected from 10 trees per plot for assessment of foliage retention. A random sample
of one and two year old needles were collected from the four-year old lateral and assessed for
pseudothecial abundance. At three locations on ten needles per age per tree, the number of visible
pseudothecial out of 100 stomates was counted.

Statistical Analysis

The effect of thinning on foliage retention was analyzed for the crown as a whole, as well
as for individual crown-thirds, recognizing the randomized block design of the experiment and
repeated measures on individual plots. Comparisons were made among the control, 500 TPH and
250 TPH treatments. Treatment effects were considered significant at a=0.05 and marginally
significant at 0=0.10.

Treatment effects on net periodic annual stem volume increment of all Douglas-fir TPH,
the largest 500 Douglas-fir TPH, and the largest 250 Douglas-fir TPH were tested with the
following full statistical model:

[1] |n(AVC) = Bo + Bl'ln(FRo) + Bz'|n(BADF) + B3'|n(BAODF) + B4'|n(BA05) + Bs'|250 + Bs'|500 +
B7'|n(FRo)'|250 + Bg'ln(FRo)'|soo + Bg-ln(S|)+ 52+ €2

where AVc = Periodic net annual volume increment of Douglas-fir component

C, where C=ALL for all Douglas-fir trees ha; 500 for the largest
500 trees hat; and 250 for the largest 250 trees ha™* (m®ha?)

BAoe = Initial Douglas-fir basal area (m?ha)

BAoor = Initial basal area of Douglas-fir not included in component C

BAos = Initial basal area of other species (m?hat)

S =  Bruce’s 50 yr SI (based on 2004 height-age pairs) (Bruce 1981)

82 = Random block effect with &, ~N(0, c52)

) =  Residual error

and all other variables are defined above
The residual errors were again expected to be correlated among observations within a plot, so
four alternative variance-covariance structures were considered for e, (PROC MIXED in SAS
version 9.2): unstructured, Toeplitz, AR(1), and heterogeneous compound symmetry (Littell et
al. 2006). Application of this model to only the largest 250 and 500 Douglas-fir per ha across all
treatments was done to test if results would differ when limiting the comparisons to similar stand
components.
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In order to assess differences among growth periods in thinning effects and their
interaction with foliage retention, a reduced model [1] (no covariance among observations) was

also applied separately to each growth period.

Treatment differences in the proportion of pseudothecia-occluded stomates (total count
per needle/300) was tested using ANCOVA, using initial foliage retention as a covariate.

Results

Growth

Periodic annual increment was positively correlated with initial foliage retention. For a
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given level of initial Douglas-fir basal area,
periodic annual increment was significantly
greater on plots thinned to 500 TPH than on
control plots, with the thinning response
greater at lower levels of initial foliage
retention (Fig. 1, Table 2). For healthy
stands with foliage retention of 4.0 yrs,
thinning to 500 TPH was implied to increase
PAI by 4.9%, for a given level of initial basal
area in Douglas-fir and in other species. For
stands with a foliage retention of 1.1 yrs, this
increase was implied to be 58.5% (Fig. 1).
There were no significant differences
between the response of control plots and
those thinned to 250 TPH.

When the analysis was limited to the
largest 500 TPH, net PAI of the largest 500
TPH in the 500 TPH thinning exceeded that of
the control plot regardless of foliage retention
(Fig. 2, Table 2). The largest 500 TPH in
stands with a foliage retention of 1.1 yrs were
implied to produce 81.9% more volume for a
given level of initial basal area, while those in
stands with a foliage retention of 4.0 yrs
produced only 17.8% more volume (Fig. 2).
When the analysis was limited to the largest

TPH, net PAI of the largest 250 TPH in the 500
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TPH thinning exceeded that of the same
component within the control plot
Control . regardless of foliage retention (Fig. 3,

20
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18 00 TPH - Table 2). There were no significant

- differences between the response of the
250 largest TPH on the control plots and
~ Folage  the same stand component on plots
wrs) | thinned to 250 TPH.

T —a When growth periods were analyzed
6 ::* separately, no response to thinning was
4 : : . : - apparent in the first two years following
s ! ’ " 3 '® treatment at either level of thinning. In

. : Ba (miha) subsequent  periods, the thinning
Figure 3 Estimated volume PAI for the largest 250 TPH on ) ! i )
response in plots with maximal foliage

control, 500 TPH, and 250 TPH thinning treatments ((equation _ -
[1]). Additional Douglas-fir basal area and basal area of other ~ retention and thinned to 500 TPH was

species were set to their mean values within each treatment. significant and positive, ranging from
13% in the second growth period (3-4 years after thinning) to 20% in the fourth growth period (7-
10 years after thinning). During the same periods, response to thinning to 500 TPH in the most
severely infected stands (1.1 yrs foliage retention) ranged from 90 to 123%.
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pseudothecial abundance . .
Discussion

Contrary to concerns about adverse effects of thinning in the presence of Swiss needle cast,
there was no evidence of any significant decline in foliage retention induced by thinning, even in
the most severely infected stands. Although foliage retention increased in the lower crowns of all
but the most healthy trees following treatment, the increase was implied to be less in infected plots
thinned to 500 TPH than in infected unthinned plots.

Pseudothecial abundance is greatest and foliage retention poorest in the upper crowns of
trees, which suggests that conditions in the tree tops are more conducive to spore interception,
spore germination, or pseudothecial development (Hansen et al. 2000). Both epidemiological
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research and climate modeling have identified spring leaf wetness and winter temperatures as
being directly related to successful Phaeocryptopus germination and growth, and subsequent
needle loss (Zhao et al. 2011). Although leaf wetness is likely to be greater and more sustained in
the lower canopy where wind speeds are lower and atmospheric drying is less effective, springtime
humidity along the US Pacific coast is generally high. Temperatures conducive to fungal
development can be also expected to be greater at the tops of trees than at the base of the crown
(Zweifel et al. 2002). Whether there are differences in Phaeocryptopus ascospore deposition
within the crown is unknown—uwhile interception of ascospores by upper branches might result in
decreased penetration of spores to lower branches, it is unknown what role through fall
precipitation and successive dripping of intercepted precipitation from upper to lower foliage play
in dispersal and deposition. Other research has linked excess foliar nitrogen and associated free
amino acid (FAA) concentrations with increased levels of Phaeocryptopus (EI Hajj et al. 2004).
Although the nutritional requirements of Phaeocryptopus remain poorly understood, this proposed
link, in concert with an observed increase in N concentration with increased canopy light exposure
(Brooks et al. 1996), could partly explain the decreasing gradient in SNC severity with depth into
crown.

Numerous changes occur within newly thinned stands that affect the environment vis-a-vis
SNC. The fact that foliage retention within the lower crown of healthy stands increased following
thinning suggests that in the absence of SNC or loosely held needles, increased wind speeds do
not by themselves cause a net loss of needles. At the same time, increased wind speeds in the
lower canopy would presumably result in lower humidity and more effective drying of needles,
thus negatively impacting fungal germination and needle colonization. Thinning can increase
temperatures in the lower canopy (Rambo and North 2009), resulting in more rapid pseudothecial
development (Capitano 1999) of older, previously infected needles. Sudden exposure of shade
foliage can also lead to photoinhibition (Powles and Bjorkman 1982) and premature abscission
(Tucker and Emmingham 1977), and this effect would be expected to be greater in the more
heavily shaded lower foliage of trees with higher foliage retention, as observed in our thinned
Douglas-fir plots.

Because pre-commercial thinning in young Douglas-fir stands is generally performed from
below, a question remains as to how well the results from this study apply after such a treatment.
In progeny tests subject to SNC, therefore, the larger and better-growing trees may not necessarily
exhibit better foliage retention (Johnson 2002). These results suggest that smaller trees within a
stand may be smaller only in part due to greater genetic susceptibility, and that their growth rate
per se may render them less able to resist the disease. On the stand level, the presence of these
smaller trees would tend to lower the growth rate for a given initial basal area, as illustrated by the
stand-level thinning response of all trees relative to the thinning response of only the largest 500
Douglas-fir TPH.

Another reason for the improvement in volume growth per unit initial basal area within the
thinned Douglas-fir stands can be inferred from stand dynamics within SNC-infected control plots,
where species other than Douglas-fir tend to be common. Because the pre-commercial thinning
treatment for this study preferentially removed both subordinate Douglas-fir and other species that
were highly competitive with Douglas-fir, residual trees in several impacted plots benefitted.

It is well known that thinning increases the amount of light available to residual trees (Brix
1993). Thinning is also known to increase leaf area throughout the crown, but especially in the
lower crown (Brix 1981). Because SNC-infected trees carry relatively large amounts of their
foliage mass in the lower portions of the crown, even before thinning, and because illumination

32



increases dramatically in those crown portions following thinning (Han 2006), it can be inferred
that residual trees in an infected stand experience a larger relative increase in light capture.

Analysis of the largest 500 or 250 TPH in each stand revealed a notable difference in the
performance of the 500 and 250 TPH thinning treatments. Periodic annual increment of the largest
trees (250 or 500 TPH) improved after thinning to 500 TPH thinning, but didn’t differ significantly
from the control when thinned to 250 TPH. The heavier thinning may also have resulted in greater
thinning shock (Harrington and Reukema 1983) than the light thinning. Given the small number
of 250 TPH treatments, and their non-representation in severely impacted stands, conclusions
about net PAI of stands with low initial foliage retention and thinned to 250 TPH require further
testing.

Analysis of pseudothecial abundance indicates that pre-commercial thinning can reduce
the pseudothecial abundance in two-year old needles. Whether this is part of the explanation for
the improved growth within thinned stands is unknown, although fewer plugged stomates should
increase gas exchange. Although there was not a significant interaction with foliage retention, the
2-3% absolute reduction in fruiting bodies represents a larger percentage of unplugged stomates
within severely infected stands than within healthier stands. That said, the reduction in plugging
with thinning is small, and is likely to provide only a small part of the benefit of thinning.
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Table 1. Initial attributes (1998, after thinning) of Douglas-fir plots included in the SNCC pre-
commercial thinning study.

Control mean 500 TPH mean 250 TPH mean

Variable Units (stdev) (stdev) (stdev)
Douglas-fir tree density trees ha 1020.8 (313.3) 472.4 (36.0) 242.6 (15.8)
Douglas-fir basal area m?ha? 15.76 (6.32) 8.51(2.89) 5.99 (2.51)
Douglas-fir breast height age yrs 10.9 (2.4) 10.6 (2.3) 11.1(3.1)
Douglas-fir QMD cm 14.1 (3.1) 15.1 (3.0) 17.4 (4.6)
Douglas-fir top height m 11.66 (2.06) 11.49 (1.95) 12.28 (2.84)
Douglas-fir site index m at 50 yrs 43.0(6.7) 43.4 (6.3) 44.4 (4.0)
Basal area of other conifers m?ha? 1.75 (6.14) 0 0
Basal area of broadleaved species m?ha? 1.21(1.14) 0

Total tree density trees ha 1496.6 (950.2) 491.5 (50.0) 247.0 (20.2)
Total plot basal area m?ha? 18.72 (8.79) 8.51(2.89) 5.99 (2.51)
Total basal area removed m?ha 0 10.50 (7.29) 12.23 (7.40)
Foliage retention years 2.43 (0.52) 2.46 (0.62) 2.80 (0.30)
Periodic annual increment m3halyr?! 17.26 (6.84) 15.08 (6.78) 12.29 (4.96)
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Table 2: Parameter estimates and standard errors for model describing net periodic annual
volume growth of Douglas-fir after precommercial thinning (equation [1]).

All trees Largest 500 TPH Largest 250 TPH
Parameter | Variable Estimate SE Estimate SE Estimate SE
Bo intercept -4.1087 0.1.2362 -3.5544 1.2796 -3.8987  0.9558
B1 In(FRo) 0.5604  0.1061 05965  0.1174 0.5606  0.09286
B2 In(BAor) 0.6331 0.04291 0.6836  0.05272 0.7660  0.04497
Bs IN(BAobF) 0.000338 0.004003 -0.00324 0.005491
Ba INBAos) | 000419 0.00313 0.006856 0.003567 0.004597 0.002350
Bs l2s0 0.2704  0.2163 03323  0.2650
Bs Is00 04912  0.09236 06302  0.1179 06785  0.0797
B In(FRo)I2s0 | 9 2580  0.1871 -0.08211  0.1846
Be In(FRo)-lsoo | 93196  0.08481 .0.3367  0.09250 -0.3745  0.07216
Bo In(S1) 12045  0.3399 09839  0.3536 09951  0.2658
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Simulation of mixed stands of SNC-infected Douglas-fir and western hemlock

Doug Mainwaring, Doug Maguire, David Hann, Junhui Zhao
Introduction

Swiss needle cast (SNC) is a disease caused by the endemic foliar fungus Phaeocryptopus
gaeumannii (Rohde) Petrak. The disease leads to significant growth losses in Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) by plugging the stomates of needles, thereby inhibiting
gas exchange, and, if plugging is severe enough, causing premature needle abcission.

Previous analyses have established a direct correlation between the number of years of foliage
attached to trees (foliage retention), and the tree’s growth potential (Maguire et al. 2011). This
correlation has enabled the estimate of a quantitative relationship between foliage retention and
stand level growth losses (Maguire et al. 2011). While this has been used to provide an estimate
of stand-level SNC damage, it hasn’t enabled forest managers to predict the effect of SNC on the
development of individual trees, or on the subsequent stand dynamics within infected stands.

A large dataset of individual tree measurements and accompanying stand-level estimates of
foliage retention enabled development of a quantitative relationship between the expected
growth of trees in the absence of SNC (as estimated by the regional growth model ORGANON)
and actual measured growth. Through the auspices of the Center for Intensive Planted-forest
Silviculture, equations have been developed which adjust ORGANON-estimated diameter and
height growth increments with a foliage retention-based modifying function. This report
provides examples of ORGANON output using these modifying functions, and demonstrates the
effects of applying these modifiers on tree and stand development.

Methods

Data

Data for the development of a modifying function was compiled from four studies established
within the Oregon Coast Range, and were distributed from Coos Bay to Astoria. These studies
were established specifically to investigate the influence of SNC on symptom expression and
growth loss, with and without thinning. These studies include 1) the Growth impact study (GIS),
established in 76 10-30 year old plantations, and measured 5 times from 1998-2008; 2) The Pre-
commercial thinning study (PCT) established in 23 8-17 year old stands, and measured 5 times
from 1998-2008; 3) the commercial thinning study (CT), established in 30 25-60 year old stands,
and measured three times between 2002-2006; and 4) the retrospective commercial thinning
study (RCT), established in 41 30-60 year old stands in 2002 and remeasured once in 2006.
Development of the modifying function was led by David Hann and Junhui Zhao.

Simulations

The primary objective of this report is to demonstrate the effect that applying the SNC modifier
has on stand dynamics. The chosen method was to perform ORGANON projections of a mixed
species stand of Douglas-fir and western hemlock at different levels of foliage retention.

The tree list for simulating within ORGANON came from an SMC type 1 site. The stand was
13-years old (total age) with a site index of 120 ft in 50 years. For the Douglas-fir comparisons,
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this tree list was projected to a total age of 58 years, assuming no SNC presence, as well as SNC-
reduced foliage retentions of 2.5, 2.0, 1.5, and 1.0 years.

The same tree list was used for western hemlock simulations using the following method: A
random selection of 33.3% of the trees in the tree list was made and the species of these trees
was changed from Douglas-fir to western hemlock. To account for expected height differences,
heights of the species-converted trees were reduced by 10%. The site index of the western
hemlock trees was determined using the site index conversion equation within ORGANON,
which reduces the Douglas-fir site index value by approximately 10%.

Results
The relationship between reduced foliage 1.08

retention and reductions in diameter and :
height growth from the latest fits are

shown in figure 1. When applying these % :E:’h

within ORGANON, decreasing foliage £ os

retention benefitted western hemlock Sors

relative to Douglas fir (figs. 2-3). In 07

addition, as foliage retention decreased, 065

western hemlock benefitted with o s 5 2s s as o
increased diameter growth for a given Foliage retention

height. (fig.4).

Figure 1 Multiplicative effect of foliage retention on ORGANON

dbh and ht increment
The relative benefit to western hemlock from decreased Douglas-fir foliage retention, and the
resulting competitive disadvantage to Douglas-fir in a severely infected mixed stand is
demonstrated by the reduced the quadratic mean diameter of DF relative to that within a pure DF
stand (figure 5).

The effect of SNC on the projected TPA of a mixed DF:WH stand is slightly negative for
Douglas-fir, with a decrease of about 30 TPA of suppressed trees at age 58 (figure 6), which is
due to the diminished position of Douglas-fir relative to western hemlock.

In a healthy stand, Scribner volume of Douglas-fir exceeds that of western hemlock until after
age 50. Conversely, in an infected stand, hemlock volume always exceeds that of Douglas-fir,
and, as with QMD and TPA, benefits from the poor development of Douglas-fir (figure 7).
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Effect of Seed Source and Growing Environment on Douglas-fir Foliage
Diseases and Other Damaging Agents

Constance Harrington and Brad St. Clair, USDA Forest Service, Pacific Northwest
Research Station

The Douglas-fir Seed Source Movement Trial is a reciprocal transplant study in which
trees from 60 populations from 12 regions are planted back into test sites representative of nine
of those regions. These common garden tests are located on 3 latitudinal bands in southwestern
Oregon, north central Oregon and southern Washington. Each latitudinal band has a site near the
coast and two inland sites — one at a lower elevation and one at a higher elevation. The 12 seed-
source regions include the three latitudinal transects in Washington and Oregon as well as a
fourth transect in northern California that includes the coast, the Klamath Mountains and the
northern Sierra Mountains. The nine test sites cover diverse environments and are on private and
public land ownership. Two-year old seedlings were planted in late fall 2008 or early spring
2009.

The trees have been measured annually for height and diameter (2009-2014) and their condition
or presence of damaging agents coded. Assessments have been made of the timing of vegetative
budburst on all sites and a subset of sites has been used for assessments of reproductive budburst,
drought hardiness, cold hardiness, leader extension, and cambial growth. Observations have been
made of tree damage including stem or branch breakage, dieback, needle loss, and insect
damage. In 2014 the PNW Research Station funded a Joint VVenture Agreement with David
Shaw, Oregon State University, to fund a graduate student (Nicholas Wilhelmi) to study these
plantings for the presence of Swiss needle cast and Rhabdocline as well as other common
damaging agents on young Douglas-fir. The Swiss Needle Cast Cooperative and the Bureau of
Land Management will provide additional resources to help with formal damage surveys which
are planned for completion in the spring and early summer of 2015. Other agencies may also
help in assessing these plantings which should provide a very robust data set to use in testing
current recommendations for planting Douglas-fir and addressing general questions on the
effects of genotype and environment on the occurrence of foliage diseases and other damaging
agents. Questions to be addressed include: (1) Are local genotypes the best choice for
minimizing the impacts of needle cast diseases and other damaging agents? and (2) How do
environmental conditions influence the expression and impact of these agents?
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Genetic Diversity and Population Subdivision in Phaeocryptopus gaeumannii
in the Pacific Northwest

Patrick Bennett and Jeffrey Stone, OSU Botany and Plant Pathology

Introduction

The focus of this research is to determine the distributions of the two lineages of
Phaeocryptopus gaeumannii in the Pacific Northwest, first described by Winton (2006) in
relation to disease severity. A second objective is to determine whether the two lineages are
sufficiently divergent to constitute separate species and to reevaluate the taxonomic placement of
P. gaeumannii. The two lineages are provisionally designated as Lineage 1 and Lineage 2.

While both lineages of P. gaeumannii are capable of causing Swiss needle cast, there is
some evidence to suggest that these lineages may differ in their ability to cause disease, and that
the relative proportions of either lineage present at a given site may influence disease severity
(Winton et al. 2001). Controlled inoculation experiments are in progress, which will allow us to
determine the relative virulence of the two lineages.

The area affected by SNC has been expanding steadily in the Coast Range since 1996 and
seems likely to continue to do so. Therefore, it is increasingly important to assess disease risk by
applying genotypic data to predictive models. This work will establish baseline abundance and
proportion estimates for each lineage and correlate their distributions with disease severity in
controlled inoculations as well as field-based disease observations assessed by ODF-USFS aerial
surveys.

Methods
Population Genetics

During the 2014 sampling season, foliage samples were collected from Douglas-fir trees
at 15 sites in the SNCC monitoring network (Ritokova et al. 2013). Five trees were selected
randomly at each site, and second and third-year internodes were sampled from secondary
branches in the upper crown. One tree per site was sampled more intensively, with secondary
branches collected in the lower, mid, and upper-crown.

Needles were returned to the lab and examined for presence of P. gaeumannii
pseudothecia. Needles bearing pseudothecia were affixed to the lids of Petri dishes with the
abaxial surface facing down and incubated to allow discharge of ascospores onto the agar
surface. Within 48 hours of incubation, germinating ascospores were isolated individually onto
malt agar and the single-ascospore isolates incubated at 17 °C for 2-6 months to obtain sufficient
growth for DNA extraction and long-term storage.

Mycelium from these cultures was removed from the Petri dishes, transferred to 1.5 mL
microfuge tubes with extraction buffer, frozen in liquid nitrogen, and macerated by shaking in a
mini bead-beater with glass beads. Genomic DNA was then extracted from these samples using
the Qiagen DNeasy Plant kit. These samples were used in a multiplex PCR protocol designed to
amplify the ten microsatellite loci identified by Winton et al. (2007; Table 2). The amplified
microsatellite PCR products were then submitted to the OSU Center for Genome Research and
Biocomputing (CGRB) for genotyping by capillary electrophoresis on the ABI 3730
BioAnalyzer (Applied Biosystems). Allele sizes for the microsatellite loci were determined using
GeneMapper 4.0 (Applied Biosystems).
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Study sites were considered local populations for the purpose of this analysis. Genetic
diversity, allele frequencies, and population subdivision were estimated using GenAlEx 6.5
(Peakall and Smouse 2012), and the R statistical computing package Poppr 1.1.2 (Kamvar et al.
2014). The aboot function in Poppr was used to construct UPGMA dendrograms based on
comparisons of pairwise genetic distance. An analysis of molecular variance (AMOVA) was
used to compare the genetic variation within and between populations.

Inoculations

A total of 270 2-year-old Douglas-fir seedlings from two different seed sources,
previously unexposed to P. gaeumannii inoculum, were artificially inoculated with macerated P.
gaeumannii mycelium (Table 1). Eight different P. gaeumannii isolates (representing four
genotypes of each lineage) were used as inoculum sources. Macerated mycelium of each isolate
was applied to 15 seedlings of each seed source (Table 1). Cultures of each isolate were grown in
50 mL liquid 2% malt broth in Erlenmeyer flasks fitted with cotton stoppers. These liquid
cultures were incubated with shaking for 6-8 weeks prior to inoculation. To prepare the
inoculum, these cultures were vacuum filtered and the concentration of mycelium of each isolate
was standardized by wet weight. The samples were then macerated with an immersion blender
for 60-80 seconds each in 9 mL sterile water. Blender blades were flame-sterilized between
different isolates. The concentration of macerated fragments was determined with the aid of a
hemacytometer and sterile water was used to adjust the concentration of mycelial fragments of
each isolate to 1.0 x10° fragments per mL. The proportion of viable hyphal fragments in the
inoculum also was estimated by serial dilution plating of the inoculum on 2% malt agar to
confirm that all trees received equivalent inoculum concentrations. An airbrush was used to
apply ten mL of this hyphal suspension to the foliage of each tree. Control trees received
airbrush applications of sterile water. All seedlings were incubated in a misting chamber with
intermittent mist to maintain high RH for seven days following inoculation, and then moved
outdoors for incubation.

In late Apr-May 2015, disease severity will be assessed by estimating the proportions of
stomata occluded by pseudothecia in samples of 90 needles per inoculation group (i.e. 3 needles
per seedling). Foliage retention will also be measured for 10 shoots per seedling, measured as the
percentage of the one-year-old year needle cohort retained.
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Table 1. 2014 isolates and seed sources used for inoculation.

Seed Source

Starker Campbell River
Lineage 12
NT 019 15 15
BC1.3.2 15 15
BC12.2.2 15 15
MP 002 15 15
Lineage 2
MP008 15 15
NTO054 15 15
BC5.2.4 15 15
H3.3.1 15 15
CONTROL 15 15
(uninoculated)

;NT= Newport/Toledo, BC= Beaver Creek, MP= Mary’s Peak, H= Hebo.
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Table 2. Primer sequences, numbers of alleles, size ranges, and repeat motifs for polymorphic
microsatellite loci identified in Winton et al. 2007.

. Size Range .
a
L oci Primers Alleles (bp) Repeat Motif
Multiplex 1
] F: TCCCCGCCTATATTTCTC
Pgdil 13 93-106 (CA)18
R: (FAM) CCGAATCGATTTGCTAGG
) F: ATTCCAGAGCCATACCGTTG
Pgdi2 25 229-256 (AG)26
R: (HEX) AGGTGGATGAGGGATGTTTG
] F: GGGGATGCTGGAATGTATGT
Pgdi3 17 328-350 (TC)18
R: (NED) GCACATTGCTCAGTGCTCTC
. F: GGCATCGCAGTCAACTTA
Pgdi4 25 441-492 (GT)17
R: (FAM) CGAGCCGAACCTTTAGTT
F: ATAGTATATTACACCAGG (AG)AGA(AG)SAA(AG)3AAAGAA(AG)3
Pgdi5 27 336-404 AAAGAC(AG)SAAAGAC(AG)11
R: (HEX) CAACAGCACATCGCAACA GA(AG)4GG(AG)5AA(AG)5GG(AG)2
Multiplex 2
] F: TGGAGACCATTAACCCTGGA
PgTril 21 374-434 (CAT)22(CTT)19
R: (FAM) TTGGGAGGGTATTGAGGTTG
] F: AGGCAGAGAAGGGAGAGGAG
PgTri2 50 258-400 (GAC)4[(GAA)3(GAC)3]9GAA(GAC)2
R: (HEX) TCTGCAAGACCGTCATCATC
] F: CCCTTCCCAATCACTTCTCA
PgTri6 74 268-391 (CAA)24
R: (NED) GGACTGCTTTGGGTGATGTT
Multiplex 3
) F: ATGCTATCCCTCCCCAACTC
PgTri7 27 373-420 (TTC)BTTT(CTT)7
R: (FAM) TGCGAAGCGTGTAAATTCTG
F: CATCCGCTCCATTTCATTCT
PgTetl 67 200-324 (AATC)13

R: (HEX) TGGCGACGGAGTTGATAATA

8F = forward primer, R = reverse primer. FAM = blue fluorescent dye, HEX = green fluorescent
dye, NED = yellow fluorescent dye.

Results and Discussion

Genetic Diversity, Population Subdivision
A total of 803 isolates were obtained from 15 sites in the SNCC plot network, including
550 from ten sites in the Tillamook group, 136 from three sites near Florence and 107 from two
WDNR sites in southern Washington (Table 3). To date 384 of these isolates have been
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genotyped. One of the microsatellite loci (PgTril) failed to amplify in our multiplexed PCR
protocol, so all data presented here represent the genotypes based on nine of the ten original
microsatellite loci identified by Winton et al. (2007).

The preliminary analysis suggests that Lineage 1 is more abundant overall in western
Oregon, with an estimated 80% of all isolates sampled belonging to Lineage 1. Lineage 1
isolates were detected at all sites sampled, while Lineage 2 isolates were absent, or present in
low abundance, at many sites. The microsatellite loci analyzed appear to be highly polymorphic,
i.e. there are numerous different alleles present at each locus in both lineages over the entire
sampling area. Of the total 384 isolates analyzed, 348 distinct multi-locus genotypes were
detected. The expected heterozygosity (a measure of the frequency of different microsatellite
alleles in a population) is quite high (He > 0.5) in most of the populations sampled, further
indicating a high degree of polymorphism at these microsatellite loci (Figure 2, Table 5).

The results of the AMOVA test indicate high genetic variance within lineages (87%), and
low genetic variance between lineages (13%; Table 4). Estimates of population differentiation
were calculated using the PhiPT parameter, (a modification of Wright’s F-statistic). The results
of these analyses indicate significant genetic differentiation between the two lineages (PhiPT=
0.131, p =0.01).

Reproductive Isolation

Pairwise comparisons of genetic distance (number of shared microsatellite alleles) and
comparisons of allele frequencies between lineages indicate a strong reproductive barrier. The
UPGMA dendrograms indicate that there is no gene flow occurring between the two lineages
(Figure 3). These analyses support the conclusion that Lineages 1 and 2 constitute separate
biological species; they do not interbreed although their ranges overlap.

Dispersal

The dendrograms also indicate that isolates from a particular site in the plot network may
be more similar to isolates from distant sites than they are to other isolates from within the same
site. This suggests that there may be some long-distance dispersal of genetic material between
distant sites. Genotypes of Lineage 2 isolates from the WDNR plots were very similar to Lineage
2 isolates from Tillamook and Florence, OR. Whether this reflects natural dispersal or is due to
human-aided movements of plant material remains to be determined.

Lineage Distributions

Lineage 2 is most abundant at sites near Tillamook, but occurs further inland in sites in
southwestern Oregon. Lineages 1 and 2 coexist in approximately equal proportions along the
western Coast Range near Tillamook, and Lineage 2 decreases in abundance with increasing
distance inland (Figure 1). Our sampling to date did not recover any Lineage 2 isolates at the
most eastern site in the Tillamook group, 25-35 miles inland. However, no such pattern occurred
as far south as Florence, with sites 15-25 and 25-35 miles from the coast containing 23% and
21% Lineage 2, respectively (Table 3). Although we did not obtain samples from sites near the
central coast the results from more inland sites in the Florence site group indicate that Lineage 2
is more abundant in the southern Oregon Coast Range compared to sites from the same longitude
near Tillamook. Only two Lineage 2 isolates out of the 20 genotyped to date were recovered
from the DNR sites in southwestern Washington.
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Table 3. Numbers and proportions of each lineage at each site sampled in 2014.

Site Owner Name Distanc | Total # L1 L2 | Proportio
e from | Spores | Isolates nL2
Coast | Isolate | Analyze
(miles) d d
T-01 Stimson | Wedding 0-5 70 49 23 26 0.53
Ring
T-02 Stimson | Rockawa 0-5 39 6 3 3 0.50
y
T-03 Campbell | CG172 0-5 44 7 6 1 0.14
T5-1 Campbell | CG111 5-15 45 0
T5-3 Stimson Mill 5-15 46 12 11 1 0.08
Creek
T5-5 ODF ODFT 5-15 37 24 19 5 0.21
T15-1 | Campbell | PGS 15-25 74 43 27 | 16 0.37
T15-2 Stimson Olson 15-25 55 5 5 0 0
T25-2 Stimson | SLFG1 25-35 70 56 56 0 0
T25-3 Stimson | SLFG2 25-35 70 53 53 0 0
F15-1 Starker Swamp 15-25 49 28 25 3 0.11
Creek
F15-3 Starker Haines 15-25 19 15 8 7 0.47
Rd
F25-2 Starker Honey 25-35 68 52 41 11 0.21
Grove
DNRS25- | WDNR Cat 25-35 55 0
1 Scratch
DNRL25- | WDNR East 25-35 52 20 18 2 0.10
2 Slope
CarnWA Carnation 10 8 8 0 0
, WA
Total: 15 803 384 308 | 76 0.20
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Figure 1. Scatterplot showing the proportions of Lineage 2 at several Tillamook sites with

varying distances from the coast. T-01: n=49, T5-5: n= 24, T15-1: n=43, T25-2: n= 56, T25-3:
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Figure 2. Estimates of expected heterozygosity (He) based on allele frequencies at each site. T=

Tillamook, F= Florence. DNRL= WA Department of Natural Resources, CarnWA= Carnation,

WA. H=[1-X (pi 9)].
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Table 4. Summary Analysis of Molecular VVariance (AMOVA) table.

Summary AMOVA

Table

Source df SS MS Est. Var. | %

Among Pops 14 | 645548.378 | 46110.598 | 1476.429 13%
Within Pops 369 | 3615875.955 | 9799.122 | 9799.122 87%
Total 383 | 4261424.333 11275.551 100%

Table 5. Summary of population parameters and diversity indices.

Na? %PP I° Hd
CarnWA 2.222 66.67% 0.487 0.278
T-03 3.333 100.00% | 0.950 0.522
T-02 3.000 88.89% 0.944 0.550
T15-2 3.111 100.00% | 0.997 0.578
T25-2 8.222 100.00% | 1.360 0.587
T5-3 5.222 100.00% | 1.300 0.623
T25-3 9.333 100.00% | 1.585 0.681
T5-5 8.778 100.00% | 1.769 0.747
DNRL25-2 9.222 100.00% | 1.863 0.769
F15-3 6.556 100.00% | 1.660 0.772
F15-1 10.222 | 100.00% | 1.930 0.787
T15-1 11.556 | 100.00% | 1.947 0.796
T-01 11.889 | 100.00% | 2.101 0.834
F25-2 16.333 | 100.00% | 2.338 0.857
Mean 7.786 96.83% 1.516 0.670

@Na = # of alleles

bo6P = percentage of polymorphic loci

¢ | = Shannon Information Index= - [Z (pi In (pi)],

9H = Diversity=[1 — X (pi 2] (Where pi is the frequency of the ith allele for the population & X
pi? is the sum of the squared population allele frequencies).



Lineage 1

Lineage 2

100

51



e

T

Lineage 2

Figure 3. Dendrogram depicting similarity between isolates in the microsatellite data set based
on pairwise comparisons of Nei’s genetic distance. 100% bootstrap support for split between
Lineage 1 and Lineage 2.
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Regional effects of Swiss needle cast disease and climate on growth of
Douglas-fir in western Oregon

E. Henry Lee?, Peter A. Beedlow!, Ronald S. Waschmann?, David T. Tingey?, Charlotte
Wickham?, Steve Cline!
1 US Environmental Protection Agency, 200 SW 35" Street, Corvallis, OR 97330
2 Retired
% Oregon State University, Department of Statistics, Corvallis, OR 97332

Summary

The fungal pathogen, Phaeocryptopus gaeumannii, occurs wherever Douglas-fir is found
but disease damage is believed to be limited to the Coast Range and is of no concern outside this
region (Shaw et al., 2011). However, knowledge remains limited on the spatial distribution of
Swiss Needle Cast (SNC) impacts in the Pacific Northwest. We examined the spatial
distribution of SNC impacts on mature Douglas-fir trees using time series intervention analysis
of intra-annual tree ring width chronologies from nine study sites in western Oregon. The sites
were located in mature forest stands on the west slope of the Coast Range to mid- and high-
elevations on the west slope of the Cascade Mountains of Oregon (Figure 1).

All sampled stands experienced significant radial growth reductions in Douglas-fir that
could not be accounted for by current and previous-year seasonal climatic factors (Figure 2).
The spatiotemporal patterns of growth impact from SNC disease were synchronous across the
region, displayed periodicities of 25-30 years, and were strongly correlated with winter and
summer temperatures and summer precipitation. In warm environments on the west slopes of
the Coast Range, summer temperature and/or precipitation was more limiting to fungal
development than winter temperature (Figure 3); in cool environments at high elevations,
winter temperature was the primary limiting factor.

Our findings show that SNC impacts occur wherever Douglas-fir is found in western
Oregon and is not limited to the coastal fog zone. In the 20" century, SNC impacts at low- to
mid-elevations were least severe during the warm phase of the Pacific Decadal Oscillation (PDO,
1924-1945) and most severe in 1984-1986, following the cool phase of the PDO (1945-1977).
At high elevations on the west slope of the Cascade Mountains, SNC impacts were the greatest
in the 1990s and 2000s due to warmer winter temperatures associated with climate change
(Figure 4). Our findings of a 25-35 year disease impact cycle combined with aerial surveys
indicating record acreage exhibiting disease symptoms for the past four years suggest that the
next peak impact will occur in 2014-2016, following the last peak in 1984-1986. Warmer
winters will increase disease severity at higher elevation, north along the coast from northern
Oregon to British Columbia, and inland sites where current winter temperatures limit fungal
growth, as predicted in Lee et al. (2013).
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Cascade Head

Jackson Place’
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fHorse Creek Trail Lower
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Figure 1. Tree core samples were collected from nine field sites located in mature Douglas-fir stands on the
west and east sides of the Coast Range, in the Willamette Valley, and on the west side of the Cascade
Mountains.
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Figure 2. Tree-ringwidth based reconstruction of Swiss needle cast impacts 1895-2011 at nine study sites

located in mature forest stands in western Oregon. SNC impacts have a ~30 year periodicity that is

synchronous across the region as indicated by the peak impacts in 1918, 1959, and 1984.
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Figure 3. Winter temperature and summer temperature and precipitation limit fungal development
depending upon location, topography, aspect, and site conditions. Summer conditions are the primary
limiting factor in warm environments while winter conditions are more limiting in cool environments based
on their associations with the low-frequency SNC impacts at each site.

g
2

A. Woods Creek, east side of Coast Range, 525 m elev, NW aspect

SNC Impact (%)
0 10 20 30 40 500 10 20 30 40 500 10 20 30 40 500 10 20 30 40
L o L L P Y A L L

D. Soapgrass Mountain, west side of Cascade Mountains, 1190 m elev, SW

Year
Figure 4. SNC impacts display an increasing trend 1895-2011 at several inland sites, most notably at
Soapgrass Mountain, a high-elevation site on west slopes of the Cascade Mountains of Oregon. SNC impacts
at Soapgrass were unprecedented in the 1990s and 2000s due to warmer winters associated with climate
change.
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The needle damage done

A nuanced approach is the best treatment
for Swiss needle cast on Douglas fir

By David Shaw, Alan Kanaskie
and Gabriela Ritokova

Swiss needle cast (SNC) is a foli-
age disease of Douglas fir caused by the
fungus Phaeocryptopus gaeumannii, a
common native ascomycete that occurs
wherever Douglas fir is found. The fun-
gus is specific to Douglas fir.

Mortality is rare, but premature loss
of foliage reduces growth in forest plan-
tations. In Christmas trees and nursery
stock the disease can impact aesthetics,
crown fullness and color, and tree health
(Figure 1.

History of the disease

Swiss needle cast was first described
in Switzerland in 1925. The disease was
then noted in other parts of Europe, and
is now known to be a potentially sig-
nificant disease wherever Douglas fir is
grown outside its native range.

The fungus that causes SNC was
shown to be ubiquitous in native
Douglas fir forests and not considered a
significant threat to forest health. In the
1970s, however, SNC was recognized as
a problem in Christmas tree plantations
in western Washington and Oregon.

SNC has become increasingly
apparent in the coast ranges of Oregon
and Washington since the 1970s. It
became so severe by the mid 1990s
as to prompt formation of a research
organization at Oregon State University
— the Swiss Needle Cast Cooperative
— to investigate the problem and find
management solutions.

The spread of SNC

Swiss needle cast is visible as yel-
lowish crowns and thin crown foliage
(Figure 2). An aerial survey conducted
in 2014 (Mulvey et al., 2013) estimated
586,249 acres of forests and planta-
tions showing symptoms of SNC in
Oregon, and another 228,500 acres in
Washington. Therefore, we estimate
more than 4,000,000 acres are affected
by the disease, from Bandon, Oregon,
to the Northern Olympic Peninsula and
inland 20-35 miles. Surveys south of
Bandon to Eureka, California, indicate no
significant SNC in that region.

The total economic impact of SNC
to Oregon’s economy has been estimat-
ed at $128 million per year. This amount
is based on a 20 percent growth reduc-
tion of Douglas fir in 10-70-year-old
stands, equal to more than 190 million
board feet per year.

Over the past 20 years, Swiss needle
cast has intensified across coastal Oregon
and Washington, as well as inland plan-
tations in the foothills of the Cascades,
especially in low-elevation forests of valley
bottoms and toe slopes near rivers and
streams, but also in high-rainfall areas.

Environmental factors

Although the fungus occurs every-
where, the disease develops according to
different geographic, seasonal and man-
agement settings.

The Swiss Needle Cast Cooperative
managed a plot system through the
western mid-slope of the Oregon >

Figure 1. This Douglas fir tree has symptoms of
Swiss needle cast: low foliage retention, thin
crown and yellowish foliage. PHOTO BY DAVID SHAW

Figure 2. Yellowish foliage, a common symptom of
Swiss needle cast, as seen from an aerial view of a
Douglas fir plantation. PHOTO BY ROB FLOWERS, OREGON
DEPARTMENT OF FORESTRY

An ongoing series provided by Oregon State University
in collaboration with the United States Department of

Agriculture and in partnership with OAN
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A THE NEEDLE DAMAGE DONE

Cascades for 10 years, and found very
low incidence of SNC. Several differ-
ent disease-modeling efforts were initi-
ated; most indicated that trees become
more susceptible to the disease at lower
elevations and with closer proximity to
the coast. When these two factors are
removed from models, variations on
seasonal rainfall, and especially tempera-
ture, became important.

One modeling group developed a
“continentality” index: climates that are
colder in winter and hotter in summer,
with more seasonal temperature varia-
tion and less summer rainfall, result in
fewer disease symptoms.

SNC is an unusual foliage disease
because the fungus does not cause mor-
tality of cells and leaves directly. The
fungus appears to live as an endophyte
within the needle. Disease develops
when the fungus forms spore dispersal

structures called pseudothecia (Figure 4),
which emerge from and clog the air pores
(stomates) on the underside of the needle.
The disease develops from carbon starva-
tion because the stomates cannot let water
out or carbon dioxide in. Needles are
typically lost after greater than 50 percent
of the stomates are plugged.

In the coastal and inland sites, disease
development is related to the formation
of pseudothecia on one- and two-year-old
needles, resulting in significant foliage loss.
In natural forests of the Cascades where
needles persist on the tree for more than
5 years, pseudothecia is found on the
oldest needles, but not younger ones.

Bud break occurs in late April and
early May for Douglas fir, with 4-6
weeks for branch elongation. Current-
year foliage is more susceptible to
P. gaeumanmnii, although older foliage
may also be infected.

ood s
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The fungus spreads via sexual
reproduction, and unlike other foliage
fungi, does not have asexual spores to
aid in intensification. Spores are dis-
persed from living foliage.

Consistently wet needles — a com-
mon occurrence near the coastal fog
zone during late spring and summer
(May-August) — allow spores to success-
fully germinate on the needle surface and
hyphae to grow into the needles through
stomates. Warm winter temperatures
probably allow the fungus to develop
faster in the intercellular spaces of the
needles and form pseudothecia sooner.

In Christmas tree farms and nursery
settings, the disease symptoms (needle
loss and yellowing) occur mostly in the
lower, mid and inner crown. Due to
humidity gradients, the wetter areas of
the crown are thought to be more sus-
ceptible to SNC.

However, in the coastal epidemic
area, the disease is most severe in the
upper crown, which leads to the hypoth-
esis that leaf wetness is not a control-
ling influence in the region — they are
always wet during spore dispersal!

Severity of SNC has an effect on
wood quality. The impact of the disease
is determined by growth rate and pro-
portion of early wood, the first wood
produced in spring.

Scientists compared severely infect-
ed trees that were treated with fungi-
cides to those that were not. They also
investigated wood characteristics across a
gradient of SNC intensity. These studies
showed that trees with severe SNC had
narrower sapwood, narrower growth
rings, higher modulus of elasticity, high-
er wood density, greater proportion of
latewood, and lower sapwood moisture
content, including narrower tracheid cell-
wall thickness.

The lack of older foliage and an
associated reduction in early-wood
production drives the increase in wood
density and stiffness.

Douglas fir has no apparent resistance
to infection; all needles become infected
under the right environmental conditions.
In one study, fungal biomass within the
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Figure 3. Aerial survey maps of coastal Oregon from 1996-2014. Yellow indicates moderately infected
plantations; red, heavily infected. SOURCE: OREGON DEPARTMENT OF FORESTRY AND USFS FOREST HEALTH PROTECTION,

AERIAL DETECTION SURVEY

needle was similar between trees, although
families differed in growth rate.

Regional genetic differences of the
tree have a big influence on disease
susceptibility. Research from British
Columbia and northern Washington
indicated that there was variation in
disease expression between the interior
Rocky Mountain variety of Douglas fir
(Pseudotsuga menziesii var. glauca) and
the coastal form (P. m. var. menziesii)
when trees were grown together in
provenance trials. The coastal form was
less impacted by disease in coastal areas,
presumably because it has adapted to
grow in wetter conditions.

Soil nutrients, especially high nitro-
gen levels, have been implicated in
disease incidence. There is a strong
negative correlation between foliar
nitrogen concentration and foliage reten-
tion. It has been proposed that excess
nitrogen in the foliage may be stored in
the form of soluble amino acids, which
promote the growth and development of
P. gaeumannii.

In addition, nutrient availability var-

60

ies across the Oregon Coast Range, with
lower nitrogen and higher calcium avail-
ability east of the crest, and higher nitro-
gen and lower calcium availability closer
to the coast where SNC becomes severe.

In one study in Idaho, nitrogen
fertilization of Douglas fir was shown
to increase nitrogen leaf content, P.
gaeumannii biomass and SNC sever-
ity. In another study of approximately
20-year-old Douglas fir trees in western
Oregon, no relationship was found
between disease severity and trees that
were treated with a variety of nutrients
and untreated trees.

SNC in managed settings

Management of the disease in forest
plantations involves a nuanced approach
that depends on geographic location,
measured stand impacts, stand age and
structure. It should also include evalu-
ation of qualitative models and needle
retention, along with quantitative mea-
surement of growth impacts.
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A THE NEEDLE DAMAGE DONE

mended and un-economical. Silvicultural
techniques, such as thinning and vegeta-
tion management, have been shown to
have no impact on disease severity, but
will influence stand development and
individual tree growth.

In Christmas tree and nursery set-
tings, an integrated pest management
strategy is required and may involve
fungicide applications during spore dis-
persal (Chastagner, 1997). Monitoring is
important, and should begin at least 3 or
4 years before planned harvest.

For the marketplace, it is important
to protect foliage from infection and
maintain 2-3 years of healthy foliage.
Therefore, fungicides do not need to be
used until 3 years prior to harvest.

Several fungicides are registered for
treatment of SNC: products containing
chlorothalonil are most commonly used.
Other strategies include canopy-drying

Figure 4. Underside of Douglas fir needle. Two bands of stomates are visible, one on each side of the
midrib. Note the black spore-producing bodies (pseudothecia) that clog the stomates. PHOTO COURTESY OF
SWISS NEEDLE CAST COOPERATIVE

G
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In conclusion 1726 SW Highway 18, McMinnville, OR 97218 ¢ www.dstakemill.com 6152
Swiss needle cast has emerged as
one of the most important disease issues
in the Pacific Northwest. Management
must be careful to identify that P.
gaeumannii is causing harm and not
just present. The Swiss Needle Cast
Cooperative will continue its investiga-

tion of this disease.

David Shaw is an associate professor in
the Department of Forest Engineering,
Resources, and Management, and is a
Sforest bealth specialist with Forestry and
Natural Resources Extension at Oregon
State University in Corvallis, Oregon, and
serves as director of the Swiss Needle Cast
Cooperative. He can be reached at
dave.shaw@oregonstate.edu.

Alan Kanaskie is a forest pathologist :
with the Oregon Department of Forestry = @:-l

in Salem, Oregon. He can be reached at 5 i
RTV=X1120D

alan.kanaskie@state.or.us.
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David C. Shaw', Department of Forest Engineering, Resources and Management, 280 Peavy Hall, Oregon State
University, Corvallis, Oregon 97331

Travis Woolley, Department of Forest Engineering, Resources and Management, 280 Peavy Hall, Oregon State
University, Corvallis, Oregon 97331

and

Alan Kanaskie, Oregon Department of Forestry, 2600 State Street, Salem, Oregon 97208

Vertical Foliage Retention in Douglas-fir Across Environmental
Gradients of the Western Oregon Coast Range Influenced by Swiss
Needle Cast

Abstract

We investigated the vertical pattern of foliage retention of Douglas-fir (Pseudotsuga menziesii) in the western Oregon Coast
Range where Swiss needle cast, a foliage disease caused by Phaeocryptopus gaeumannii, is causing foliage loss and growth
impacts. Swiss needle cast reduced foliage retention more in the upper crown than the lower crown within the epidemic
area, which is unusual as foliage diseases usually reduce foliage retention most in the lower crown. We hypothesized that
as foliage retention increased across environmental gradients that it would also increase in the upper crown at a greater
rate than the lower crown. We randomly selected 72 sites from a population of Douglas-fir plantations in the northwest
Oregon Coast Range. We estimated foliage retention from the lower, mid and upper crown of 10 trees per plot. We fitted
a two-level hierarchical model with tree and stand level predictors to model changes in foliage retention with changing
environmental gradient for foliage in each of three vertical crown positions. We found that the vertical pattern of foliage
retention was generally similar throughout the study area with lowest retention in the upper crown, and highest retention
in the lower crown. Foliage retention increased with increasing distance from the coast, which is correlated with increased
elevation and decreased temperature and site productivity. These findings are consistent with our current understanding of
conifer foliage retention. No apparent shift occurs from whole crown to lower crown impacts in our study area as foliage
retention increases and approaches normal.

Keywords: Douglas-fir, foliage retention, hierarchical modeling, foliage disease

Introduction

Foliage retention in determinant growth coni-
fers, expressed as the number of years of foliage
cohorts retained on a stem, varies due to environ-
mental and biological factors. Foliage retention
in conifers is known to increase with increasing
elevation and decreasing site productivity (Ewers
and Schmid 1981, Schoettle 1990, Reich et al.
1995, Reich et al. 1996), or increasing latitude and
decreasing temperature (Xiao 2003). Fertilization
with urea (N) has also been shown to reduce foliage
retention (Brix 1983, Balster and Marshall 2000).
Within a healthy tree crown, the upper crown
typically has the lowest foliage retention and the

! Author to whom correspondence should be addressed.
E-mail: dave.shaw @oregonstate.edu

lower crown has the highest foliage retention
(Schoettle and Smith 1991, Reich et al. 1995).

Foliage diseases that affect conifers cause reduc-
tions in foliage retention, with greater reduction
of foliage occurring where the spores landing on
foliage have the greater chance of survival. This
is typically in the lower portions of the crown
(Tatter 1989, Scharpf 1993, Goheen and Willhite
2006) due to higher humidity. Foliage diseases also
appear to be most prevalent in certain landscape
settings, such as on north slopes and in wetter
areas where humid air settles (Goheen and Willhite
2006, Shaw et al. 2009).

Swiss needle cast (Swiss needle cast), a foli-
age disease of Douglas-fir, (Pseudotsuga men-
ziesii) caused by Phaeocryptopus gaeumannii,
has reached epidemic proportions in the state of

Northwest Science, Vol. 88, No. 1, 2014

© 2014 by the Northwest Scientific Association. All rights reserved.

23

64


millemad
Typewritten Text

millemad
Typewritten Text
64


Oregon, USA along the Pacific coast and west
slope of the Oregon Coast Range—referred to
hereafter as the epidemic area (Shaw et al. 2011).
The disease is most severe near the coast and at
low elevations. The severity of Swiss needle cast
has been linked to warm winter temperature and
consistent spring/summer leaf wetness (Hansen
et al. 2000, Rosso and Hansen 2003, Manter et
al. 2005). Swiss needle cast symptoms include
early loss of foliage, thinning and chlorosis of
the crown, and reduced tree growth. Within the
epidemic area, Douglas-fir foliage retention is
thought to be directly affected by P. gaeumannii
(Hansen et al. 2000, Manter et al. 2001, Winton et
al. 2003). Tree growth has been directly linked to
foliage retention (Maguire et al. 2011), and effects
of foliage retention have been incorporated into
the forest growth model ORGANON (Maguire
et al. 2002, Garber et al. 2007).

Zhao et al. (2011) investigated the correlation
of regional and annual trends in foliage retention
with 85 different climatic variables. They found
that average foliage retention in western Oregon
Douglas-fir was correlated with a temperature-
based continentality index, mean annual precipi-
tation, winter temperature, summer temperature,
and spring or summer precipitation when distance
from coast and elevation were excluded. Zhao et
al. (2012) then investigated the climatic influences
on needle cohort survival associated with Swiss
needle cast in coastal Douglas-fir. They found
that needle survival was positively correlated with
maximum summer temperature, and negatively
associated with minimum winter temperature and
spring precipitation.

Typically, Swiss needle cast causes foliage loss
in the lower and inner portion of the crown, where
humidity is higher (Merrill and Longenecker 1973,
Chastagner and Byther 1983, Scharpf 1993). How-
ever, Hansen et al. (2000) concluded that disease
severity, measured as the density of Swiss needle
cast reproductive structures emerging from the
stomates (pseudothecia) was greater and foliage
retention was lower in the upper crown for the
first three cohorts of foliage at seven Douglas-fir
plantations near Tillamook, Oregon. These coastal
Oregon forests have unique environmental condi-

24 Shaw, Woolley, and Kanaskie

tions where summer precipitation and fog cause
similar leaf wetness throughout the entire crown
during the Swiss needle cast spore dispersal period
from late May through August.

Manter et al. (2003) also studied vertical pat-
terns of Swiss needle cast in Douglas-fir crowns
in coastal Oregon. They sampled one branch each
from the north-top, north-bottom, south-top, and
south-bottom quadrants of the crown of three
infected trees at each of five Swiss needle cast
impacted sites near the coast. The highest pseu-
dothecia density (disease severity) and greatest
relative foliage loss were found on the south-top,
followed by north-top quadrant. Manter et al.
(2003) also compared trees from north and south
aspects across three sample sites representing the
gradient from the western coast to the eastern drier
Willamette Valley margin. They found higher
levels of infection and symptom severity on trees
growing on south slopes in the western Coast
Range. Weiskittel et al. (2006) investigated the
influence of Swiss needle cast on foliage mass,
foliage age-class structure, and vertical foliage
distribution at twenty-one Douglas-fir plantations
(10- to 60-year-old) across a gradient of disease
severity within the Swiss needle cast epidemic area.
Reduction in the total mass of foliage in each age
class was associated with increasing Swiss needle
cast severity. As would be expected, this resulted
in an increased relative mass in the younger age
classes. The older age classes (4- to 5-year-old)
were skewed to the lower crown, while younger
age classes (1- to 3-year-old) were proportionally
more abundant in the upper crown.

Methods for estimating foliage retention vary
among studies. Hansen et al. (2000) and Manter
etal. (2003) used a disease assessment technique
where they focused on the first three years of
cohorts because impacts to these cohorts reflect
disease impacts to the host. They estimated the
percent of retained foliage in each cohort and found
that an average of 87% of the foliage was retained
in all three cohorts. Schoettle (1990) used leaf
longevity, defined as the age of the oldest leaves
that are firmly attached to the stem of a shoot. A
leaf longevity of 10 years indicates presence of
leaves in 11 annual cohorts, including the current
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year. Reich et al. (1996) also assessed needle
longevity or retention by counting annual needle
cohorts. However, a cohort was only counted if
> 50% of the needles in a cohort were retained.
With this technique, leaf longevity represents
an average needle life span. In addition, Reich
et al. (1996) recognized difference in vertical
patterns and averaged needle longevity from the
upper and lower crown. In contrast, Xiao (2003)
defined leaf longevity as the time in years that
current-year foliage of individual trees is expected
to live given the observed mortality rate using a
life table approach.

An understanding of foliage retention pat-
terns is important to management of the disease.
For example, thinning (density reduction) and
vegetation control are suggested as management
options to reduce foliage disease in conifer plan-
tations. However, research in the Swiss needle
cast epidemic area has so far shown thinning and
vegetation management does not aid in control of
the disease (Crane 2002, Mainwaring et al. 2005).
Similar insights have been gained in studies of
Swiss needle cast in New Zealand (Hood and
Sandberg 1979). However, the lack of response to
thinning may only be the case in the high sever-
ity area and it should still be suggested for low
severity sites (higher foliage retention) if relative
impacts of disease are greater in
the lower crown than the upper.

The objective of our research
was to examine whether the ver-
tical pattern of foliage retention
in Douglas-fir within the Swiss
needle cast epidemic area on the
western slope of the Oregon Coast
Range varies across an environ-
mental gradient of increasing ele-
vation and decreasing temperature
and productivity as one moves
inland. We hypothesized that the
change in foliage retention across
environmental gradients would be
greater in the upper crown than in
the lower crown due to lessening
of disease severity as one moves
out of the coastal fog zone.

Methods

Study Sites and Data Collection

We used an existing plot system of Douglas-fir
plantations in the northwest Coast Range of Or-
egon. This plot system was originally designed
to assess tree growth impacts resulting from P,
gaeumannii infection (Maguire et al. 2002). These
plots were measured annually from 1998-2003
and have become a foundation for monitoring
Swiss needle cast (Shaw et al. 2011). A single
permanent 0.02 ha plot was randomly established
within each of 76 Douglas-fir plantations between
10 and 30 years of age, located north of Newport
(N44°35°,W124°00’), south of Astoria (N46°10°,
123°50’), and within 31 km of the coast and on
sites ranging in elevation from 45 m to 518 m
(Figure 1). These plantations were randomly
selected from a large database that included all
major landowners with Douglas-fir plantations
within the given geographic and age constraints.
Height, height to live crown base, and foliage
retention was measured for 10 tallest trees per
plot (dominant or co-dominant trees), and tree
diameter at breast height (DBH) was measured
for all trees, annually from 1998-2003 (Table 1).
Estimates of foliage retention were obtained in
the year 2000. Results are reported for a total of

Figure 1. Map showing Growth Impact Study field sites (triangles) on which foliage
retention was measured. Plots are located in the northern half of the Oregon
coastal ecoregion between Newport and Astoria.
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TABLE 1. Mean and range of stand attributes for 76 perma-
nent growth impact study plots in the northern
Oregon coast range mountains.

Stand Attribute Mean Range
DBH (cm) 259 11.8-40.0*
Douglas-fir Density (trees/ha) 688 148 — 1,927
Douglas-fir Basal Area (m*ha) 15.77 2.03-37.24
Total Basal Area (m?*/ha) 19.25 2.84-54.97
Site Index (Height at 50 yr, m) 41.0 24.4-52.1
Average Foliage retention (yr) 2.26 1.12 -3.4%
Elevation (m) 230 45-518
Aspect (°) 180.8 0-356
Distance from Coast (km) 9.5 0.6-19.8

* 4/- 2 standard deviations

72 stands and 676 trees. Two sites were excluded
from the analysis because their elevations were
well above the range of the remaining sites and
were located on the east side of the Coast Range
crest, beyond the scope of our study. Two sites
were lost to disturbance.

The purpose of obtaining foliage retention
estimates was to determine the amount of foliage
present and its impact on tree growth (Maguire et
al. 2011). Therefore, our estimate of foliage reten-
tion was not foliage longevity. The foliage reten-
tion estimate was made by observing the amount
of foliage present and estimating the number of
cohorts where a full complement would fit. For
example, if year 1 and year 2 had full cohorts,

year 3 had 0.8 cohort and year 4 had 0.5 cohort
then foliage retention = 3.3. Foliage retention
was determined in spring (April) prior to current
year budbreak (early May). The live crown was
divided into thirds (lower, middle, upper) with
the base of the live crown defined as the lowest
live branch. A single secondary, or lateral branch,
off a primary branch in the center of each crown
third was examined. A two person crew (rarely a
third person substituting) did the needle retention
estimates to maintain consistency.

Data Analysis

The relationship of foliage retention to environmen-
tal measurements (distance from coast, elevation,
aspect) was modeled using a two-level hierarchical
linear model (Bryk and Raudenbush 1992; Singer
1998) with both tree- and stand-level predictors.
This method accounts for multi-level variation
due to measurement of explanatory variables at
different scales than the response variable. The
tree level model assumed the relationship of foli-
age retention to DBH within a stand did not differ
among crown positions within a tree, but allowed
the mean foliage retention to change as a function
of position within the tree canopy. Although DBH
in general is known to impact foliage retention,
the general variation in DBH among trees in our
study was not great (Figure 2) and it is difficult
to interpret the degree to which DBH actually

80

60

40 -

Count

20 A

30 35 40 45 50 55
DBH (cm)

Figure 2. Diameter distribution of trees sampled for foliage retention.
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influences foliage retention. Therefore we held the
effect constant in our models. The model translates
to a constant slope model with different intercepts
for each crown position and can be written as:

Y;",u'k = /ﬂn‘ +/ﬁ11 bijk +/Bzr[m,y'k +@DBH_‘M +Ey;

where Y, is the mean foliage retention of the ith
position in the /" tree in the k™ stand, and 7, is an
indicator of whether the measurement was made
in the bottom position and /  is an indicator of
whether the measurement was made in the middle
position. By convention, the intercept, 3, represents
the mean foliage retention of the top position. In
this model, each tree was repeatedly measured
(at 3 positions) and residuals were assumed to be
multivariate normal with an unstructured 3 by 3
variance-covariance matrix. Tree level covariates
included DBH and canopy position.

The second level model represented the hy-
pothesis that the mean foliage retention of each
position was dependent on stand level variables.
The second level model was

Boi =Yoo+ YorXi + Ao; [ Ay,
Bi=vio+tnXi+d |4
Boi = Va0t V20X, + Ay | Ay
By =Vt raXi+ 4y oy

Too Tor Toz To3
- MV Tor T T2 T

2
Too Tia Ton T3

S O O O

2
Tos Ti3 Taz T3

where X, represents a stand level variable or
variables, and residuals are multivariate normal
with mean 0 and in a 4 by 4 unstructured variance-
covariance matrix. Stand level covariates were
elevation, aspect, and distance from coastline.
Aspect was measured as an azimuth (0-360°) and
transformed for analysis using a cosine transfor-
mation (cosine[(aspect/360)*2x]) resulting in
continuous values between 1 (0° or 360°) and -1
(180), thus removing the disjunction between 0°
and 360°. Values of DBH, elevation, and distance
from coast were centered to either the mean values
within a stand (DBH), or the mean values across
all stands (distance and elevation). This approach
provides more interpretable model coefficients
(Singer 1998).

Explanatory variables at the tree (canopy po-
sition and DBH) and stand (elevation, distance
from coast, and cos_aspect) levels were used to
develop 18 a priori candidate models (Table 2).

Models included combinations and interactions
of explanatory variables at both the tree and stand
level, based on a priori hypotheses These models
were then compared using Akaike’s Information
Criterion (AIC) to select the best model (Burnham
and Anderson 2002). Models were ranked by the
change in AIC (A)). and Akaike’s weight (W, the
weight of evidence in favor of a model being
the best model within the entire set being tested
given the data [Burnham and Anderson 2002]).
Estimated proportional reduction in variance of
(TosT11s Tays Toy) after inclusion of tree level and/
or stand level explanatory variables provided
evidence of the importance of these variables in
explaining variance in foliage retention.

All regression analyses were performed using
the MIXED procedure with maximum likelihood
estimation methods in SAS v9.2 (SAS Institute
Cary, NY). The CORR procedure was also used
prior to model selection to determine correlation
between explanatory variables. Variables with
significant correlations were not included in the
same model. Because stand age and tree diameter
were moderately correlated (r = 0.57), stand age
was not used as a stand level variable in model
selection.

Results

The highest ranked models of foliage retention
included canopy position (lower, middle, upper),
tree diameter, and distance from coast (Table 3).
Foliage retention averaged 1.603 (0.038) for the
upper crown, 2.37 (0.051) for the mid crown,
and 2.85 (0.068) for the lower crown. The lowest
foliage retention occurred in the upper third of the
canopy and the highest occurred in the lower third
of the canopy (Figure 3, 4). Variation in foliage
retention was lowest in the upper canopy and high-
est in the lower canopy (Table 4). One hundred
percent of cumulative weight (W,,.) was given
to the top 10 ranked models, which all included
canopy position, DBH, and distance from coast.

We chose the top-ranked model to indicate the
most relevant variables explaining foliage reten-
tion due to its relative simplicity and because the
interaction between canopy position and distance
from coast is biologically meaningful in relation

Vertical Foliage Retention in Douglas-fir 27

68


millemad
Typewritten Text
68


TABLE 2. Rankings based on AIC values and explanatory variables for the 18 a priori candidate modelsand the NULL model.

Rank Variables AIC A W
1 CP, DBH, DIST, CP*DIST 2835.2 0.0 0.23
2 CP, DBH, DIST 2835.8 0.528 0.18
3 CP, DBH, DIST, ELEV 2836.4 1.156 0.13
4 CP, DBH, DIST, ASP 2836.9 1.631 0.10
5 CP, DBH, DIST, ASP, DIST*ASP 2837.0 1.807 0.09
6 CP, DBH, DIST, ELEV, DIST*ASP 2837.4 2.148 0.08
7 CP, DBH, DIST, ELEV, ASP 2837.5 2.220 0.08
8 CP, DBH, DIST, ELEV, DIST*ELEV 2838.4 3.203 0.05
9 CP, DBH, ASP DIST, ELEV, ELEV*ASP 2839.3 4.035 0.03

10 CP, DBH, ASP DIST, ELEV, DIST*ELEV 2839.5 4.265 0.03
11 CP, DBH, ELEV 2848.2 12.917 0.00
12 CP, DBH, ELEV, ASP 2849.3 14.106 0.00
13 CP, DBH, ASP, ELEV*ASP 2851.4 16.152 0.00
14 CP, DBH, ELEV, CP*ELEV 2851.5 16.302 0.00
15 CP, DBH” 2852.1 16.842 0.00
16 CP, DBH, ASP 2853.4 18.180 0.00
17 CP, DBH, ASP, DBH*ASP 2855.0 19.780 0.00
18 CP, DBH, ASP, CP*ASP 2857.3 22.027 0.00
19 NULL 3022.2 187.0 0.00

"Tree level variables only

35
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Foliage Retention (years)
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Figure 3. Mean foliage retention estimates in three canopy
positions for trees of average DBH in the Swiss
needle cast infected area of the western Oregon
coast range. Error bars indicate 95% confidence
intervals.

to our original hypotheses (Table 2). All a priori
models with distance as an explanatory variable
were included in this top 10. Delta AIC values (A, )
showed that there was little difference among the
top eight models. The second-ranked and simplest
model included only canopy position, DBH, and

28 Shaw, Woolley, and Kanaskie

distance from coast. The model including eleva-
tion in addition to canopy position, DBH, and
distance from coast, was ranked third among the
pool of possible models.

At the stand level, distance from coast was the
most important of the stand variables (F ., =
26.06, p<0.001), but there is some evidence that
its effect differs with position in the canopy (F, ;|
= 2.33, p = 0.105; Figure 3).When considering
trees of average DBH, foliage retention in the
lower canopy was found to increase by 0.40 years
(95% CI: 0.21-0.58 years) every 10 km increase
in the distance from the coast. In the mid-canopy,
foliage retention was found to increase by 0.33
years (95% CI: 0.19-0.46 years) for every 10
km increase in distance from the coast, and in
the upper canopy, foliage retention was found to
increase by 0.25 years (95% CI: 0.14-0.35 years)
for every 10 km increase in distance from the
coast. Foliage retention does increase at a greater
rate in the upper crown than in the lower crown,
but this difference does not appear meaningful
across the study area.
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0.1 years (95% CI: 0.04-0.17) for
every 10 cm increase in DBH. In

addition to DBH, foliage retention
varies by canopy position (lower,
middle, and upper positions).

Discussion

The vertical pattern of foliage re-
tention was generally consistent
throughout the study area with
lowest retention in the upper crown
and highest retention in the lower
crown. Foliage retention in all

®  Lower Canopy
L O Mid Canopy
¥ Upper Canopy
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Figure 4. Foliage retention for lower, middle, and upper canopy positions illustrating
the relationship of foliage retention and distance from the coastline for

trees of average DBH.

In individual tree canopies (i.e., tree level fac-
tors) in 10-30 year-old Douglas-fir stands on the
Oregon coast range, DBH was a significant factor
explaining foliage retention patterns (F 5, ;=9.71,
p = 0.003) (Table 3). Holding the other model
variables constant, foliage retention increases by

crown positions increased with
distance from the coast (Figure
4). Contrary to our hypothesis, we
could detect little difference in the
rate of increase in foliage retention
with distance to the coast among
the three crown positions. The top 10 models (all
within ~4 AIC units of each other; Table 3), were
similar to one another, all of them involving crown
position, DBH and distance from coast, but dif-
fering either by inclusion of an additional stand
level variable or by allowing the effect of distance

30 35

TABLE 3. Rankings based on AIC values for the top three hierarchical models and both the level 1 model (no stand level co-
variates) and the NULL model (intercept only). T = estimated variance among trees in FR in each crown position.

Proportional variance reduction = (T, = T,)/T

Proportional Proportional
variance reduction  variance reduction
Rank Variables AIC A W T(Crown Position)  relative to NULL  relative to Level 1
0.27 (Upper) 0.89 0.23
1 CP, DBH, DIST,  2835.2 0.0 0.23 0.14 (Mid) 0.87 0.26
CP*DIST 0.07 (Lower) 0.50 0.36
0.28 (Upper) 0.88 0.20
2 CP,DBH, DIST  2835.8  0.528 0.18 0.14 (Mid) 0.87 0.26
0.07 (Lower) 0.50 0.36
0.28 (Upper) 0.88 0.20
3 CP, DBH, DIST, 28364 1.156 0.13 0.14 (Mid) 0.87 NA
ELEV 0.07 (Lower) 0.50 0.36
0.35 (Upper) 0.82
15 CP, DBH 2852.1 16.8 0.00 0.19 (Mid) 0.87 NA
(Level 1) 0.11 (Lower) 0.21
2.35 (Upper)
19 NULL 3022.2  187.0 0.00 1.07 (Mid) NA NA
0.14 (Lower)
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70


millemad
Typewritten Text
70


TABLE 4. Model coefficients for the top ranked model (SE in
parentheses). The model is in the form of: FR=[3,
+B,*DBH + B, *Distance for each position. DBH
is measured in cm and distance in kilometers.

Canopy

Position B, (Intercept) B, (DBH) B, (Distance)

Lower 2.852 0.011 0.040
(0.068) (0.003) (0.009)

Middle 2.373 0.011 0.033
(0.051) (0.003) (0.007)

Upper 1.603 0.011 0.025
(0.038) (0.003) (0.005)

to differ among crown positions. There was no
clear evidence that any one of these models was
the best, implying that none of the factors besides
the crown position, DBH, and distance from coast
appear to be important in explaining much of the
variation in vertical foliage retention patterns.

Distance from the coast was clearly more
closely related to foliage retention in our analysis
than was elevation (Table 3). This is consistent
with our understanding of disease distribution and
severity relative to winter temperature and coastal
fog and rain during spring and summer (Hansen
et al. 2000, Rosso and Hansen 2003, Manter et
al. 2005) while needle retention and longevity are
related to climatic factors also (Zhao et al. 2011,
2012). In our study area, elevation increases with
distance from the coast, and is slightly correlated
(r =0.36) with foliage retention patterns.

Separating out the interaction among elevation,
distance from coast, and other environmental
factors that influence foliage retention is very
difficult. Zhao et al. (2011, 2012) did not include
distance from coast and elevation in their models
purposely to determine the influence of climate.
Perakis et al. (2005) documented a strong soil and
foliar nitrogen decline from the coastline moving
inland, and lower nitrogen levels have been cor-
related with higher foliage retention (Brix 1983,
Reich et al. 1995, Balster and Marshall 2000). The
high nitrogen levels near the coast combined with
mild winter temperature, longer growing season,
greater summer precipitation and fog all interact to
reduce foliage retention. Tree size is also known
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to influence relative vertical foliage distribution in
Douglas-fir (Maguire and Bennett 1996) as well
as overall foliage retention (Xiao 2003).

We held DBH constant in our model due to the
fairly narrow distribution of DBH and tree age in
our sample (Figure 2). Given that tree diameter is
closely related to tree height, the relationship of
foliage retention and tree diameter may be reflect-
ing changes in tree height and subsequent changes
in canopy architecture and microclimate as stand
structure changes through stand development.
Findings from Weiskittel et al. (2006) also support
this conclusion; crown size and tree social position
were both factors influencing patterns of foliage
retention. We accounted for tree social position
by only choosing dominant or co-dominant trees.

Foliage retention and/or leaf longevity in coni-
fers is known to increase with increasing elevation
and decreasing site productivity (Reich et al. 1992,
1996). Our results support this paradigm, although
we did not explicitly account for site productivity.
Tree height is often used to predict site productivity
and Swiss needle cast has been shown to influence
tree height, making site productivity difficult to
measure. However, site productivity is generally
thought to decrease with distance from coast and
increasing elevation in the Oregon Coast Range
(Perakis et al. 2005).

Merrill and Longenecker (1973), Chastagner
and Byther (1983) and Scharpf (1993) all note
that Swiss needle cast symptoms were most se-
vere in the lower crown. We hypothesized that at
high elevations far from the coast, where foliage
retention in Douglas-fir is highest, the largest
reduction in foliage retention would occur in
the lower crown. This would be manifested as a
smaller difference in foliage retention between
upper and lower crowns at high elevations than
at low elevations. This was not the case in our
study area on the western slopes of the Coast
Range of northwest Oregon, where we found no
evidence of this effect but some slight evidence
of an opposite effect with distance (Figure 3). In
our Swiss needle cast study area, the difference
in foliage retention between the upper and lower
crowns was greater farther from the coast than
near the coast.
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Our approach to estimating foliage retention
differed from those more interested in foliage
longevity (Ewers and Schmid 1981, Schoettle
1990, Reich et al. 1995, and Reich et al. 1996)
and disease biology (Hansen et al. 2000, Manter
et al. 2003). However, we feel our approach is
practical for estimates of foliage retention and
may not be extremely different from estimates
of foliage longevity. Our technique has been
used to quantify foliage retention with respect
to impact on tree growth (Maguire et al. 2011)
and foliage retention is the basis for estimating
growth deviations from normal using models such
as ORGANON (Garber et al. 2007).

Our results show that on the west slope of the
Oregon Coast Range the vertical pattern of foliage
retention is similar across environmental gradients
and it does not appear to fit the usual paradigm
applied to trees influenced by foliage disease in
general, or Swiss needle cast infestations in other
regions. Typical foliage disease plantation treat-
ments, such as thinning to dry out the stand and
improve airflow, do not reduce Swiss needle cast
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Relationships between Swiss needle cast and ectomycorrhizal fungus diversity
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Abstract: Swiss needle cast (SNC) is a disease specific
to Douglas-fir (Pseudotsuga menziesii) caused by the
ascomycete Phaeocryptopus gaeumannii. Here we
examine characteristics of the EM fungus community
that are potentially useful in predictive models that
would monitor forest health. We found that mean EM
density (number of colonized root tips/soil core)
varied nearly 10-fold among sites of varying levels of
SNC, while mean EM fungus species richness (num-
ber of species/soil core) varied by about 2.5 times.
Strong relationships were found between EM and
SNC parameters: EM species richness was positively
correlated with both Douglas-fir needle retention (R*
= 0.93) and EM density (R* = 0.65); EM density also
was significantly correlated with Douglasfir needle
retention (R? = 0.70). These simple characteristics of
the EM fungus community could be used to monitor
forest health and generate predictive models of site
suitability for Douglas-fir. Based on previous findings
that normally common EM types were reduced in
frequency on sites with severe SNC, we also hypoth-
esized that some EM fungi would be stress tolerant-
dominant species. Instead, we found that various
fungi were able to form EM with the stressed trees,
but none were consistently dominant across samples
in the severely diseased areas.

Key words: anthropogenic disturbance, climate
change, ecosystem health, Phaeocryptopus gaeumannii

INTRODUCTION

Swiss needle cast (SNC) disease is specific to Pseudot-
suga menziesti (Mirb.) Franco (Douglasfir) and is
caused by the ascomycete Phaeocryptopus gaeumannii
(T. Rohde) Petr. (Gatimann 1930 in Stone et al. 2008).
SNC affects the foliage of Douglas-fir: symptoms
include chlorotic needles and premature needle
abscission, resulting in reduced leaf area index and
vigor (Manter et al. 2000, McGuire et al. 2002,
Weiskittel and McGuire 2007). Phaeocryptopus gaeu-
mannii is native to the western United States and
presumably was introduced in Europe, New Zealand

Submitted 15 May 2012; accepted for publication 2 Jan 2014.
! Corresponding author. E-mail: luomad@fsl.orst.edu
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and elsewhere via import of live Douglas-fir seedlings
(Stone et al. 2007). It was the initial discovery of the
disease in Douglas-fir plantations in Switzerland in the
mid-1920s that engendered the name of the disease
(Gatimann 1930). Until the mid-1980s, P. gaeumannii
was considered an unimportant and minor pathogen
(Boyce 1940, Hansen et al. 2000). Under most
conditions, P. gaeumannii is a benign component of
the tree canopy and does not contribute to premature
needle shed or growth loss. Nevertheless, since the late
1980s and early 1990s SNC has caused an epidemic
affecting hundreds of thousands of acres, across a wide
variety of soil conditions, in the western Oregon Coast
Range from Coos Bay to Astoria. Annual aerial surveys
conducted by the Oregon Department of Forestry have
shown a consistent increase in affected areas since the
surveys began in 1996. The 2011 aerial survey mapped
more than 160000 ha with symptoms of SNC. Most
diseased trees occurred within 29 km of the Pacific
Ocean, but SNC symptoms extended up to 40 km
inland (Kanaskie and McWilliams 2011). Stone et al.
(2008) note the strong correlation of P. gaeumannii
abundance and disease severity with climatic factors,
particularly winter mean temperature. Growth losses in
the area of epidemic infection generally are 20-50%,
and annual growth losses are estimated to exceed
$200 000 000 per year (Maguire et al. 2002).

It is important to consider the potential links
between ectomycorrhizal (EM) fungi and SNC.
Ectomycorrhizal fungi are essential for host plant
nutrient uptake and play important roles in nutrient
cycling in many forests (Cromack et al. 1979, Smith
and Read 2008). For example, an estimated 50-70%
of the net annual productivity may be translocated to
roots and associated mycorrhizal fungi (Fogel and
Hunt 1979, Vogt et al. 1982, Norton et al. 1990).
Markkola et al. (2004) found reduced carbon
allocation to roots after 100% defoliation and that
fungal biomass in fine roots decreased when defoli-
ation occurred in the year of harvest but not when the
defoliation was conducted the previous year. They
concluded that current photosynthates are particu-
larly important for EM fungal symbionts.

Most of the dominant and economically important
timber species in the Pacific Northwest are EM-
dependent, including all members of the pine, oak
and birch plant families (Smith and Read 2008).
Douglas-fir alone is thought to have about 2000 EM
fungal symbionts throughout its range (Trappe 1977)
and appears unable to grow in soil without ectomy-
corrhizal fungi (Trappe and Strand 1969).
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In a 2006 pilot study we found that Douglas-fir
forests with moderate to high SNC (as measured by
foliage retention) had 3-4 times fewer EM fungus
species than similar Douglas-fir stands without appre-
ciable SNC (Eberhart et al. 1996, Luoma et al. 2006)
and had numbers of EM species comparable to that of
sites that had experienced significant disturbance from
clear-cutting and fire (Luoma and Eberhart 2006). We
concluded that the degree of EM fungus diversity
detected in the pilot study suggested that the
belowground ecosystem was being strongly affected
by SNC, alone or in combination with the previous
removal of mature trees during timber harvest and
postharvest silvicultural practices.

Here we present work that was undertaken to
provide better understanding of relationships be-
tween EM fungus diversity and SNC in northwestern
Oregon. We assumed the EM fungus community
structure varied substantially across the landscapes in
which SNC is found for many potential reasons,
particularly those tied to variations in climate and soil
conditions. We hypothesized that in comparing sites
of similar age, structure and management history
across a gradient of SNC disease, EM root-tip density
and EM fungus species richness (at the scale of the
soil core) would be inversely correlated with SNC
severity (mean needle age cohorts, measured in
years) due to reduced photosynthetic capacity accom-
panying increasing disease.

In addition, preliminary data suggested that some
EM fungi were tolerated stress (sensu Grime 1979)
because common Douglasfir EM types formed by
genera such as Cenococcum and Rhizopogon were less
widespread in SNC-stressed stands than in other
studies (Eberhart et al. 1996, Luoma et al. 2006).
Because the diseased trees were mycorrhizal, albeit at
low EM root-tip densities, we hypothesized that certain
EM fungi (with important functional roles to keep
Douglas-fir alive in the face of heavy SNC) may become
more dominant on the roots that remain. Therefore
we examined a second hypothesis that particular stress-
tolerant EM fungi would be found as dominant
members of the EM community. Specifically we
hypothesized that (i) common mycorrhiza types of
non-SNC affected trees, as measured by mean number
of root-tips/soil core, will be less common on high SNC
sites; (ii) A limited number of stress-tolerent fungi,
possibly adapted to a reduced carbon supply, will be
relatively more common, as measured by mean
number of EM root-tips/soil core, on high SNC sites.

MATERIALS AND METHODS

Field sites.—The study sites (FIG. 1) varied by degree of SNC
disease symptoms (TABLE I), and disease severity was

FiG. 1. Study site locations with reference to the Picea
sitchensis (Sitka spruce) zone (light gray) in northwestern
Oregon. The Tsuga heterophylla (western hemlock) zone,
typically dominated by long-lived stands of Douglasir, is
depicted in dark gray (after Franklin and Dyrness 1973).
(Key in TABLE I.) Base map: Oregon Gap Analysis/Oregon
Department of Forestry.

measured by use of a needle retention index (Hansen et al.
2000). Stands were similarly managed, un-thinned and
unfertilized Douglas-fir plantations that were about 20-25 y
old at the time of sampling. Additional site information can
be found in Stone et al. (2005), Mainwaring et al. (2007) and
Mulvey et al. (2013). Foliage retention (mean needle age
cohorts, measured in years) has been found to work well for
predicting tree and stand growth (Maguire et al. 2002, 2011).

Study trees had been mapped and numbered by other
researchers (Stone et al. 2005, Mainwaring et al. 2007,
Mulvey et al. 2013). EM roots of Douglas-fir were obtained
from 350 cc soil cores, 15 cm X 5.5 cm. At each site one soil
core was taken from beneath the canopy of each of 10 trees
chosen randomly from the list of prenumbered trees. Soil
cores were located approximately 1 m from the base of each
tree and on the side of the bole closest to the nearest
neighboring Douglas-fir, so as to bias for maximum
Douglas-fir root density. A total of 70 soil cores were
obtained (10 trees/site X 7 sites) in Feb 2007. We also
sampled two sites in 2008 that included the most severely
diseased site, GDH, as well as another heavily affected site
(Swede Hill) near GDH (TABLE I).

Laboratory.—Soil cores were kept cool in the field and
stored at —20 C immediately after returning from the field.
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When soil cores were thawed they were examined within
48 h. Roots were extracted from the soil cores by wet sieve-
washing over a 1 mm grate. The contents of the sieve were
spread evenly, with sufficient water to cover, in the bottom
of a 38 X 17 X 2 cm tray that was divided into 36
compartments by an inserted Plexiglas partition (Eberhart
et al. 1996). Roots were examined with a stereomicroscope
at 15-30X magnification. Each EM type encountered was
classified by morphological characteristics similar to those
described in Ingleby et al. (1990) and Goodman et al.
(1996) including color, texture, presence/absence of
rhizomorphs and emanating hyphae. Morphotype identities
were determined by comparison to the EM character
database maintained by J. Eberhart (unpubl), some of
which had been determined to genus or species by DNA
sequencing (Luoma and Eberhart 2006). The total number
of EM types per soil core and total number of mycorrhizal
root tips in each core were recorded for 10 soil cores from
seven sites in 2007 and two sites in 2008. Representative
samples (a minimum of two tips each) of the predominant
mycorrhiza types were saved in CTAB buffer for molecular
analysis of the fungal DNA.

7.79 (0.76)
5.9 (0.74)
4.6" (0.76)
4.8 (0.65)
3.3 (0.60)
2.9% (0.48)

2.9 (0.67)

2.5 (0.37)

2.3 (0.45)

Richness*®

478.6° (106.6)
9274.9% (60.0)
149.9% (42.4)
65.8% (20.0)

274.9° (105.0)
99.3% (27.5)

936.6"4 (92.9)
122.1 (21.5)
123.5 (35.9)

EM density**

SNC index?
3.62
3.12
2.94
2.99
2.31
2.17
1.70
1.70
1.59

Molecular analysis.—For the most common EM morpho-
types in the 2008 samples, we extracted DNA following the
method described by Avis et al. (2003) with a plant DNA
extraction kit (REDExtract-N-Amp Plant PCR Kit, Sigma, St
Louis, Missouri). The ITS region (ITS1, 5-8S and ITS2) of
the rRNA operon was amplified with primer set ITS1-F/
ITS4 (White et al. 1990, Gardes and Bruns 1993). PCR was
performed with the REDExtract-N-Amp Plant PCR Kit with
PCR cycling conditions modified from Gardes and Bruns
(1993). Cycling conditions included an initial denaturation
at 94 C for 3 min followed by 35 PCR cycles (93 C, 35 s; 55 C,
53 s; 72 C, 30 + 05 s per cycle) and 72 C for 10 min.
Amplified ITS products were visualized in 2% agarose gels
stained with ethidium bromide under UV illumination.

For sequencing, samples producing a single PCR product
were purified before sequencing with ExoSAP-IT (USB,
Cleveland, Ohio). Sequencing was performed by the Center
for Genome Research and Biocomputing Core Laboratory
at Oregon State University with an ABI Prism 3730 genetic
analyser (Applied Biosystems, Foster City, California) with
the forward primer ITSIF. Sequences were identified by
querying the GenBank database with the nucleotide-
nucleotide (BLASTN) query option on the National Center
for Biotechnology Information website (Altschul et al.
1997). We set a functional species match criterion at 98%
sequence similarity over at least 500 bp with vouchered
sporocarp sequences, although not all matches at that level
of similarity had corresponding species determination.
Taxon assignment of EM fungi to our morphotypes was
made with the BLASTN results. These were added to the
EM morphotype identities in the EM character database
maintained by J. Eberhart. Our manually trimmed sequenc-
es were submitted to GenBank (TABLE II).

21
977
5
819
877

83
724
724

430
10). Non-EM tips were almost nonexistent (< 1 in 10000).

Stems!

2007
2007
2007
2007
2008
2008

Year
2007
2007
2007

DF
GDH
H

= 10).

Map code
GP
CT
STR
OSsuU
HGR
GD
GDH®

Location
McDonald Forest
Elk City
Grand Ronde

= 10).

Pleasant Hill
Hemlock

Waterloo
Burnt Woods

Hemlock
Swede Hill

10).

mean number of EM types per 350 cc soil core (n

Study sites with map codes (FIG. 1), year of sample, Douglas-fir density, disease severity index, variation in EM density and variation in EM fungus species

richness among study sites

Statistical analysis.—Number of EM types per soil core
(species richness) and total number of EM tips per soil core
(feeder root density) were used as response variables. The
data were used to test for gradient responses to SNC disease.

76

*For the 2007 dataset, means across locations not sharing letters are significantly different at P = 0.05, standard errors are in parentheses. In 2008 the response

variables did not differ (n
®The Green Diamond ‘‘Swede Hill” site was in essentially the same location as the GDH site at the scale of the map.

*EM density = mean number of live ectomycorrhizal root-tips per 350 cc soil core (n

!Stems = mean number of Douglas-fir trees per ha.

2SNC index = mean years needle retention (n

Giustina Land & Timber
Cascade Timber Consulting
Starker Forests

Oregon State University
Oregon Dept. of Forestry
Hampton Affiliates

Green Diamond Resource
Green Diamond Resource
Green Diamond Resource

5EM richness

Land manager at time of study

TABLE 1.
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® g & ANOVA was used for comparisons across the sites. When
< g ~ appropriate, Fisher’s protected least significant difference
% z ? test was used to determine whether study site means
g g g TRXLDISDLLDID2LIDY differed from one another. Linear regression was used to
@ E = o — b examine gradient responses in EM density and EM fungus
CI § < > species richness to among-block variation in SNC severity
ﬁg £ (foliage retention). Linear regression also was used to
= § 5 measure the association between EM density and EM fungus
'§ a = type (species) richness. To address the second hypothesis,
Z ,5 we examined the mean number of EM root-tips/soil core
'é % 3 - < - o~ o and constancy of EM types across soil cores on high SNC
5 fb; Z R = = sites from the 2008 dataset. When necessary to me'et the
:5 = _é =2 % g % assumptions of normality and constant variance (Sabl.n and
8 = % 8 8 ) g g Stafford 1990), we transformed the dependent variables;
g g S M“M“ M. - - EM density was square-root transformed, EM fungus
=C j SR TaS =2 § = E ? E § § richness was log-transformed. Analyses were carried out
? g g g 5 @ g 5 g g g ,03 g 2 £ XX with StatView 5.1 software (SAS Institute 1999).
EZ | |55k 58888¢
gg (50 MMM MMM MMM MMM MM RESULTS
S g
£ .% Fewer than 1 in 10000 root tips were non-EM. Mean
Q L‘E =1 3 © 0 NN EM root density varied by nearly 10-fold among sites
e ﬁf z %g % %g (TaBLE I), while mean EM type (species) richness
=58 2 & & o varied by about 2.5 times (TABLE I) in 2007. In the
.§ g*gf '§~ g ggé §l g § g § 5 § E’ 5 lg:g § 2008 sample, these response variables were nearly
G e et e 18 e
o3 the an sites; therefore
¢ 3 gn not included in the regressions. Treating mean
£ 8, § logEM richness as a dependent variable of mean EM
= § > density produced a regression model of: Y = 0.417 +
TE 2§ 0.001 * X; R? = 0.65, P = 0.03 (FIG. 2). Mean square-
ol g < root EM density treated as dependent on mean years
§ g2 ST REPROLTL2IRR needle retention produced a regression model of Y =
=ZZ| & - -oTT e —1.583 + 5.932 * X; R? = 0.70, P = 0.02 (F1G. 3). For
L; § .; s the main 2007 sample, mean log EM richness trea.ted
£°% g 2 as dependent on mean years needle retention
e E 2 produced a regression model of Y = 0.002 + 0.232 *
= g - X; R? = 0.90, P = 0.001 (F1G. 4). When data from the
é = -g 2008 sample of the GDH site were added to that
£z % ~ model, the EM richness vs. years needle retention
% % < S model improved to Y = 0.023 + 0.226 * X; R* = 0.92,
;aé E’\mommmmommmmoomm P = 0.0001 (F1G. 4).
:E 2 g - e From the 20 soil cores examined in the 2008 Green
% g g 3 Diamond sample, a total of 31 EM types were
= “ identified by morphotyping and molecular methods.
.LE i S’E Fifteen of the 31 types were assigned to taxa with ITS
%%E sequencing (TABLE II). Twenty-four of the 31 EM
= s 2 . types found at the Green Diamond site were recorded
g o & S & from one soil core each. An additional four EM types
S % ;D 3 < 3 . '§ § were recorded from only two soil cores each. Only
EL%) g o § .3 g %§ § v § ? one EM typct (Cenococcum g.eaphllum) Was regula.rly
é’ S § % S %‘é g g § g ~§ s g § g3 3 represented in the Green Diamond soil cores w1.th
E gll=1]%s § S § 2 %: 2 5% § 538 : 40% constancy (8 of 20 cores). The chtanus
- ”§ 5 § £33 ‘§ én:; S £ §.*§ *§ % luculentus morphotype was found in four soil cores
é % % g §§ §§ §§ < S g_‘é E S §§ and was confirmed by ITS sequencing of samples
S << O0XI=SARgERSN from two soil cores. The L. luculentus type matched
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Log EM Richness
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50 100 150 200 250 300 350 400 450 500
Root Density

FIG. 2. Regression plot of mean EM type (species) richness (log transformed) against mean root density (R* = 0.65, P =

0.03, per site n = 10).

(100% similarity) within each core and between the
cores. Two EM types that were tentatively assigned to
the L. luculentus type based on morphology later

were found to be different taxa when sequenced
(Tylospora sp. and Hydnotrya sp.). Among EM

24 -
22
20
18
16 -

14 -

Sqrt Root Density

12 4

10 +

6 T T T T T T T T

morphotypes found in two different cores each,
matches to their own types in the other core were at
least 98% similar for four of the types. Two distinct
single-core EM morphotypes matched at the family
level (83-88%) between two soil cores. The eight

1.6 1.8 2 22 24

—
2.6 2.8 3 3.2 3.4 3.6 3.8
Retention (yrs.)

FIG. 3. Regression plot of mean EM root density (square-root transformed) against mean years needle retention (R? =

0.70, P = 0.02, per site n = 10).
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FIG. 4. Regression plot of mean EM type (species) richness (log transformed) against mean years needle retention (R> =
0.93, P = 0.0001, per site n = 10). Open circle represents the 2008 resample of the GDH site.

other single-occurrence EM morphotypes were dis-
tinct and did not match the other types, even at the
family level based on the ITS sequences. Those results
(13/15) produced a success rate of 87% at correctly
discerning species-level morphotypes.

DISCUSSION

The hypothesis that EM density and species richness
are correlated with SNC severity was supported.
Across a gradient of SNC disease (as measured by
mean years of needle retention), EM root-tip density
and EM fungus species richness varied by factors of
nearly 10 and 2.5 respectively. That EM fungus species
richness was highly correlated with EM root-tip
density is not surprising in that the root tips represent
available habitat for EM fungi. The reductions in EM
characteristics that we measured did not reveal
threshold responses (FIGS. 2-4) to the amount of
needle loss. Maguire et al. (2011) studied growth
reductions in Douglas-fir stands across a gradient of
SNC disease and similarly did not find threshold
responses to needle loss. Their model predicts a
growth loss of approximately 35% on our most
severely diseased site (Green Diamond).

The 2007 data demonstrated a strong correlation
between EM species richness and Douglas-fir needle
retention (R? = 0.90). Addition of the 2008 GDH
data was made to test the scope of inference of the

model over time, especially at severely diseased sites.
This allowed for the possibility that the model would
show more variance. However, the results strength-
ened that correlation (FIG. 4) and the R? value
increased to 0.93, which increases our confidence in
the robustness of our model. In severely diseased SNC
areas, the low values of EM root density that we
observed were less strongly correlated with needle
retention than was EM species richness. Even though
2008 root density was twice that observed in 2007 on
the Green Diamond Hemlock site (but still low),
species richness in 2008 was slightly lower. The 31 EM
types (species) obtained from 20 soil cores contrasts
with an expected number of 60-65 species found in
20 soil cores (of the same volume) from mature
Douglas-fir stands in the Cascade Range not affected
by SNC (Luoma et al. 2006 and unpubl data).

Despite much reduced EM fungus species richness
on severely diseased SNC sites, we found that the
proportion of the Douglas-fir root tips colonized by
EM fungi remained at almost 100%. These results
agree with the findings of Saikkonen et al. (1999),
Cullings et al. (2005), and Kuikka et al. (2003), all of
whom noted little response of EM colonization
(proportion of root tips colonized) to defoliation.
Our results also support the theoretical model
proposed by Gange (2007) in which he predicted
that mycorrhizal species richness would decline in the
face of moderate to severe defoliation.
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Our second hypothesis was that some EM fungus
species could be more tolerant of a reduced carbon
supply and therefore exhibit increased relative
abundance in severely diseased SNC sites. However
our results did not support this conclusion. Instead,
various fungi were able to form EM with the stressed
trees, with none consistently dominant across samples
in the most severely diseased areas: the majority of
distinct EM types (24 of 31) were found in only one
core, and an additional four EM types were found in
only two cores each. Thus no single EM type was
dominant; only the Cenococcum geophyllum type was
regularly represented in the soil cores (40% constan-
cy, 8/20 cores). Cenococcum geophyllum (likely a
species complex [Douhan et al. 2007]) is ubiquitous
in PNW forests dominated by ectomycorrhizal trees.
The next most common EM type was identified from
its ITS sequence as Lactarius luculentus and was
found with only 20% constancy (4/20 soil cores).

Neither of these EM types is considered a candidate
for our concept of a stresstolerant species (sensu
Grime 1979) that would dominate a SNC site (i.e. a
combination of relatively high constancy across cores
and mean roottip abundance within cores). The
Cenococcum type has been reported as occurring with
97-100% constancy in soil cores from our region
(Kolaczkowski 2005, Luoma et al. 2006) but its presence
on severely diseased trees in this study is greatly reduced
from that found in healthy Douglas-fir forests.

An alternative to the second hypothesis is that these
results are consistent with a “‘survival of the survivors”
scenario. We propose that, while the diversity of EM
fungi decreases as SNC disease progresses, particular
survivors (albeit not dominant) may reflect patterns
of reverse establishment (i.e. community disassem-
bly). With this hypothesis, the remaining EM species
supporting Douglas-fir growth on these sites are able
to persist simply due to variation in tolerance to SNC-
caused decline (e.g. reduced carbohydrates) and the
ability of EM fungi to (re-)colonize roots of trees
affected by SNC. When compared to stands with little
or no SNC, aggregate species richness (approximately
a 50% reduction; data not shown) was not affected as
severely as local, soil-core species richness (70-80%
reduction, TABLE I and Luoma et al. 2006). Avis et al.
(2008) note that variables such as species richness
may demonstrate different responses to treatments in
a soil core when contrasted with responses at a stand.
The highly patchy soil environment may provide
opportunities for particular EM species to persist due
to each species’ unique adaptive advantages in a given
location. For instance, Cenococcum was able to
maintain a well distributed presence across soil cores
in the severely diseased stands but it was not

dominant, in terms of constancy or abundance, to
the extent that would be expected in healthy stands.

Although particular EM fungi did not become
dominant, we did find some distinctive responses of
EM fungi to SNC. Defoliation, presumably due to
SNC, was strongly associated with a reduction in
mycorrhizae of Cenococcum geophilum (8/20 cores),
Rhizopogon villosulus (two cores), Lactarius rubrilac-
teus (zero cores), Rhizopogon vinicolor (zero cores),
and R. vesiculosis (zero cores). These species have
been found to be common EM associates of Douglas-
fir in other studies (Luoma et al. 2006, Beiler et al.
2010). It is of interest to note that these species are
thick-mantled EM types and their reduction in
defoliated systems is similar to findings of Markkola
et al. (2004) who noted that the most marked decline
in thick-mantled mycorrhizae occurred with repeat-
edly defoliated seedlings. They concluded that carbon
limitation strongly influenced EM fungus composi-
tion but not percentage of root tips colonized, which
was maintained at about 97% (Markkola et al. 2004),
similar to our study. Cullings et al. (2005) also noted
that a Cenococcum sp. was significantly reduced (in
sequence-based assessments of soil samples) by
artificial defoliation of pine.

In addition to reduced carbon allocation to roots
after 100% defoliation, Markkola et al. (2004) found
that fungal biomass in the fine roots decreased when
100% defoliation occurred in the year of harvest but not
when the defoliation was conducted the previous year.
They concluded that current photosynthates are
particularly important for EM fungal symbionts. Al-
though not examined in our study, the initial response
of EM fungi to reduced photosynthate might be a
reduction in reproductive capacity. In an experiment to
simulate pine sawfly (Neodiprion sertifer) herbivory,
Kuikka et al. (2003) removed all 1 y old needles of
Pinus sylvestrisin each of two successive years and found
that EM fungi reduced investment in reproduction
(sporocarp production) in response to the shortterm
defoliation. Sporocarp biomass and species richness
also were negatively affected by the defoliation (—300%
and —100% respectively). They concluded that EM
fungus symbionts were able to allocate proportionally
less carbon to sexual reproduction due to resource
limitation in the host. As with our findings, average
mycorrhizal colonization percentage was high (93.5%)
and did not differ between the defoliated and control
treatments (Kuikka et al. 2003). A finding of a meta
analysis by Barto and Rillig (2010) was that defoliation
had little or no effect on EM root colonization
percentage (although root density was not examined).

Carbon limitation and forest succession.—Picea sitch-
ensis (Sitka spruce) is a long-lived but seral dominant
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that generally outperforms Douglasfir in the Picea
sitchensiszone (Franklin and Dyrness 1973). The zone is
typified by a wet and mild climate with minimal summer
drought that is further ameliorated by frequent fog and
low clouds. T'suga herterophyllaand Thuja plicata also are
important tree species within this zone (Franklin and
Dyrness 1973). The SNC epidemic area has substantial
overlaps with the area covered by the Picea sitchensis
zone (Stone et al. 2008, FIG. 1). Growth analyses of
competing tree species by Kunstler et al. (2012) have
identified leaf mass per unit area as an important
functional trait related to species’ niche similarity and
competitive ability. The chronic infection of Douglas-fir
needles with high P. gaeumannii has reduced growth of
young Douglas-fir trees in the Sitka spruce zone, thereby
providing a competitive advantage to spruce and
hemlock during forest succession (Stone et al. 2008).
The distribution of Douglasir in lower elevations of the
western Oregon Coast Range was sporadic before
initiation of commercial logging and conversion of
large areas to plantation forestry. This led Stone et al.
(2008) to conclude that the Sitka spruce zone exists in
part as a result of Douglas-fir growing poorly due to Swiss
needle cast disease. Stone et al. (2008) also note that
winter temperature increases predicted for the Pacific
Northwest correlate with an increased severity and
distribution of SNC as a result of climate change. It
appears that anthropogenic disturbance has interacted
with regional climate change to perturb the health of
forest ecosystems in northern coastal Oregon.

The hypothesis that net primary productivity is an
important driver of competitive interactions between
Sitka spruce and Douglas-fir can be applied to the
belowground ecosystem as well. Direct measurements
of carbohydrates in the EM of SNC affected Douglas-
fir have not been made but should be, especially
considering that Saffell (2013) found that as SNC
symptoms increased, stem carbohydrate storage de-
creased linearly. To us, her results suggest that such a
reduction would have a downstream effect on
carbohydrates available to the roots. This could
identify the specific mechanism involved in the
decline of EM fungus diversity.

Our results and those of others suggest that
reduced availability of carbohydrates to the roots of
Douglas-fir could alter the species richness and
abundance of the EM fungus community and reduce
the presence of Douglasfir host-specific EM fungus
species. Molina et al. (1992) point out the ecological
importance of EM host-specificity to plants’ abilities
to adapt or migrate in response to rapid climate
change. We suggest that significant consequences for
SNC affected forests include a serious potential for
continuing decline in EM fungus species richness,
even outside the Sitka spruce zone.
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Stored non-structural carbohydrates (NSCs) could play an important role in tree survival in the face of a changing climate and
associated stress-related mortality. We explored the effects of the stomata-blocking and defoliating fungal disease called
Swiss needle cast on Douglas-fir carbohydrate reserves and growth to evaluate the extent to which NSCs can be mobilized
under natural conditions of low water stress and restricted carbon supply in relation to potential demands for growth. We
analyzed the concentrations of starch, sucrose, glucose and fructose in foliage, twig wood and trunk sapwood of 15 co-
occurring Douglas-fir trees expressing a gradient of Swiss needle cast symptom severity quantified as previous-year func-
tional foliage mass. Growth (mean basal area increment, BAl) decreased by ~80% and trunk NSC concentration decreased
by 60% with decreasing functional foliage mass. The ratio of relative changes in NSC concentration and BAI, an index of the
relative priority of storage versus growth, more than doubled with increasing disease severity. In contrast, twig and foliage
NSC concentrations remained nearly constant with decreasing functional foliage mass. These results suggest that under
disease-induced reductions in carbon supply, Douglas-fir trees retain NSCs (either actively or due to sequestration) at the
expense of trunk radial growth. The crown retains the highest concentrations of NSC, presumably to maintain foliage growth
and shoot extension in the spring, partially compensating for rapid foliage loss in the summer and fall.

Keywords: growth limitation, non-structural carbohydrates, Phaeocryptopus gaeumannii, Pseudotsuga menziesii, Swiss
needle cast.

Introduction
that may be performed by carbohydrate reserves stored within

Recent trends in drought-related tree mortality on a global
scale have led to many questions regarding the role of non-
structural carbohydrate (NSC) content as an indicator of over-
all tree vigor and demand for photosynthate (Sala et al. 2010,
McDowell 2011, Ryan 2011, Johnson et al. 2012, Sala et al.
2012, Wiley and Helliker 2012). A first step toward resolving
the uncertainty surrounding these issues could be achieved by
developing a greater understanding of the different functions

trees.

Traditionally, NSC accumulation has been viewed as a purely
passive process signifying that the supply of photosynthate
exceeds the demand from carbon sinks such as growth and
respiratory metabolism. We are now aware that tree carbohy-
drate storage is multi-faceted, exhibiting patterns that suggest
storage is partly passive and partly active (Chapin et al. 1990,
Hoch et al. 2003, Kdérner 2003, Wirth et al. 2005). Active
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storage is defined as a prioritization of carbon allocation to
storage over other carbon-dependent
resources are limited (Sala et al. 2012). Research by Bustan
et al. (2011) has suggested that there is an active component
to storage, such that in years of heavy fruit production the NSC
content was not reduced in olive trees. In addition, Silpi et al.
(2007) found that tapping rubber trees for carbon-rich latex
actually caused NSC concentrations to increase at the appar-
ent expense of growth.

Large carbohydrate reserves have been reported in mature
trees across different climate types (Hoch et al. 2003, Wirth
et al. 2005), as well as different ecosystems and seasons
(Hoch et al. 2002, Kérner 2003), suggesting that trees allo-
cate a substantial amount of assimilated carbon to storage
(Hoch et al. 2003). Furthermore, it has been observed that
trees have higher than average NSC concentrations and
reduced growth during prolonged periods of mild-to-moderate
stress such as long-term water deficit (Galvez et al. 2011,
Muller et al. 2011, Woodruff and Meinzer 2011a) and low tem-
peratures (Hoch and Koérner 2009). Based on current knowl-
edge, there are a few explanations for why trees do not
mobilize their carbohydrate reserves for growth (Sala et al.
2012). First, during periods of environmental stress, such as
water deficit, reduced cell turgor in expanding tissues would
result in a constraint on sink strength resulting in reduced
growth (Woodruff and Meinzer 2011b, Nikinmaa et al. 2013).
Because growth is more sensitive to water deficit than photo-
synthesis is, photosynthesis would continue despite sharply
reduced allocation to growth, resulting in an accumulation of
NSCs (Muller et al. 2011). Second, carbohydrate reserves may
become sequestered and no longer available for export due to
compartmentalization that restricts their propensity to be
loaded into the phloem (Quick et al. 1992) or impedes the
access of enzymes to starch (Srichuwong and Jane 2007).
Third, there may be an evolutionary advantage for trees to
actively maintain a minimum level of carbohydrate reserves to
support metabolism or to provide solutes for maintaining cell
turgor and vascular integrity in an often stochastic and unpre-
dictable environment, where water availability and growing
conditions are not always optimal for plant functioning (Sala
et al. 2012, Wiley and Helliker 2012).

Under conditions of water stress, it is difficult to determine
whether the build up of NSCs is due to passive accumulation
resulting from reduced sink demands, sequestration or active
storage. To better understand the role of carbon storage in tree
physiology, we must determine the extent to which storage is
prioritized over growth in the absence of potentially confound-
ing factors such as those resulting from water stress. The
Douglas-fir (Pseudotsuga menziessi (Mirb.) Franco) disease
called Swiss needle cast provides a unique natural experiment
to examine the relative priorities of growth versus carbon stor-
age in the absence of drought-related reductions in carbon

processes when

assimilation, and water and phloem transport capacity. The dis-
ease is most prominent along the Oregon coast, a region with
high rainfall and a maritime climate with a low risk of drought.
Its prevalence and severity decrease sharply with increasing
distance from the coast along a gradient of decreasing humid-
ity and precipitation (http://sncc.forestry.oregonstate.edu/sur-
vey-maps). The pathogen that causes Swiss needle cast is an
ascomycete (Phaeocryptopus gaeumannii (T. Rohde)) that colo-
nizes Douglas-fir foliage. The spores are released in May and
June, near the time of bud break for Douglas-fir, when they land
and germinate on current-year needles (Stone et al. 2008).
After about a year of incubation (in the most extreme cases of
disease) during which the mycelia colonize the surface and
inside of the needle, the mycelia produce fruiting bodies (pseu-
dothecia) that block stomata. This blockage causes a signifi-
cant decrease in stomatal conductance and photosynthesis
(Manter et al. 2000). Once ~25-30% of stomata are blocked,
the needle reaches a negative carbon balance, becomes chlo-
rotic and abscises from the tree (Manter et al. 2000). There is
a strong relationship between needle loss and the amount of
pseudothecia present on the foliage of trees with Swiss needle
cast (Manter et al. 2003), as well as between needle loss and
reduced growth in diseased trees (Maguire et al. 2002, 2011).
Growth can be reduced by as much as 20-50% in diseased
stands (Maguire et al. 2002, Johnson et al. 2003, 2005). The
fungus does not release any toxins, or cause any sort of known
structural damage to the needle besides limiting the diffusion
of carbon dioxide through the stomata and inside the needle.
The disease has not yet been shown to result in tree mortality,
and affected trees live for decades under a chronic reduction
in carbon supply (Maguire et al. 2011).

The impact of Swiss needle cast on tree carbohydrate
reserves is unknown, but if NSC accumulation in Douglas-fir
has an active component, then this competing sink for photo-
synthate would exacerbate the impact of disease on growth
and other carbon-dependent processes of lower or shared pri-
ority with storage. Swiss needle cast affords the opportunity to
test for the relationship between growth, carbohydrate storage
and disease symptoms because the disease involves a sub-
stantial reduction in carbon assimilation under conditions of
low water stress at sites where the disease is prevalent. If NSC
reserves remain largely undepleted under severe disease
symptom severity, this result would provide evidence for priori-
tization of storage over growth, or that NSC has been seques-
tered. Additionally, if Swiss needle cast causes a greater
relative decline in growth compared with NSC reserves, this
would also provide evidence for prioritization of storage or
storage sequestration as carbon assimilation is reduced.
Finally, if NSC reserves become substantially depleted, this
provides evidence for the ability of stored NSC to be mobilized
when needed to maintain the physiological functioning and
survival of trees.
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The goals of this research were to: (i) determine how Swiss
needle cast influences the partitioning of assimilated carbon
between growth and carbohydrate reserves and to determine
whether differences in disease severity influence the relative
partitioning of carbon between these two sinks; (ii) identify
any seasonal differences in the impact of the disease on the
partitioning of carbon between growth and reserves; and (iii)
establish the extent to which carbohydrate reserves are mobi-
lized under natural conditions of high demand for carbon and
low water stress. Based on previous research, we hypothe-
sized that relative reductions in the growth of diseased trees
would be greater than relative reductions in NSC reserves, and
that seasonal fluctuations in NSC would be smallest in the most
heavily diseased trees.

Materials and methods

Field site and sampling

A single Douglas-fir stand containing trees with a broad range
of Swiss needle cast symptom expression was selected from
an Oregon Department of Forestry unit (named Prairie Hill,
45.5°N 123.8°W) located on the Oregon coast near Tillamook
at ~134 m above sea level. The region has a Pacific maritime
climate with most of the mean annual precipitation of
~2800 mm falling between October and May. The mean annual
temperature is ~10.1 °C, ranging from a mean of 5.7 °C in
January to 15.3 °C in July. During the summer period from June
to September, the mean precipitation is ~278 mm, the mean
relative humidity hovers around 80% and the mean vapor
pressure deficit generally remains <0.5 kPa (PRISM Climate
Group, http://prism.oregonstate.edu, data summarized from
1980 to 2011). Previous studies along a coastal to interior
transect have shown that Douglas-fir and other tree species
growing in coastal sites similar to the one we selected do not
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experience significant variation in their predawn water potential
during the growing season (Runyon et al. 1994). The develop-
ment of Swiss needle cast is favored by conditions that include
high humidity and precipitation and relatively mild tempera-
tures (Rosso and Hansen 2003, Latta et al. 2009, Zhao et al.
2011). Although P. gaeumannii spores have been detected in
more interior stands that experience substantial summer
drought, Douglas-fir trees in these stands do not show Swiss
needle cast symptoms. Thus, selecting different stands along a
climatic gradient to obtain a range of disease symptom expres-
sions would have inevitably introduced several potentially con-
founding environmental variables into our study. Instead, we
regressed tree response variables against a two-component
index of symptom severity for the co-occurring trees at our
study site (see below).

The stand was initially planted in 1990, with trees succes-
sively inter-planted through 1997. Trees were selected that
ranged in planting date from 1990 to 1995, so the largest age
difference between trees would be 5 years. The stand resides
in a region of the Oregon coast where disease had been pres-
ent for ~20 years before our study took place in 2012, so it is
likely that the trees exhibited disease symptoms since planting.
We non-randomly selected 15 trees (Table 1), with five trees
roughly fitting into each of the three categories of overall nee-
dle retention (0—1.0, >1.0-2.0 and >2.0 years). Needle reten-
tion for each tree was estimated using a standard protocol in
the field where we visually divided the crown into thirds and
averaged the most common needle retention among branches
in each third, and finally averaged the mean needle retentions
of each third (e.g., Maguire et al. 2002).

In June of 2012, we collected two 5 mm cores to pith from
opposite sides of each tree with an increment borer for annual
growth measurement. We marked the sapwood boundary on
each core to determine the average sapwood width. Cores

Table 1. Individual characteristics of the sampled trees in ascending order by basal area increment (BAI).

Tree ID Mean BAI (cm?) DBH (cm) Height (m) Age (years) Pseudothecia count' (%) Mean foliage mass' (g)
7 3.4 (1.2) 9.1 14.0 19 36 (9) 0.05 (0.06)
1 4.8 (1.3) 10.2 17.9 20 25 (2) 0.23 (0.09)
3 4.9 (3.0) 9.9 20.1 15 27 (5) 0.25 (0.02)
5 5.0 (1.8) 1.5 14.5 20 22 (3) 0.24 (0.03)
8 5.7 (4.1) 10.5 87 17 17 (6) 0.19 (0.02)
13 6.7 (3.4) 121 15.9 14 29 (3) 0.36 (0.14)
14 6.8 (2.9) 127 147 18 23 (2) 0.18 (0.12)
10 7.6 (1.6) 14.0 15.4 20 35 (2) 0.06 (0.02)
9 9.1 (4.7) 13.5 11.0 16 22 (5) 0.36 (0.04)
2 141 (2.2) 18.5 231 20 5 (1) 0.36 (0.06)
15 16.8 (4.5) 21.5 206 19 22 (3) 0.66 (0.10)
4 16.8 (1.9) 18.3 23.0 17 16 (3) 0.34 (0.04)
12 17.5 (2.9) 19.1 24.1 17 13 (3) 0.50 (0.09)
11 23.3 (9.1) 21.2 18.4 21 5 (2) 0.62 (0.17)
6 26.3 (5.4) 25.8 17.9 20 9 (1) 0.36 (0.05)

Parentheses contain one standard deviation from the mean. DBH, diameter at breast height.

'One-year-old foliage.
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were stored in paper straws for transport to the laboratory.
One-year-old foliage was collected from three branches located
in the sun-exposed lower-mid crown of each tree to assess the
presence and abundance of pseudothecia on the needles
(described below).

For NSC analyses, trunk sapwood tissue was sampled with
an increment borer to a depth of 2cm at 1.3 m height on
opposite sides of each tree. Foliage and twig wood were sam-
pled from two branches located in the sun-exposed lower-mid
crown of each tree. The branches were divided immediately
into segments representing growth from Years 2011, 2010 and
2009 (i.e., 1-, 2- and 3-year-old tissues). Foliage was removed
from the twigs, and the total foliage mass (at field moisture
content) was recorded for each segment from each branch
and averaged for each branch, and then each tree (mean foli-
age mass, g). All samples (two trunk samples, and foliage and
twig samples from 2011, 2010 and 2009) were immediately
placed into sealed plastic bags and onto dry ice in a cooler.
Sampling was always conducted between late morning and
early afternoon. We did not attempt to sample roots because it
would not have been possible to associate a given sample with
a specific individual without conducting extensive, destructive
excavations. In view of our previous observations showing sub-
stantial seasonal variation in NSC content in Douglas-fir trees
(Woodruff and Meinzer 2011a), sampling took place three
times over a seasonal cycle in 2012: around bud break (June
18), mid-summer (July 31) and late summer (September 4).

Disease severity assessment

The presence and abundance of fungus on 1-year-old foliage
was determined by visual estimates of pseudothecia emerging
from stomata using standard techniques (e.g., Manter et al.
2005). Estimates of the percentage of stomata that were
occluded with pseudothecia (i.e., pseudothecia counts) for
each of the three branches collected in the field were calcu-
lated by averaging pseudothecia counts from three positions of
10 randomly selected needles per branch. At each position,
one on each longitudinal third of the needle, pseudothecia
counts were conducted by selecting a region within each posi-
tion with a random number table and visually counting the
number of pseudothecia emerging from 50 consecutive sto-
mata above the needle midrib and 50 consecutive stomata
below the needle midrib (100 stomata total in each position).
The percentage of pseudothecia-occluded stomata of each
needle was averaged across 10 needles per branch, and aver-
aged again across the three branches per tree to calculate the
tree pseudothecia count.

To account for the amount of functional 1-year-old foliage
remaining on a tree relative to its pseudothecia count, we cre-
ated an index for disease symptoms by multiplying the per-
centage of non-occluded stomata (100 — % occluded stomata)
by the average 1-year-old foliage dry mass per growth

increment for each tree (i.e., functional foliage mass, g). We
intentionally used the functional foliage mass as a measure of
disease severity instead of the needle retention technique
(described above) due to its advantages of being an integrated
measure of two symptoms (pseudothecia abundance and foli-
age mass) and therefore more objective and precise in quanti-
fying disease severity.

Chemical analyses

Trunk sapwood, twig wood and foliage samples were stored in
a —20 °C freezer before being microwaved for 90 s to stop all
enzymatic activity, oven dried for 72 h at 65 °C and ground to
a fine powder with a ball mill. The dried and ground tissue
samples were analyzed for the content of four components:
starch, sucrose, glucose and fructose together, and total NSC
following the procedure described by Woodruff and Meinzer
(2011a). Deionized water was added to the samples, which
were then heated in covered vials over steam for 90 min to
extract NSC. After enzymatic conversion of glucose and fruc-
tose to gluconate-6-phosphate, the concentration of free glu-
cose was determined photometrically on a 96-well microplate
photometer (Multiscan FC, Thermo Scientific, Waltham, MA,
USA). Samples were analyzed before and after enzymatic treat-
ments of sucrose digestion by invertase (45 min reaction) and
starch and sucrose digestion by amyloglucosidase (15-h reac-
tion). Photometric analysis was based on the absorbance of
samples at 340 nm in the solution with reference to the absor-
bance of a glucose reference solution. The combination of
glucose and fructose content was determined from the photo-
metric analysis of sample solutions without invertase or amylo-
glucosidase enzymatic treatment. Sucrose content of the
samples was determined by subtracting the combination of
glucose and fructose content from the glucose concentration
of sample solutions following invertase enzyme treatment.
Total NSC was determined from the amyloglucosidase reaction
mixture, which contained the original concentrations of free
glucose and fructose, plus glucose and fructose liberated from
starch and sucrose. Inclusion of sucrose standards in each set
of samples subjected to amyloglucosidase treatment indicated
that amyloglucosidase hydrolyzed sucrose as well as starch.
Starch content of the samples was determined by subtracting
the glucose content of the sample solution following invertase
enzyme treatment from the total NSC content. All NSC, starch,
sucrose, and glucose and fructose values for each tissue of
each tree are averages of the two sampled branches collected
in the field at each sampling date and are presented in units of
percentage of dry weight (% dry weight).

Growth analyses

Two increment cores per tree were collected for growth analy-
ses. These were air-dried, glued to wooden mounts with the
transverse face upward and sanded with progressively finer
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sandpaper until annual rings were distinguishable. We mea-
sured ring widths to a precision of 0.01 mm using a stereo
microscope interfaced with a Velmex rotating measuring table
and Measure J2X® software. We used the cross-dating pro-
gram COFECHA (Holmes 1983, Grissino-Mayer 2001) to iden-
tify possible missing and false rings. The ring widths from each
tree were averaged for each year and basal area increment
(BAI) was calculated assuming circularity of consecutive
growth increments. We used the average BAI from 2000 to
2011 for each tree to represent tree growth (mean BAI, cm?).

Statistical analyses

To determine the effect of disease symptom severity on the
relative priority of storage versus growth, we created an index
by taking the ratio of the relative values of NSC to those of BAI
for each tree (NSC/BAI; values were normalized with respect
to their highest values). Because the NSC/BAI metric combines
different units of measurement for NSC and BAI, we normalized
the two measures to better demonstrate changes in the rela-
tive priorities of storage and growth as symptom severity var-
ied among trees. All analyses exploring the relationship
between disease explanatory variables (i.e., pseudothecia
count and functional foliage mass) and the response variables
of interest (i.e., BAI, foliage mass, total NSC, starch, sucrose,
glucose and fructose, NSC/BAI) in the trunk, twigs and foliage
were made using simple linear regression for all 15 trees,
unless otherwise noted. Assumptions of simple linear regres-
sion were checked by plotting residuals of the response vari-
able versus fitted values to assess the equality of variance and
were also plotted within a normal probability plot to assess
normality. Paired t-tests were performed to test for the differ-
ences in foliage mass, total NSC, starch, sucrose, and glucose
and fructose from June to September for all 15 trees.
Assumptions of the paired t-tests were checked by evaluating
histograms of the distribution of the sample response
variables.

Results

Disease severity assessment

The mean 1-year-old foliage dry mass per growth increment
ranged from 0.05 to 0.66 g, and the pseudothecia count
ranged from 5 to 36% stomata occluded in the 15 trees stud-
ied (Table 1). The maximum observed stomatal occlusion was
comparable to the estimated threshold at which needle abscis-
sion would likely occur (Manter et al. 2000; Table 1). The mean
mass of 1-year-old foliage (averaged across the three sampling
dates) was ~0.26 g, whereas the mean growing season mass
of 3-year-old foliage was only ~0.04 g (Figure 1). The mean
difference in foliage mass between the two age classes was
~0.23 g (95% ClI [0.16, 0.30]). There was no relationship
between the functional foliage mass and the mean foliage
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Figure 1. Mean foliage mass per branch growth increment for each
sampled foliage tissue age at each sampling date (bars represent one
standard error).

mass per increment of new foliage (2012 cohort) at the end of
the 2012 growing season (September sampling).

The 15 trees are ordered in Table 1 from the lowest to the
highest BAI. There was a significant linear relationship between
the pseudothecia count and both mean BAl (R?=0.58,
P = 0.0009) and mean 1-year-old foliage mass (R?=0.40,
P =0.01), such that a 1% increase in pseudothecia abundance
of 1-year-old foliage reflected a 0.58-cm? decrease in mean
BAI (95% CI [0.29, 0.87]) and a 0.012-g decrease in mean
foliage mass per growth increment (95% Cl [0.003, 0.02]).
There was a very strong relationship between the functional
foliage mass and the mean BAl (R?=0.63, P=0.0004,
Figure 2a). The rest of the analyses described below use func-
tional foliage mass as a measure of disease severity for each
tree.

NSC and growth analyses

There was a significant linear relationship between the func-
tional foliage mass and the mean growing season (i.e., aver-
aged over the three sampling dates) trunk NSC content
(R? =0.35, P=0.02), and without the outlier (Tree 6), the rela-
tionship was substantially stronger (R?>=0.54, P=0.003,
Figure 2b). The trend in trunk NSC with functional foliage mass
was similar for June and July, though the relationship was not
significant in September (data not shown). Only two trees had
average sapwood widths slightly less than the trunk sampling
depth (i.e., 2 cm). We compared the trunk NSC concentrations
of these two trees, as well as between other trees that had
similar sapwood widths, and found no relationship between
sapwood width and trunk NSC concentration (data not shown).
The relationship between the functional foliage mass and the
relative mean trunk NSC/BAI was also significant (R?>=0.48,
P =0.004, Figure 2c), indicating that with increasing disease
symptom severity and therefore constraints on carbon supply,
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Figure 2. Mean annual 2000— 2011 BAI (a), mean trunk NSC content
(b) and relative mean trunk NSC/BAI (c) versus functional foliage
mass. Each point represents one tree. Simple linear regression analy-
ses are shown. Relative NSC/BAI was calculated by taking the ratio of
NSC to BAI after normalizing both measures with respect to their maxi-
mum values.

the relative reduction in basal area growth was greater than
that of trunk NSC storage. The trend in relative mean trunk
NSC/BAI with functional foliage mass was similar for each sam-
pling date (data not shown).

The relationship between NSC concentration and tissue age
for twigs and foliage did not differ with disease severity on any
of the sampling dates (for data, see Tables S1, S2 and S3 avail-
able as Supplementary Data at Tree Physiology Online). For this
reason, and because the functional foliage mass was only eval-
uated for prior year foliage, the following analyses with foliage
and twigs only include 1-year-old tissues. The mean concentra-
tion of NSC was approximately four to five times higher in the
crown (twigs and foliage) than in the trunk across trees
(Table 2, Figure 3). There were no statistically significant rela-
tionships between the functional foliage mass and the mean
growing season NSC content of twigs (R =0.11, P=0.23) or
foliage (R?=0.001, P=0.91, Figure 4a and b) or any individ-
ual sampling date (data not shown). However, there were
strong positive relationships between the functional foliage
mass and the ratio of mean trunk NSC to both twig NSC
(R?=0.33, P=0.02) and foliage NSC (R®=0.32, P=0.03)
(Figure 4c and d). These relationships were considerably
stronger without the outlying Tree 6 (R?>0.48, P <0.006).
The trend in trunk NSC to twig and foliage NSC, respectively,
with functional foliage mass was similar for each sampling date
(data not shown).

Starch was the largest component of NSC in the trunk, fol-
lowed by glucose and fructose, and then sucrose (Table 2,
Figure 3). In June, there was a significant linear relationship
between functional foliage mass and trunk NSC content
(R?=0.38, P=0.02), as well as with trunk starch content
(R =0.44, P=0.007). There were significant positive linear
relationships between functional foliage mass and trunk
sucrose content near the middle and end of the growing sea-
son in July (R?=0.47, P=0.004) and September (R?=0.38,
P =0.01). There was no relationship between functional foliage
mass and the mean growing season trunk glucose and fruc-
tose content (R?=0.04, P=0.44). In contrast to the patterns
of NSC constituents observed in trunks, there did not appear to

Table 2. Mean concentrations (% dry weight) of total NSC, starch, sucrose, and glucose and fructose (Gluc/Fruc) of the trunk, and current-year

twigs and foliage of the sampled trees from each sampling date.

Trunk Twigs Foliage

NSC Starch Sucrose  Gluc/ NSC Starch  Sucrose  Gluc/ NSC Starch  Sucrose  Gluc/

(%) (%) (%) Fruc (%) (%) (%) (%) Fruc (%) (%) (%) (%) Fruc (%)
June 1.34 0.85 0.06 0.44 6.11 3.94 0.91 1.26 6.48 3.01 1.92 1.56

(016) (013) (0.02)  (0.05) (0.38) (035 (0.08)  (0.11) (0.53)  (0.43) (0.13) (0.10)
July 117 0.69 0.14 0.33 4,79 1.34 1.35 2.09 5.32 114 2.11 2.07

(0.13) (0.10) (0.02) (0.03) (0.34) (0.19) (0.12) (0.21) (0.30) (0.17) (0.09) (0.11)
September 0.85 0.38 0.1 0.36 3.22 0.71 1.17 1.34 4.45 0.55 2.37 1.54

(0.11) (0.07) (0.02) (0.04) (0.34) (0.19) (0.12) (0.11) (0.26) (0.10)  (0.14) (0.11)
Parentheses contain one standard error from the mean.
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Figure 3. Mean foliage, twig and trunk NSC concentrations for current-
year foliage and twigs, and trunk tissue, for each sampling date (ordered
June, July and September for each tree), and mean 2000-2011 BAI for
each sampled tree. Concentrations of NSC components (starch, sucrose,
and glucose and fructose) are shown for each bar (see color legend).
Trees are ordered by increasing the functional foliage mass. Inset in the
trunk NSC panel enlarges the view of trunk NSC values.

be any relationship between NSC constituents in twigs and foli-
age and disease symptom severity at each sampling date
(Table 2, Figure 3). There were no significant relationships
between functional foliage mass and mean growing season
starch content of twigs (R°=0.18, P=0.12) or foliage
(R?=0.007, P=0.77), or between functional foliage mass and
the mean growing season glucose and fructose content of
twigs (R?=0.06, P=0.38) or foliage (R°=0.03, P=0.54).
There were marginally significant relationships between the
functional foliage mass and the mean growing season sucrose
content of twigs (R?=0.23, P=0.07) and foliage (R? = 0.20,
P=0.09).

Impact of fungal-mediated reduction in leaf area 7

Non-structural carbohydrates fluctuated seasonally in all
tissue types (Table 2, Figure 3). Seasonal fluctuation was not
related to functional foliage mass, such that there were no
statistically significant relationships between functional foli-
age mass and the percent decrease in mean NSC from June
to September in the trunk (R?=0.03, P=0.57), twigs
(R?=0.05, P=0.40) or foliage (R°=0.001, P=0.92). From
June to September, mean trunk NSC content decreased by
0.49% dry weight (95% Cl [0.26, 0.71]), starch content
decreased by 0.47% dry weight (95% Cl [0.26, 0.68]) and
sucrose content increased by 0.05% dry weight (95% Cl
[0.00, 0.10]). There was no statistically significant change in
mean trunk glucose and fructose over the growing season.
Mean twig NSC content decreased by 2.89% dry weight from
June to September (95% CI [2.05, 3.72]) and starch content
decreased by 3.23% dry weight (95% Cl [2.54, 3.93]). There
was no statistically significant change in mean twig sucrose
or glucose and fructose content over the growing season.
Mean foliage NSC content decreased by 2.03% dry weight
from June to September (95% CI [1.03, 3.03]), foliage starch
content decreased by 2.46% dry weight (95% Cl [1.58,
3.33]) and foliage sucrose content increased by 0.46% dry
weight (95% Cl [0.13, 0.79]). There was no statistically sig-
nificant change in mean foliage glucose and fructose over the
growing season.

Discussion

The high degree of disease severity at the site was evident in
the reduction in mean growing season foliage mass by ~86%
from the 1-year-old cohort to the 3-year-old cohort, when com-
pared with healthier trees in the region, which have been
reported to show a reduction in foliage mass of ~25% over the
same cohort ages (Weiskittel et al. 2006). In addition, there
was no evidence that trees with higher disease symptom
severity produced more or less needle mass on individual
shoot increments during the 2012 growing season. The rela-
tionships between disease severity (previous year functional
foliage mass) and Douglas-fir growth and carbohydrate
reserves observed in this study indicate that whereas the
reduction in carbon assimilation caused by Swiss needle cast
results in reduced annual growth and NSC in the trunk, there
was no apparent relationship between disease symptom sever-
ity and NSC concentrations in twigs and foliage or new foliage
growth. Retaining NSC in the crown appeared to have a greater
priority than exporting the photosynthate for diameter growth
in the trunk (Figures 2 and 4). Thus, the disease appeared to
force trees to sacrifice stem growth and stem NSC storage to
maintain crown growth under conditions of rapidly abscising
foliage. Finally, we also found that carbohydrate reserves were
depleted throughout the growing season to different extents in
each tissue type (Table 2, Figure 3).
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Figure 4. Mean twig (a) and foliage (b) NSC content and mean trunk NSC/twig NSC (c) and trunk NSC/foliage NSC (d) versus functional foliage
mass. Each point represents one tree. Simple linear regression analyses are shown in (c) and (d).

The basis for seasonal trends in NSC of conifers is fairly well
studied and understood. Starch concentrations are relatively
high before bud break and are drawn upon over the growing
season to aid in flushing and axial growth, while free sugar
concentrations (i.e., sucrose, glucose and fructose) progres-
sively increase and peak in autumn (Chung and Barnes 1980,
Hansen and Beck 1990, 1994, Fischer and Holl 1991, Kibe
and Masuzawa 1992, Oleksyn et al. 2000, Schaberg et al.
2000, Hoch et al. 2003, Bansal and Germino 2009). Starch is
the main carbohydrate storage compound for conifers and is
clearly a dynamic pool that accumulates over the winter and
ensures that the tree will have adequate carbon reserves for
producing a new cohort of needles during the following grow-
ing season (Webb 1981). Our results suggested that trunk
radial growth was strongly dependent on current-year photo-
synthate rather than stored NSC. The total amount of NSC
stored in the outer 2 cm of sapwood at the beginning of the
growing season in June was estimated to be sufficient to sup-
ply only ~7% of the carbon required to generate a mean annual
radial growth increment at the height where NSC samples were
collected (data not shown). Interestingly, this percentage was
nearly constant across the range of disease symptom severity
in the 15 trees studied.

Although trunk and crown tissues in this study both exhib-
ited the seasonal trend described above, they each behaved

differently in response to limited carbon availability under rela-
tively low water stress. There was a clear decrease in trunk
NSC with increasing disease symptom severity, primarily due
to a decrease in starch, which represented ~45-63% of total
NSC over the growing season. In addition, there was a strong
positive relationship between functional foliage mass and trunk
sucrose at the end of the growing season. Thus, it appears that
trunk storage (in the form of starch) was sacrificed with
decreasing carbon availability, resulting in lower NSC values in
more diseased trees. The higher trunk sucrose concentrations
in healthier trees at the end of the growing season could be a
consequence of healthier trees having more starch to mobilize
at the end of the growing season for stem maintenance. The
relative reduction in annual radial growth was greater than that
of NSC concentrations with increasing disease-induced reduc-
tion in carbon assimilation, implying a priority of storage over
growth in the trunk. Considering the lack of a relationship
between disease symptom severity and trunk NSC in
September, it is possible that all trees maintained a minimum
threshold of NSC in the trunk, and trees with higher disease
symptom severity reached the threshold earlier in the season
due to the reduction in carbon assimilation associated with dis-
ease. The decrease in total NSC over the growing season was
primarily attributable to the depletion of starch, which made up
~64 and 46% of total NSC in June for twigs and foliage,
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respectively, and only ~22 and 12% of total NSC by September
for twigs and foliage, respectively. In contrast to the trunk,
there was no relationship between NSC and disease severity
for twigs and foliage.

Taken together, there seemed to be a greater priority to
retain NSC in the crown over exporting NSC to supply diameter
growth in the trunk. Figure 4c and d demonstrates how the
ratios of trunk NSC to twig and foliage NSC were lower for
trees with higher disease symptom severity. Severely diseased
trees appeared to be locked into a cycle of maintaining similar
concentrations of NSC in twigs and foliage to those of less
diseased trees to sustain the construction of new photosyn-
thetic tissue and supporting branches that partially compen-
sate for early needle abscission at the apparent expense of
greater stem growth and increased mechanical support in the
trunk. This could potentially explain why trees with Swiss nee-
dle cast can survive for decades under a chronic reduction in
carbon supply. Thus, our results suggest that carbon storage is
either partly active and/or a portion of carbohydrate reserves
are sequestered, which has implications for our understanding
of the role of NSC as a passively accumulated or actively man-
aged pool. Non-structural carbohydrate concentration in a par-
ticular tissue does not necessarily indicate that a tree is healthy
or has abundant access to carbon, or even that growth is not
suffering. Furthermore, we have observed how various regions
of a tree behave differently in response to a reduction in car-
bon supply.

An increase in the priority of carbon storage over other
processes like growth during periods of limited carbon sup-
ply could have implications for other processes with a possi-
ble lower priority than storage. In the case of reduced carbon
assimilation caused by Swiss needle cast, previous studies
have provided evidence for changes in tree defense and
interaction with biotic mortality agents, root NSC storage and
mycorrhizal relationships. Kelsey and Manter (2004) found
that trees with moderate-to-severe Swiss needle cast had a
lower wound-induced oleoresin flow, as well as less ethanol
and monoterpene production, compared with healthy
Douglas-fir. The authors ascribed these results to reduced
availability of photosynthate since carbohydrates are an
important building block of defense compounds. Furthermore,
the significant level of carbohydrates used by roots for
growth, maintenance and mycorrhizal relationships, account-
ing for ~73% of net primary productivity in coniferous tem-
perate forests (Grier et al. 1981, Fogel and Hunt 1983),
should also be affected by reduced carbon supply. There is
evidence that a reduction in carbon supply from the crown
(e.g., from defoliation) can lead to depleted NSC reserves in
roots of conifers (Webb and Karchesy 1977, Oleksyn et al.
2000). Although we currently do not know the effects of
Swiss needle cast on Douglas-fir root carbohydrate reserves,
our results implying that stem NSC levels are sacrificed to

Impact of fungal-mediated reduction in leaf area 9

maintain high concentrations in the crown suggest that roots
may also have reduced NSC. Lower root NSC concentrations
could have significant implications for root growth, which
could restrict soil exploration and the ability to obtain soil
water and nutrients. Reduced NSC export might also limit
root exudation, which plays a vital role in the cycling of soil
organic matter (Millard et al. 2007) and attracting and estab-
lishing symbiotic relationships with mycorrhizae (e.g., Graham
1982), which have been shown to receive ~30% of total
assimilate from the host tree (reviewed by Soderstrom 2002).
Luoma and Eberhart (2006) observed that Douglas-fir stands
with Swiss needle cast have a lower density and diversity of
ectomycorrhizal fungi than typically found in healthy stands,
suggesting that the reduction in photosynthate associated
with the disease could be affecting these below-ground
relationships.

Supplementary data

Supplementary data for this article are available at Tree
Physiology Online.
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The study of the role and dynamics of nonstructural carbohy-
drates (NSCs) in woody plants, and particularly in trees, has
received renewed attention in the recent past (Sala et al. 2012,
Dietze et al. 2014). There are several reasons for this increased
interest but it seems clear that an important event was the
publication of the McDowell et al. (2008) paper on the mecha-
nism of drought-induced mortality in trees, in which the authors
put forward the carbon-starvation hypothesis. According to
this hypothesis, stomatal closure to prevent hydraulic failure
under drought causes photosynthetic carbon uptake to dimin-
ish and, eventually, the plant may deplete its carbon reserves
and starve as a result of continued metabolic demand for car-
bohydrates. This idea was not new (e.g., Waring 1987,
Martinez-Vilalta et al. 2002, Bréda et al. 2006), but McDowell
et al. (2008) presented it in a coherent and wider hydraulic
framework, which made it compelling and influential. The car-
bon-starvation hypothesis implies that the amount and dynam-
ics of carbohydrate storage in trees provide useful information
on their drought responses. And off we went, many of us, to
measure NSC concentrations in our field- and greenhouse-
based studies of drought-induced tree mortality.

The carbon-starvation hypothesis was controversial from the
beginning (McDowell and Sevanto 2010, Sala et al. 2010) and,
although direct links between low NSC content and drought-
induced tree mortality have been found in some cases (e.g.,
Galiano et al. 2011, Galvez et al. 2013), its overall importance
in the tree-mortality process remains to be established. What
is clear, however, is that these discussions have opened new
perspectives into the study of plant responses to drought
(McDowell 2011, Ryan 2011) and other stress factors, and,
most importantly, they have bolstered the cross-communica-
tion between fields that had been rather disconnected in the
recent past, including plant hydraulics, plant carbon economy

and plant pathology. In addition, the renewed interest in the
dynamics of NSCs has reopened an old debate on carbon allo-
cation in plants and, in particular, on the role of carbon supply
in limiting tree growth (Wiley and Helliker 2012, Fatichi et al.
2014, Palacio et al. 2014).

The classical view of the role of NSCs and their dynamics is
based on a source—sink model and holds that carbon storage
in plants is the result of the supply of newly assimilated carbon
being higher than the overall demand at the sink tissues,
including growth, respiration, defence and export (Kozlowski
1992). Although this view is consistent with different carbon
allocation paradigms, it has frequently been taken to imply a
passive storage, in which NSC builds up only when all the other
demands have been satisfied. Under this paradigm, the fact
that trees tend to have substantial amounts of NSC even under
stressful conditions has been interpreted as implying that car-
bon availability does not limit tree growth (Kérner 2003).
However, NSCs may play a key role in maintaining hydraulic
and osmotic functions and thus may not represent a simple
overflow acting as a repository pool for future uses (McDowell
2011, Sala et al. 2012), in which case allocation to storage may
be highly regulated (i.e., not passive) and may compete with
growth at least under certain conditions (Chapin et al. 1990,
Sala et al. 2012). From this perspective, the relatively high NSC
levels in trees are not necessarily evidence of excess carbon
and are compatible with carbon limiting, or co-limiting, tree
growth (Wiley and Helliker 2012). This dispute is not trivial, as
it has key implications on how we understand plant carbon
economy and the way we model ecosystem carbon flows
(Richardson et al. 2013, Dietze et al. 2014).

In this issue, Saffell et al. (2014) use a novel approach to
study the relative priority of storage versus growth, taking
advantage of the effects of Swiss needle cast (SNC, not to be
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confused with NSC) on Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco). This disease is caused by an ascomycete
(Phaeocryptopus géumannii (Rohde) Petrak) that colonizes
Douglas-fir foliage and causes stomatal blockage and, ulti-
mately, leaf abscission. Interestingly, SNC occurs in wet envi-
ronments, providing a natural experiment that is not complicated
by the effects of drought stress. In agreement with previous
studies, Saffell et al. (2014) find much lower radial growth in
SNC-diseased trees with less functional leaf mass, presumably
due to lower overall carbon uptake. However, the novelty of
this study is the concurrent measurement of NSC dynamics
and growth on infected trees. Their results show that NSC con-
centrations are unrelated to functional leaf mass (in twigs and
foliage) or only decline slightly compared with growth (in the
main trunk). This result is interpreted to imply that infected
Douglas-fir maintains NSC levels, particularly in the crown, at
the expense of stem growth, with important implications for
the current debate between passive and active carbohydrate
storage in trees.

The results by Saffell et al. (2014) are intriguing, but they
also raise questions. An important one has to do with metrics.
How should we measure the relative priority of storage versus
growth? Ideally we should be able to monitor the carbon bal-
ance of whole, mature trees and all its components at relevant
time scales. Unfortunately, this is a daunting task (see Dietze
et al. 2014) and alternative measures of allocation priority are
needed. Saffell et al. (2014) use the ratio of NSC concentration
to basal area increment. This is an appealing measure mostly
for practical reasons, as it combines the two most common
ways of quantifying tree carbon storage and growth. However,
it is only part of the story. Nonstructural carbohydrate concen-
tration measures a (relative) content, whereas growth is a flux.
A better index of relative priority would compare growth con-
currently with the rest of the fluxes in and out the NSC com-
partment (or at least the changes in NSC content) (Ryan 2011),
all expressed in the same or comparable units (Figure 1).
Unfortunately, this is again challenging and brings us to yet
another problem in plant carbon economy research. While it is
reasonably easy to measure growth at the whole-tree level,
even retrospectively using growth rings, estimating the total
NSC content of an entire tree is exceedingly difficult and has
only been done in very few studies (see Dietze et al. 2014).
Nonstructural carbohydrate concentration varies among organs
and tissues and a whole-tree assessment requires many mea-
surements, as well as a precise quantification of the total bio-
mass in each organ/tissue. And even that would not be enough,
as repeated measurements would be required to assess
changes in NSC.

Another exciting aspect in Saffell et al. (2014) has to do with
the role of pathogens. Fungal pathogens can establish very
rich and diverse trophic interactions with trees, in which they
may affect their carbon balance indirectly, as stressed in the

Growth + Respiration
+ Defense + Export

T (; Non-structural
> carbon

ENVIRONMENTAL CONTROLS

Figure 1. A possible view of nonstructural carbon (including NSC) as a
pool resulting from the balance between carbon sources (assimilation)
and sinks. Changes in this balance over time determine variation in the
size of the pool. The dark grey area corresponds to nonstructural car-
bon serving immediate functions in osmotic regulation and vascular
transport. The arrows with encircled minus signs indicate feedback and
feedforward mechanisms by which sink and source activity is regu-
lated. Environmental controls on source and sink activity illustrate the
co-limitation between assimilation and other processes such as growth,
which provides a middle ground between the extreme views of a purely
carbon-limited growth and a ‘growth-controlled’ photosynthesis.

Saffell et al. work, but also directly. Phaeocryptopus gdumannii,
the fungal pathogen that causes SNC, is a biotroph, and as
such it is able to obtain carbon directly from living leaf cells
(Deacon 1997). This direct consumption, together with any
carbon-expensive defence mechanisms or other hormonal
responses that may be triggered, will have implications for the
carbon balance of the affected leaves and elsewhere in the
plant. Accounting for these effects is probably essential if we
are to understand whole-tree carbon dynamics and its
response to biotic and abiotic stress, as these two sources of
stress appear to be intimately linked to each other (Desprez-
Loustau et al. 2006, Jactel et al. 2011, Gaylord et al. 2013).
Clearly, elucidating the role of NSCs in trees will require
additional research. We need to address the complexity of
plant carbon economy and this can only be done if all the rel-
evant disciplines come together into a common research
framework and agenda. Saffell et al’'s (2014) study provides
an example of a fruitful approach. Trophic (i.e., carbon-based)
interactions between pathogens and trees are ubiquitous and
it seems clear that a complete understanding of tree carbon
dynamics will not be achieved until these interactions are
explicitly accounted for. To find a common ground in disputes
such as the role of carbon in limiting tree growth, we need to
recognize the central importance of time scales in any discus-
sion about carbon allocation (Dietze et al. 2014), and we need
to be aware that data interpretation might be complicated by
issues of definition. After all, what is storage? Chapin et al.
(1990) define storage as resources that build up in the plant
and can be mobilized in the future to support biosynthesis for
growth or other plant functions. This definition highlights the
role of storage as a pool/repository for future uses. But if NSCs
have immediate functions in plant metabolism (osmotic regula-
tion, maintaining vascular integrity; Sala et al. 2012), should we
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see them simply as storage? Do we need to view growth and
NSC formation as competing flows or could we see NSCs sim-
ply as a pool from which different but interacting uses are pos-
sible (cf. Figure 1)? What is that we measure when we quantify
NSC concentrations? | suspect that these important conceptual
(and related technical) aspects will need to be resolved before
current disputes are settled and a common view on plant car-
bon allocation emerges.
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Field Protocols
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FIELD EQUIPMENT CHECKLIST
Hard hats

Field vests

Safety goggles

Compass

PVC

Rebar

Pens, pencils, sharpies

Data sheets

Clipboard

GPS

Laser

Extra AA and AAA batteries
Loppers

Handsaw

Chainsaw

Chainsaw toolbox

Firebox

Fire extinguisher

Hammers

Pulaski

5 gallons of water (Weyerhauser)
Al nails

Tree tags

Aluminum writeable tags

Zip ties

Stapler

Flagging (Pink, orange, orange/black striped)
Logger tapes

Extra nails for logger tapes
Garbage bags

Paint (orange, blue)

Foliage sampling:

Ziploc bags (1-gallon and sandwich size)
Sharpies

Clippers/pruners

Paint (blue)

Climbing gear

Soil sampling:

Push probe

4 — 2 gallon buckets

Block of wood (10x10)
Field knife

1-gallon Ziploc freezer bags
Ziploc sandwich bags
Trowel

Tape measure
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General stand parameters:

Candidate stands fall into three general targets. 1) 10-30 year old Douglas-fir plantations that haven’t
been treated (no thinning or fertilization) in past 5 years; 2) Stand is composed of at least 80% Douglas-fir
basal area (flexibility on this should be applied due to hemlock fecundity, particularly in coastal areas
where intense SNC pressure needs representation within the plot network); and 3) Stand density of
Douglas-fir ranges between 300 and 400 trees per acre.

Plot location:

Using a list of potential stands provided by landowners, assess plantation suitability and select plot
location based on the targets described above. Using a Google-Earth aerial photo or a satellite image, pre-
determine potential areas of the stand that meet the criteria. Often, these areas do not meet the criteria on
the ground, therefore it is important to select multiple locations, ideally 3 or more. Once in the stand, walk
these potential areas for a visual determination. Roughly pace out a 30m area to check if all criteria are
met sufficiently. Ideally, plot orientation is along the cardinal directions or aligned with the stands’ slope.
Once a plot location has been determined, choose and mark the plot starting point/corner, determine the
distance and azimuth to the nearest/most convenient road, and clearly flag the trail with orange/black
stripped flagging. On the road, choose a visible reference tree, and mark it with three orange paint stripes.
Record GPS coordinates.

Plot establishment:

To lay out a square 1/5 acre plot, place a 5-foot PVC pipe over a two-foot length of rebar that has been
hammered into the soil at the plot start corner. Flag the top of the P\VC with two pink flags and on an
attached writable aluminum tag, note the plot number and orientation of the corner. Record GPS
coordinates. With a compass and a measuring tape attached to the PVC corner, establish the remaining 3
corners, each 28.45 meters apart (horizontal distance). If necessary, remove lower dead limbs and heavy
brush to get an accurate distance and azimuth. Flag each side of the plot with pink flagging. Mark each
PVC corner using the same method as the start corner. Record GPS coordinates for all corners.

Buffer establishment:

All measurement plots require a 10m buffer. Establish buffer zone by pulling a measuring tape 14.1m at a
45 degree angle from the plot edge azimuths. Mark buffer corners with PVC pipes and double orange
flagging. Some land owners (e.g. Stimson) require the buffer perimeter to be delineated. If required,
delineate with orange flagging.

Before leaving the stand, sketch the location of the plot on the data sheet.

Tree tagging:

Following the establishment and marking of plot boundaries, give all trees (meeting the below criteria)
within the plot a numbered tag. Divide plot into 4 corridors, approximately 7 meters wide, dividing
corridors with an orange/black flagging. Starting at a corner, following corridors, tag all trees facing the
same direction and record data.
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1)

2)

3)

4)

5)

6)

Record all information listed in the header of the data form entitled 2013 (2014 or 2015) Research and
Monitoring Plot Network: include plot, date, crew, and data provided on the sheet. Use common name
abbreviations for tree species. See appendix 1.

All Douglas-fir trees with DBH > 3 cm should be nailed with a stamped aluminum tag at breast height
(1.3 m from ground on uphill side of tree). If trees are too small to be tagged by nail at breast height,
attach a tag using a plastic ladder tie and a staple at breast height. If too small to be stapled, attach
looped ladder tie to a branch near breast height (1.3 m from ground on uphill side of tree). If at breast
height there is a stem abnormality (such as a branch whorl, fork, canker, bulge, etc.) hammer the nail at
the nearest spot of a uniform stem diameter either above or below breast height.

All other tree species with DBH > 5 cm should also be tagged with a nail. (see above). Use the species
codes provided; if unsure of a particular hardwood species, code it as OH (other hardwood.)

Measure each tagged tree for DBH to the nearest 0.1 cm, being sure that the bottom of the D-tape is
immediately above the nail holding the tree tag (or, alternatively, immediately above where the plastic tie
is connected to the tree.

Measure and record total height (nearest 0.01 m) and height to lowest live branch (height of the lowest
live branch of contiguous live crown; nearest 0.01 m) on 40 Douglas-fir trees as follows: the ten largest
Douglas-fir by DBH, the four smallest Douglas-fir by DBH, and twenty six Douglas-fir distributed evenly
across the diameter range. Avoid trees with damaged tops, i.e. broken, multiple, or dead top. Paint each
height tree with an orange paint at breast height. Paint ten largest Douglas-fir by DBH with blue paint
(above breast height/orange paint).

If any Douglas-fir tree has some type of top damage, record this in the Notes column, using one of the
tree designated codes (BT: broken top; DT: dead top; MT: multiple top).
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Appendix 1
Tree Species Codes

DF Douglas-fir

WH Western hemlock
SS Sitka Spruce

NF Noble fir

GF Grand Fir

RC Western redcedar
RA Red alder

BM Bigleaf maple
CB Cascara buckthorn
MA Madrone

BC Bitter cherry

GC Chinkapin

OH Other hardwood
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Foliage Sampling

In the first spring (April-June) after plot establishment: revisit newly established plots
and choose the 10 largest trees (by dbh) that are undamaged (no broken tops, root rot, stem
decay, bear damage, etc.). These 10 largest trees will be assessed for foliage retention, and
needles will be sampled for pseudothecial occlusion and foliar nutrition.

Sample Tree Selection

The following steps can be done ahead of time:

1. Using the tree data collected the previous dormant season, select the 10 largest trees by
dbh (choose 15, in case some are newly damaged).

2. Divide the live crown (HT-HLC) into thirds (hereafter referred to as the upper, mid,
and lower-third), and record the midpoint of each crown third on the datasheet which will be
used in the field.

3. Prepare data sheets and label sample collection bags.

In the field, access and collect three lateral branches from the south side of the 10 sample
trees, one branch each from the lower, mid, and upper crown third. Do not sample damaged
branches. These branches should be as close as practical to the mid-point of each crown third.
Record the height of the whorls from which the samples are collected—this is best accomplished
by taping the distance from the crown base to the base of the sample branch.

Given the size of the trees within the plot network and the need for at least two needle
cohorts, for the upper live crown, collect a two-year-old lateral from a three-year-old branch (i.e.
the third whorl). Record height of each branch collected.

For the mid- and lower- crown thirds, collect the largest four- year- old secondary lateral
on the southernmost primary branch in the approximate middle of each crown third. Because the
fifth whorl (from the top) has been a standard sampling location for many SNC studies, if this
whorl is in an appropriate sampling location, use it. Record the whorl # of the mid-crown
sampling position.

For all collected branches, estimate foliage retention in the field and then bag the sample
branches for transport to the laboratory for disease severity assessment. See below Foliage
collection.

Foliage Retention (FR) Estimate

Examine sampled secondary lateral branches from each crown third and estimate the
average number of annual needle compliments present (Figure 1). Estimate the proportion of
attached needles present within each cohort of the primary axis of the secondary lateral.
Estimate FR values for each cohort on the following scale from 1 to 10:
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0= no live foliage remaining in cohort

1 1 - 10% of live foliage remaining in cohort
2 11 — 20% of live foliage remaining in cohort
3= 21-30% of live foliage remaining in cohort
4= 31-40% of live foliage remaining in cohort
5= 41-50% of live foliage remaining in cohort
6 51 — 60% of live foliage remaining in cohort
7 61 — 70% of live foliage remaining in cohort
8 71 — 80% of live foliage remaining in cohort
9 81 — 90% of live foliage remaining in cohort
10= 91 -100% of live foliage remaining in cohort

Foliage Collection

For each of the pseudothecial occlusion, crown third branches, clip one-year needles and
place in appropriate bags. Repeat process with two-year needles.

For the foliar nutrition samples, collect 3 branch tips from mid-crown with 1- and 2-year
old needles.

Labeling Bags

Labeling of sample bags should be completed ahead of time. For each tree sampled, we
will have six small (sandwich or quart-size) Ziplocs bags, one Whirl-pak, and one 1-gallon
Ziploc bag to collectively store the smaller bags. Collect the following samples and record on
bags:

Pseudothecial occlusion

For the one-year and two-year needles from upper branch, label 2 bags: plot, tree 1D,
upper, year 1 (or 2). For example: N151/232/U/1.

For the one-year and two-year needles from mid branch, label 2 bags: plot, tree ID, mid,
year 1 (or 2). For example: N151/232/M/2.

For the one-year and two-year needles from lower branch, label 2 bags: plot, tree ID,
lower, year 1 (or 2). For example: N151/232/L/1.

Foliar nutrition

The seventh sample from each tree is for the chemical analysis of foliage. Label one
whirl-pak bag as follows: JH Soil, plot, tree ID, and date.

On the large, 1-gallon bag write: plot, tree ID, date, crew. For example: N151/232/3-21-
14/EB&PH.

105



Molecular Ecology Sampling Protocol

1. In the lab, pre-label one 1-gallon Ziplock bag and 7 quart-sized Ziplock bags. Place the
quart-sized Ziplocks into the one-gallon bag.

I Gallon bag:

1. Stone, plot, date, crew initials.

ii. 3 quart-sized bags:

1. Low, plot, tree, date.

2. Mid, plot, tree, date.

3. Upper, plot, tree, date.

iii. 4 quart-sized bags:

1. Plot, tree, date. In the field note the age of the whorl, from which each branch is collected
(e.g. whorl 5).

2. Select 5 out of the 10 largest by diameter trees per site.

3. Sample ONE TREE extensively:

a. Collect 5 secondary branches with 2 and 3 year old needles from this tree (1 lower, 2
middle, and 2 upper crown, if possible).

b. Place branchlets from lower, mid, upper into 3 labeled perforated (punch a small hole
with a pencil) Ziploc bags.

4. For the remaining four trees, sample ONE secondary branch from the mid-crown whorl.

5. Place branches in pre-labeled, perforated Ziploc bag.

6. Place in cooler on ice or ice packs. Foliage only needs to be kept cool enough to prevent mold
growth (~ 50-60 F).

7. Place in cold-room within 48 hrs after collection.
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Field Soil Sampling

Materials:
1 Push probe
1 Compass

4 2- gallon buckets

Mark the first bucket with ”’0-10”, second with “10-20”, and third with “20-30"" with
garishly colored tape to avoid mixing them up in the field.

Many pin flags (for marking sample locations — optional)

1 O-horizon sampling template

Block of wood cut to a known dimension (10x10 cm)
Field knife (steak knives work well)
1 quart to 1 gallon zip-loc freezer bags (the most durable bag)
500ml whirl-pak bags
trowel
metric tape measure

R R W N R

Sample Bag labeling:

Item Label

Project name: SNC

Date: the date

Plot # follow the SNCC plot labeling system

Soil depth sampled: We’ll have 4-5 possible labels here: O horizon (moss and litter), 0-
10cm, 10-20cm, and 20-30cm
Initials of samplers: Initials of whoever is out collecting samples

Other info: Depths of O-horizon

1. Sample points

1-1. Soils will be collected from 5 different locations within each 1/5-acre plot.

1-2. The first location will be approximately at plot center.

1-3. The next 4 locations will be 4.5 m in towards the plot center from the 4 plot corners.
This is approximately 2/3 the distance from the plot center. To speed up sampling in the field
approximate distances and azimuths are OK. If resampling will take place, we don’t want to
resample in the same locations due to disturbance.

2. O-horizon sampling at plot center.

2-1. Label 1-2 zip-loc bags (see above).

2-2. Place the O-horizon cutting template at the plot center. Cut around the template
using your field knife.
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2-3. Collect all the material and place in the bucket labeled “O”. Include any moss in the
sample, but try to avoid any live plants. Be careful not to collect mineral soil. You may have to
shake some soil off of the moss you will uproot in this process.

2-4. Once all the moss and litter material is collected down to the mineral soil. Record the
depths of the O-horizon on all 4 sides of sample location to nearest 5Smm. Write these values on
the O-horizon sample bags, as well as in a notebook.

3. Mineral soil sample collection.

3-1. While at plot center push your 30cm long push probe into the ground in the square
devoid of O-horizon material. Push the probe so that 30cm has been inserted into the ground.
Gently rotate about 45-90 degrees and pull the probe from the soil. If there’s an obstruction
(rocks, roots, etc.) resample at a nearby location after scrapping away the O-horizon.

3-2. Measuring from the bottom of the soil profile in the push probe, cut the soil at 10cm
(this will be the 20-30 sample) and 20cm (this will be the 10-20cm sample). The 0-10cm sample
will be less than 10cm, this is OK since this depth/horizon tends to compact the most during
sampling.

3-3. Hold the probe over the bucket labeled 0-10 and carefully scoop out the 0-10cm
sample. Repeat this procedure for 10-20 and 20-30cm samples. A lab spatula works well for
this.

3-3 NOTE. For some areas it may be easier to collect the soil by pushing the probe into
the ground 10 cm, extracting and placing the material into the appropriate bucket (for the 0-10cm
sample). In the same probe hole push the probe to 20 cm (since 0-10 has been sampled you
should just have the 10-20cm sample). Repeat for the 20-30cm sample.

3-4. Repeat for the other 4 locations in the plot. Since we did not collect an O-horizon
sample at these locations you will need to scrape away this material with your hand. All depths
collected from this plot will go into their respective buckets. At the end of this procedure you
should have 3 buckets with soil collected from the 0-10, 10-20, and 20-30cm depths from 5
locations.

3-5. Use a trowel to mix the soil in each bucket. Scoop the mixed soil material into the
appropriately labeled bag.

3-6. Store soils in an area out of direct sun-light. A cooler is the best idea, but not
necessary if samples are kept in the shade and temps remain below about 60 degrees F.

3-7. Place soils in a refrigerator (RH 280) as soon as returning from the field. Ifitisn’t
possible to return to campus in the evening then store samples in the hotel fridge or in a cooler
with blue ice (not water based ice due to problems liquid water and contamination of samples).
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Pseudothecia Counting Protocol

Tools and Equipment

- Data sheets

- 3x5 white index cards

- Dissecting microscope or DinoLight
- Ruler (mm)

- Double-sided tape

- Fine point pen (blue or black)

- Mechanical (tally) counter

- Random number table

Needle Storage and Preparation

1. Needles should be stored in a freezer (RH 280) until mounted on index cards, and
when not used store needle samples in freezer to avoid desiccation.
2. Following steps a-c for needle selection, use double-sided tape to affix individual

needles to 3x5 index cards vertically with the stomata facing up (fig. 1). The following steps are
to be performed for both needle age classes (1 and 2-year old needles)

a. Attach label sticker and fill in plot, tree, treatment, and needle age information in
pen or fine-tip marker.
b. Randomly select 50 needles from bag. Attach needles to the card flat, with the

undersides of needles facing upward and the tips oriented in the same direction (shown in Fig. 1).
Avoid touching the underside of the needle as much as possible to minimize damage to the
stomatal surface. If possible, use forceps to grab needles at the petiole (stem).

C. Store prepared and labeled cards in a plastic bag in freezer until they are ready for
counting.
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Fig. 1
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Evaluating Infection Incidence & Percent of Occluded (blocked) Stomates

1. Use blue or black ink fine-tip ballpoint pen for recording data on datasheets.

2. When recording information on datasheets, fill in your name, date, plot, tree
number, treatment, and needle age information, and initial next to each row of data that you
record.

3. Distinguish pseudothecia of Phaeocryptopus gaeumanii from other fungal
species/contaminants on needles. If other fungal species are present, record this information in
the notes column on the datasheet. See attached appendix for SNC and other foliar fungi ID.

Infection Incidence (percentage of needles with Phaeocryptopus)
1. Count the number of needles mounted on the card. If fewer than 50, note this on

the datasheet in the incidence column. When you process a notecard for incidence, initial the
notecard.

2. Using a dissecting microscope, scan each needle on the card to look for
pseudothecia.

3. Use a tally counter to keep track of the number of needles with the fungus present.

4. Record the number of needles with pseudothecia/ total number of needles (i.e.
44/50) on the top right corner of the card (see diagram).

5. Number the first ten needles with pseudothecia.This is the subsample of needles

that will be used to estimate the percent of blocked stomata.

Designating counting points

6. Three designated points per needle will be used to count pseudothecia.

7. Using the methods described in the following section (Selecting Random Points
on Needles), we will randomly select 3 locations on each needle at which we will evaluate the
percent of stomates blocked. Select and mark these points after evaluating infection incidence so
that they are ready to be processed at the digital microscope.

8. IMPORTANT: We will record the length of the first five (5) needles on which
the SNC-fungus is present, and record these lengths (in mm) at the base of the notecard. This
way, the needle length, number of pseudothecia with SNC-fungus present and the tree and needle
age information can all be recorded at the same time when needle cards are processed at the
digital microscope.

For example, at the bottom of the notecard, you might record:

NL: 28, 25, 33, 29, 28, or needle length: 28, 25, 33, 29, 28

If there is not room at the bottom of the card, find another place on the card (front or
back) to record these lengths.
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Selecting Random Points on Needles

1. The first ten needles on which pseudothecia were present have been numbered
from 1 to 10. These needles will be use to estimate the % of blocked stomata.
2. For each needle to be evaluated, counts will be conducted on three separate

sections of the needle: the base (B), middle (M) and tip (T). Measure the needle with a ruler
(mm), careful not to damage adjacent needles.

3. Based on the total length, use the Needle Length Table to determine the bounds of
each needle section. Then, using the Random Number Table, move left to right until you reach
1- or 2-digit numbers that are within the bounds of each needle section (these marks must be at
least 3mm apart to ensure space to count 100 stomata). In each needle section, make a fine mark
in pencil or pen next to the needle corresponding to the length that you selected on the Random
Number Table. See Figure 2 below. If a portion of the leaf tissue is obviously dead at your
intended starting point, use the Random Number Table to select a new starting point. Non-
Phaeocryptopus fungi are common on dead leaf tissue.

4. For the remainder of each work session, continue through the random number
table without repeating the numbers that you have already scanned through- this will ensure truly
random number selection.

Fig. 2

B M T
-according to the needle length table, the 3 sections of this 30mm
needle are: B: 0-9mm, M: 1019, T: 20-28
-using the random # table, mowing left to nght and considering both
1- and 2-digit numbers, I scroll until I encounter three numbers that
fit within these needle sections: 3, 16 and 21
-mark next to the needle at this points with a fine tip pencil. counts of

pseudothecia and stomates begin at these points until 100 stomates
are encountered
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Counting Pseudothecia

1. At each randomly selected point within each section (B, M, T), begin counting the
number of stomata plugged with pseudothecia. Very large irregularly shaped black structures
tend to be fungi other than P. gaeumanii. Check appendix: SNC and other fungal spp ID.

2. Count stomata vertically from base towards tip until you reach 50, then move to
the other side of the midrib and count 50 beginning again at the pencil line (Fig. 3).
3. Every stomate encountered that has a pseudothecium present is recorded on the

tally counter. When all 100 stomata have been observed, record the number and reset the tally
counter. As in the example below, if 20 out of 100 stomata contain pseudothecia, record 20 on
the datasheet.

4. If you encounter non-Phaeocryptopus fungi blocking stomates, simply skip those
stomata (i.e. count visible around the non-Phaeocryptopus fruiting bodies/discoloration).

Fig. 3.

pencil= start here and count the # blocked stomates until you reach 50 total stomates

S0th stomate count for this side= 940

Repeated on this side= 11/50, TOTAL= 20/100, RECORD 20 on datasheet

- Do not count pseudothecia under a regular desk lamp, or any lamp that puts off a
considerable amount of heat. Needles will become desiccated and will be unusable.
- Whenever not counting pseudothecia on a current index card, place the index card
that you are working on in a plastic bag in the freezer or a cooler until you resume work.
- Completed index cards should be stored with a blank index card covering needles,
inside a plastic bag in the freezer.
Dino-Lite Digital Microscope Guidelines

The microscopes have been set to a position that should allow you to easily magnify needles by
~215 times without having to significantly adjust the coarse or fine focus. With the current set-
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up, the view of the needle that will appear on the screen corresponds to the orientation of the
needle as it is mounted on the index card.

When viewing needles, you should always be able to see the entire width of the needle, and the
magnification should remain set at 210-230. The height of the microscope will be just
millimeters above the needle samples, so take care not to push the microscope against the
needles as you adjust the microscope height.

Please do not change the height of the microscope radically. If you are having difficulty
focusing the microscope by very gently turning the knob on the right side of the microscope
stand and the magnification knob on the microscope itself, ask someone else in the lab to assist
you.

1. The Dino-Lite microscopes should only be used to evaluate the proportion of stomates
blocked with pseudothecia.
a. Examination of the number of needles on which the SNC fungus is present should take

place beforehand using a dissecting microscope. When this is done, the first ten needles on
which the fungus is present should be numbered from 1 to 10 adjacent to the stem of each
needle. The number of needles with fungus will be written on the top-right corner of the card.
b. Before beginning work at the digital microscope, each of the 10 needles that will be
evaluated more closely should be measured, and three random points within the basal, middle
and tip sections of the needle should be selected (according to guidelines) and marked using a
pen or fine pencil.

2. To begin, plug the microscope into a USB connection on the computer, and the Dino-L.ite
program will automatically open and the microscope light will turn on (if this doesn’t work, try
another USB port). If the microscope is already plugged into the USB port, simply double-click
on the Dino-Lite shortcut on the desktop. If you close the program or unplug the USB cable, the
microscope will turn off. Do not leave the microscope on when it is not in use.

3. For each needle, first locate the needle number adjacent to the stem of the needle. This
will ensure that you are examining the correct needle. Gently move the needle card to the left
until you reach the pencil mark in the basal needle section. Adjust the microscope to bring the
needle into focus. The brightness of the image can also be adjusted by placing the mouse arrow
in the gray area below the image, which will bring up an adjustable light exposure scale. To take
a picture, press any key or click the mouse once. If needles are not laying flat on the card, it may
not be possible to focus the top and bottom rows of stomates simultaneously, and you may need
to focus on one part of the needle at a time. It is not necessary to take multiple photos of one
needle section- capture the best image you can.
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4. Accurate and complete recording of file names is important and should be done as
follows:

a. Each time that you work at the digital microscope, you should begin by creating a
temporary folder on the desktop and name the folder with your name and the date (e.qg.
GRitok.04.04.14). At the end of the work period, this entire folder and its contents can be copied
to the external hard drive, or the T-drive/Groups/SNCC/Pseudothecia photos (MA and KF only).
b. Right-click on the thumbnail of your most recent image in the panel on the left part of the
screen and select “Save As”. A Picture Size box will pop up and you should press enter or click
“ok” to accept the default size.

C. You will save pictures to the temporary folder that you have created on the desktop.
Click on the arrow next to “Save In” and select the appropriate drive under “Desktop”.

d. The file name must include all identifying information for that image:

I Plot ID

ii. Tree Number

iii. Branch Position (L, M, U)

iv. Needle Age (1 or 2)

V. Needle Number (1-10)

Vi. Needle Section (B, M, T)

vii.  Your initials

viii.  Example: for plot N152, tree 100, mid third branch, needle age 2, needle number 5, basal
needle section, and image captured by Beavis Butthead, the file would be coded:
SNC.N152.100.M.2.5.B.BB

5. The number of stomates blocked with pseudothecia out of 100 stomates must be
evaluated according to the established methods, and recorded in the appropriate row and column
on the datasheet. Repeat these steps for the other needle sections and for all 10 preselected
needles on the card.

6. As we begin this project, we will record images at three locations on every needle for 5
needles per card. We may reduce the number of images saved if this process proves to be too
time-consuming. Accurately recording the number of stomates blocked with pseudothecia per
needle section is a higher priority than capturing and saving images.
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SNCC NEEDLE LENGTH TABLE

T (tip)

10
11
12
13
14
15
16
17
18
19
20
21

10
10
11
12
12
13
14
14
15
16
16
17
18
18
19
20
20
21

22
23
24
25
26
27
28
29
30
31

22
22
23
24
24
25
26
26
27
28
28
29
30

32

33
34
35
36
37

38
39
40

41

42

43

M (middle)

10
11
11
12
13
13
14
15
15
16
17
17
18
19
19
20
21

10
10
10
11
11
11
12
12
12
13
13
13
14
14
14
15
15
15

21

22
23
23
24
25
25
26
27
27

28
29

B (base)

4
4
4

9

10
10
10
11
11
11
12
12
12
13
13
13
14
14
14

Needle Length (mm)

10| O
11
12

13| 0

141 0

15| 0
16
17

18| 0

19| 0

20| O
21

22

23| 0

241 0

25| 0
26
27

28| 0

29| 0

30| O
31

32

33| 0

3410

35|10
36

37

38| 0

39| 0

40| O
41

42

43| 0

44| 0

451 0
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M owbdhe

Foliar sample processing for chemical analysis

Foliar samples from a mid-crown branch from the south side of the tree will be sampled
and analyzed for elemental composition.

. Approximately 1 g of material will be collected (200-250 needles). Age class 1, from 3
branch tips.

. Place these needles in a small whirl-pak and freeze them until we have time to dry them.
Dry needle samples at 40 degrees C in a convection oven (inside a paper lunch sack), or
using a freeze dryer (if available) for 72 hours.

. Once dry, seal the sample bag and store samples in a desiccator until the mass of 10
needles can be weighed.

Soil storage and processing

Store soils in a refrigerator until they can be dried, 2-4 weeks.

Set oven to 40 degrees C.

Dump samples into a paper bag. Place sample bag inside paper sack.

Place samples with paper sack open in oven for 2-3 days. 2 days for dry-moist soils and 3
days for moist-wet soils.

. Once dry, place samples back into sample bag, seal, and store in a durable container
(cardboard, large Tupperware, etc)
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