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1. Introduction

ABSTRACT

For over a century, white pine blister rust (WPBR), caused by the introduced fungal pathogen, Cronartium
ribicola ].C. Fisch., has affected white pine (Subgenus Strobus) individuals, populations, and associated for-
est communities in North America. We surveyed eight populations of whitebark pine (Pinus albicaulis
Engelm.) across a range of environmental conditions in subalpine forests of the Lake Tahoe Basin,
California and Nevada, to determine how WPBR is influencing host fecundity (i.e., female cone production
and recruitment), survival, and current population trends. In this region and throughout its range white-
bark pine is an important component of subalpine ecosystems. In high-elevation forests of the Lake Tahoe
Basin, the primary negative effect of this rust pathogen on whitebark pine is infection and mortality of
cone-bearing branches.

Mean incidence of WPBR among whitebark pine populations was 35% and ranged from 1% to 65%.
Given the high disease incidence, relationships were found between WPBR infection and reproductive
output. Percent of individuals infected per population (R*>=0.78), average number of WPBR-infected
branches per population (R? = 0.71), and severity of stem girdling (R? = 0.76) were all negatively related
with cone production. A positive relationship was found between disease severity (i.e., extent of stem
girdling) and available water capacity and a negative relationship was found between disease severity
and % sand content. Environmental conditions, including soil properties, may affect pathogen growth
and potentially influence the rate at which green infected trees lose the ability to produce female cones.
Demographic trends for 7 of 8 whitebark pine populations were stable, with estimates of geometric
growth rate (1) > 1.0. Population stability is a function of adequate population sizes, mixed-size struc-
ture, high survivorship, and moderate fecundity. Results show that WPBR is adversely affecting fecundity
but having little effect on survivorship. Restoration strategies are designed to facilitate whitebark pine
recruitment and deploy genetically diverse seedling material and potentially WPBR-resistant pheno-
types. Our study highlights a need for long-term demographic data and monitoring of WPBR-infection
to better understand population consequences and host responses in the future.

© 2012 Elsevier B.V. All rights reserved.

2004; Maloney et al., 2005; Garnas et al., 2011). In addition, com-
munity-level changes can alter species composition, biodiversity,

Consequences of invasive pathogens on forest tree populations
in North America can be significant - from reduced population
sizes to shifts in community structure and diversity (Paillet,
2002; Ellison et al., 2005; Burdon et al., 2006; Lovett et al., 2006;
Tomback and Achuff, 2010). Such changes may occur over a few
years to decades. Individual- and species-level effects include tree
mortality, reduced fecundity and fitness, declining populations, as
well as selective pressures on and evolutionary changes in host
resistance (Gilbert, 2002; Paillet, 2002; van Mantgem et al.,
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and biotic interactions (Tingley et al., 2002; Ellison et al., 2005;
McKinney et al., 2009).

Invasive forest pathogens can have both subtle and profound ef-
fects on host reproduction, survival, and growth. The introduced
fungal pathogen Cronartium ribicola ].C. Fisch. is a primary manage-
ment concern in all five-needle white pine ecosystems in western
North America. C. ribicola (cause of white pine blister rust; WPBR)
was introduced into British Columbia around 1910 and arrived in
northern California around 1929, the southern Sierra Nevada by
1961 (Smith, 1996), the Mt Rose area (north of Lake Tahoe) in
the 1970s (Smith et al., 2000) and the Lake Tahoe region during
the 1980s (K. Jones, pers. comm., USDA Forest Service). WPBR wave
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years (i.e., infection periods) in the Mediterranean climate of Cali-
fornia, particularly in lower-elevation forests of the Sierra Nevada
on the western slopes, have a frequency of 7-14 years, and in some
favorable microclimates possibly <7 years (Kinloch et al., 1996;
Vogler unpublished data; Maloney personal observation). In
high-elevation forests of the Sierra Nevada the current WPBR-
infection observed on whitebark pine is possibly the result of
initial infection approximately 25-40years ago (Smith et al,
2000; Duriscoe and Duriscoe, 2002; D. Burton, pers. comm., USDA,
Forest Service). These infections in the higher elevations may very

well be the result of only one wave year. C. ribicola is a
heteroecious rust that must alternately infect both white pines,
the aecial host(s), and Ribes or other non-Ribes alternate hosts,
the telial hosts, to complete its life cycle (Geils et al., 2010). Nega-
tive effects of the pathogen occur mainly on the pine host, in which
branch infections are perennial (Kinloch et al., 1996; Geils et al.,
2010). In California and other regions, WPBR may adversely affect
reproductive output (female cone production) by infecting and kill-
ing cone-bearing branches (Maloney, 2000; McKinney et al., 2009;
Maloney unpublished data). This species-level effect can poten-
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Fig. 1. Location of study area and whitebark pine populations in the Lake Tahoe Basin. Each location studied (circles) shows the average percent WPBR incidence for that
population. Pinus albicaulis distribution in California is shown in insert (distribution map source: USGS (1999) Digital representation of “Atlas of United States Trees” by Elbert

L. Little, Jr.).



168 P.E. Maloney et al./Forest Ecology and Management 280 (2012) 166-175

tially have negative consequences on important community-level
interactions, such as resource availability (e.g., cones and seeds)
and dispersal of whitebark pine (Tomback et al., 2001 and chapters
therein; McKinney et al., 2009).

Whitebark pine is an important tree species in subalpine water-
sheds throughout most of its range in Western North America. Its
role in ecosystem function and services comprises multiple consid-
erations: forest cover, food resource, watershed protection, pro-
tracting snowmelt, soil and snow stabilization, biodiversity,
wildlife habitat, and greenhouse gas sequestration, as well as rec-
reational, economic, and aesthetic values (Hutchins and Lanner,
1982; Farnes, 1990; Tomback et al., 2001; McKinney et al., 2009;
Tomback and Achuff, 2010). Notable to whitebark pine is its wing-
less seed and its almost exclusive reliance on Clark’s nutcracker,
Nucifraga columbiana (Wilson), family Corvidae, for dispersal
(Hutchins and Lanner, 1982; Lanner, 1982; Tomback, 1982; Hutch-
ins, 1990). In the Northern Rocky Mountains (Northern Divide, Bit-
terroot Mountains, and Greater Yellowstone region), McKinney
et al. (2009) found negative relationships between nutcracker
occurrence and probability of seed dispersal and nutcracker occur-
rence and WPBR-infection of whitebark pine; they concluded that
this bird-pine mutualism may be at risk in severely WPBR-infected
sites. At these locations Mckinney et al. (2009) found high levels of
WPBR ranging from 49% to 82% and mortality ranging from 14% to
68%.

In California, moderate levels of WPBR (% of trees infected per
stand) are found on whitebark pine in the north-central Sierra
Nevada (mean = 24%; range: 0 - 76%) (Maloney, 2011) and are
a threat to this species in the Lake Tahoe Basin (Maloney,
2000). An important question is whether WPBR is affecting pop-
ulation parameters such as fecundity (by damaging and killing
cone-bearing branches) and survival. We address this by (1)
assessing whitebark pine population structure and trends, (2)
determining levels of WPBR infection in populations and on indi-
vidual trees, and (3) relating environmental conditions to host
and pathogen characteristics. Restoration and management of
whitebark pine is a current focus throughout the species range
(Tomback et al, 2001; Schwandt, 2006; Keane and Parsons,
2010; Tomback and Achuff, 2010). Detailed ecological and epide-
miological studies are essential to accurately assess WPBR im-
pacts on whitebark pine populations and subalpine
communities in western North America. The goal of our work
was to provide baseline information on the population ecology,
demography, and severity of WPBR infection on whitebark pine
in the Lake Tahoe Basin. The baseline information and methods
employed in this paper may become a foundation for monitoring
and providing resource managers sufficient understanding of
ecosystem status, trends, and vulnerabilities to develop appropri-
ate restoration treatments.

2. Materials and methods
2.1. Study species and location

Whitebark pine, a principal component of high-elevation forests
in California and Nevada, is continuously distributed in the Sierra
Nevada, from Lake Tahoe south to Mt Whitney (2600-3600 m ele-
vation). Whitebark pine’s distribution is more fragmented in
northern California from the Klamath region eastward to the War-
ner Mountains and in the southern Cascades (2200-2900 m).
Whitebark pine’s range extends northward into Oregon, Washing-
ton, British Columbia, and Alberta and eastward into northern Ne-
vada, Idaho, Montana, and Wyoming (Critchfield and Little, 1966;
Tomback and Achuff, 2010).

The Lake Tahoe Basin is located in the north-central Sierra
Nevada at 120°W and 39°N within California and Nevada
(Fig. 1). The Basin is flanked to the west by the Sierra Nevada
crest and to the east by the Carson Range. The Lake Tahoe Basin
Management Unit (LTBMU, USDA Forest Service) comprises
66,825 ha, ranging in elevation from 1890 m to 3292 m, with
85% of the Basin in National Forest. The climate is Mediterranean
and characterized by warm, dry summers, and cool, wet winters.
Most precipitation falls as snow between the months of Novem-
ber and April, with a strong gradient from west to east, with
eastside locations influenced by the rainshadow effect of the
Sierra Nevada. Average annual precipitation for subalpine forests
is 1482 mm on the west slopes and 1046 mm in east-side loca-
tions (Table 2). Our study area is within the subalpine zone
(2600-3200 m), which is a mix of whitebark pine, mountain
hemlock (Tsuga mertensiana), lodgepole pine (Pinus contorta),
western white pine (Pinus monticola), red fir (Abies magnifica),
and occasionally Jeffrey pine (Pinus jeffreyi). In some locations
there are pure stands of whitebark pine. Mixed subalpine wood-
land is the most common forest type in the Basin’s subalpine
zone and covers approximately 10,000 ha (Manley et al., 2000).
The geology of the region is dominated by igneous intrusive
rocks, typically granodiorite, and igneous extrusive rocks, typi-
cally andesitic lahar, with small amounts of metamorphic rock
(USDA NRCS, 2007). Study locations include a range of parent
materials: andesite, granodiorite, tuff breccia, and volcanic
(Table 2).

2.2. Population and pathogen sampling

During the summer of 2009, we selected eight study popula-
tions, with three permanent demographic plots per population,
for a total of 24 plots. We define a population as an area in which
gene flow (pollen and seed dispersal) occurs, which for lower mon-

Table 1
Stand, biological, and disease characteristics for eight locations of Pinus albicaulis in the Lake Tahoe Basin. Stands are listed clockwise from north, east, south, and west (reference
Fig. 1).
Location Rel. Density Basal area Avg. no. stems Cones (no. Recruit. WPBR Avg. no. Avg. stem MPB  Mortality
dens. (indsha™!)  (m%ha™') cluster™! ha 1) (inds.ha ) (%) branch cankers girdle category (%) (%)
Rifle Peak 096 446 16.7 6.8 960 44 65 4.89 1.35 1 2
Mt Rose 098 468 26.8 10.7 1477 199 56 499 1.00 3 3
Snow Valley Peak 0.99 458 17.7 8.3 2507 54 34 2.81 0.92 3 2
Heavenly 096 632 29.9 3.8 3144 296 13 0.50 0.17 4 3
Freel Peak 098 665 26.5 5.9 4632 173 1 0.06 0.02 2 4
Little Roundtop  0.95 508 18.6 10.0 2232 74 57 4.70 1.04 0 1
Dick’s Pass 096 715 32.6 5.1 2349 158 38 2.76 0.60 1 4
West Shore Peaks 0.94 797 17.3 9.6 2353 114 19 1.19 0.39 1 3
Mean 097 586 233 7.5 2456 139 353 273 0.68 1.9 27
se 0.01 47 2.3 0.8 389 30 8.1 0.71 0.17 048 0.36

Notes: Relative density was calculated for each location as (total number of whitebark pine trees >1.37 cm d.b.h.) + (total number of all trees >1.37 cm d.b.h.).
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Table 2
Environmental summaries for 8 whitebark pine locations in the Lake Tahoe Basin.

Location Elev. (m) Ann. ppt. (mm) Tmin (°C) Tmax (°C) Sept. GDD AWC 0-50 % Sand content Parent material

Rifle Peak 2819 1281 -74 22.7 13 3.48 70.8 Volcanic

Mt Rose 2711 1255 -7.5 22.6 58 2.75 90.6 Granodiorite

Snow Valley Peak 2740 891 -7.8 233 59 4.22 64.5 Volcanic

Heavenly 2848 782 -7.5 23.2 44 2.00 83.5 Granodiorite

Freel Peak 2865 1019 -8.8 21.6 0 2.51 88.7 Granodiorite

Little Roundtop 2875 1221 -8.0 215 3 293 66.2 Andesite/tuff breccia
Dick’s Pass 2806 1686 -6.5 21.1 65 2.75 77.7 Granodiorite/volcanic
West Shore Peaks 2780 1538 -6.5 21.9 39 2.02 85.0 Granodiorite

Mean 2805 1208.7 -7.5 22.2 35.1 2.83 78.4 -

se 20.8 108.9 0.3 0.3 9.3 0.26 3.6 -

Notes: Climate averages for each population based on PRISM data for 30-year averages (Daly et al., 1994 and FHTET): Minimum temperature (January) and maximum
temperature (July) in degrees celcius, total ppt = total annual precipitation in millimeters (mm), GDD = growing-degree days. AWC 0-50 = available water capacity in top 0-
50 in. (inches of water per inch of soil) and % sand content (sand:silt:clay). Soil data source: USDA NRCS (2007).

tane conifers, has been estimated to be 3.98 ha (Neale, 1983;
Adams and Birkes, 1988). However, for whitebark pine, seed can
be dispersed long distances by Clark’s nutcrackers, which may fly
a few meters, a few hundred meters, or several kilometers to cache
whitebark pine seed (Vander Wall and Balda, 1977; Tomback,
1978; Lanner, 1982; Hutchins and Lanner, 1982; Richardson
et al., 2002a,b; Lorenz and Sullivan, 2009). Therefore, plot sampling
for each population was done over landscapes ranging in size from
200 to 600 ha. Our plot network was established on National Forest
and State Park lands surrounding Lake Tahoe (Lake Tahoe Basin
Management Unit-LTBMU, Eldorado and Toiyabe National Forests,
and Nevada State Parks).

Each of the eight populations was located in a distinct wa-
tershed and all were distributed around the Basin to capture vari-
ation in the physical environment (e.g., climate, geology, and
topography). In each population a random starting point was
chosen for the first plot and the second and third plots were sited
500-1000 m from the previous plot. The second and third plots
were sited in a parallel or perpendicular direction so long as their
locations remained within the subalpine forest type. Within a
population, each of the three replicate plots was 40 m x 100 m
(4000 m?2), with sampling covering approximately 1.2 ha (see
Fig. 2). The following data were recorded for each demographic
plot: GPS location, slope (in degrees), aspect, elevation (in meters),
presence/absence of Clark’s nutcracker, percent rock cover, signs of
past fire (i.e., basal fire scar, bole scorch, lightning strike), slope po-
sition (ridge-top, upper slope, mid-slope, lower slope, valley bot-
tom, or bench), and land-use history (e.g., historical logging, fire
suppression, recent thinning, prescribed fire, wildland fire, recrea-
tion, unspecified).

Within each demographic plot, all whitebark pine >1.37 m tall
were measured for diameter at breast height (d.b.h. in cm). Seed-
lings and saplings (all stems <1.37 m in height) were also recorded.
Tree positions (x and y coordinates from the centerline of the plot)
were recorded and mapped. Individual tree data collected for sta-
tus (live or dead), crown condition (rated 1-10 as follows: (1)
<10% dead, dying, damaged, or infected; (2) 11-20% dead, dying,
damaged, or infected; (3) 21-30% dead, dying, damaged, or in-
fected, etc.), and crown position (understory, suppressed, interme-
diate, codominant, dominant, or open-grown). Given the nature of
Clark’s nutcracker caching behavior, whitebark pine can often grow
in clusters or clumps (Furnier et al., 1987). Cluster counts were
made by counting the number of individual stems per cluster.
Signs and symptoms of pathogens (including WPBR, dwarf mistle-
toe, and root diseases) and insects were recorded as well as abiotic
agents of mortality (e.g., drought), where possible. Mountain pine
beetle (MPB, Dendroctonus ponderosae) was confirmed when pitch
tubes, frass, and characteristic galleries were present (Furniss and

Fig. 2. Illustration of demographic plot layout for each population of whitebark
pine. Each of the 3 plots per population were 40 m x 100 m (4000 m?) with
sampling covering approximately 1.2 ha. In white is the area in which all whitebark
pine >1.37 d.b.h. were measured and evaluated. In black are the three nested
regeneration plots/plot (15 m x 15 m). The area between the double-dashed lines
was the nested forest vegetation plot (40 m x 40 m).

Carolin, 2002). In 2009 reproductive output was assessed, using
binoculars, by counting the number of current and previous year’s
cones per tree (and then adding the two counts). Seedlings and
saplings were counted and evaluated within each demographic
plot by establishing three nested recruitment subplots
(15m x 15 m), for a total of nine regeneration plots/population
(see Fig. 2). All recruitment was counted and identified to species.
For whitebark pine recruitment, data were collected on basal
diameter (cm), height (cm), crown condition (as evaluated above
for trees), status (live or dead), disease condition (presence or ab-
sence of WPBR), and whorl count.

A forest vegetation plot (40 m x 40 m) was nested within each
of the three demographic plots per population to obtain data for
other tree species besides whitebark pine (i.e., d.b.h., status, dis-
eases, insects, crown condition, crown class, etc.) (see Fig. 2). All
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tree and recruitment data at each plot were collected to quantify
stand structure, composition, basal area, and density. Within the
forest vegetation plot, positions of all associated trees were re-
corded and mapped.

For each demographic plot, mean, minimum, and maximum
monthly and annual temperatures and precipitation from 1971
to 2000 were obtained from FHTET (USDA FS Forest Health
Technology Enterprise Team, Fort Collins, CO) using the PRISM
climatic model (Daly et al., 1994). Parent material and soil survey
data (e.g., available water capacity in top 0-50 in. and % sand con-
tent as a percentage of sand:silt:clay) were obtained from the
South Lake Tahoe office of the USDA Natural Resources Conserva-
tion Service (NRCS).

All live and recently dead whitebark pines within demographic
plots were evaluated for symptoms and signs of WPBR. Rust infec-
tion was recorded on a tree when aecia (including aeciospores)
were observed. Stem and branch canker locations and numbers
were recorded for each infected tree; included in the canker counts
were branches and stems with past signs of aecia such as symp-
tomatic cracked bark and swelling, but only when aecia were con-

F.
F4 Fs ¢

Size class 4 Size class 5 Size class 6

10.1-20.0 20.1-40.0

Transition probabilities for growth (G,-Gs) are represented by
the forward horizontal arrows, survivorship (P;-Pg) by the bold cir-
cular arrows, and fecundity (F,-Fs) by the long curved arrows from
right to left. Transition probabilities were calculated and estimated
from our field data. Fecundity was estimated from existing recruit-
ment and cone production data collected for size classes 2, 3, 4, 5,
and 6. We used the following formula to estimate fecundity for
each of the five size classes:

(No. of cones in size class; (t)/no. of cones for population (t)) x no. of recruits for population (t))
t

firmed on another part of the tree. If there were no signs of aecia,
trees with conspicuous dead “flagged” branches and other symp-
toms of infection, including swelling, rodent gnawing, pitching,
and cracked bark, were noted as suspect, though unconfirmed,
WPBR. Stem cankers were assigned a stem-girdle category in
which the horizontal circumference of stem cankers was estimated
and rated: 1=<1/3 of stem girdled; 2=>1/3-2/3 girdled; and
3 =>2/3-completely girdled (J. Dunlap, unpubl. protocol, USDA
Forest Service).

Correlations and simple linear regression analyses were used to
relate disease variables with whitebark pine cone production as
well as soil properties. Regression and correlation analyses were
conducted with the software program JMP, version 8.0.1 (SAS,
2009). For parametric analyses, assumptions of normality and
homogeneity of variances were verified.

2.3. Current population trends

Population trends were assessed with transition matrix mod-
els for each of the eight populations of whitebark pine. We used
transition matrices to describe and summarize current trends in
survivorship, fecundity, and, to a lesser extent, growth. Transi-
tion matrix models of populations follow the Lefkovitch (1965)
model:

n. =An,

where n; is a column vector corresponding to the size structure at
time t of a population classified into s size classes, and A is the ma-
trix representing population dynamics.

A is influenced by survival, growth, and reproduction. Entries in
the transition matrix represent the contribution that each size
class makes to every other size class during a specified time inter-
val. We created sized-based models from six size classes: (1) re-
cruits (individuals <1.37 m in height), (2) 0.1-5.0 cm d.b.h., (3)
5.1-10 cm d.b.h,, (4) 10.1-20.0 cm d.b.h., (5) 20.1-40.0 cm d.b.h.,,
and (6) >40.1 cm d.b.h. In the diagram size classes are represented
by circles with size class 1 at the left and proceeding to size class 6
at the right, as shown.

No. of trees in size class; (t)

where i is for each individual size class and t is time. This formula is
similar to that used by Davelos and Jarosz (2004) for estimating
fecundity for American chestnut (Castanea dentata Marsh.). For
growth probabilities, we assumed that individuals will transition
into the next size class if they are in the upper d.b.h. limit of their
size class (height for seedlings/saplings). For example, an individ-
ual with a d.b.h. of 4.9 cm or 5.0 cm would be assumed to grow
into the next size class in the next time step. Where there was mor-
tality, survivorship was calculated using the number of standing
dead trees (years dead ranged from 1 to 12 years, based on needle,
bark, and branch retention) divided by current live and dead stems
for each size class. In demographic studies of white pines where
mortality was not observed, mortality has been assumed to be
either 0% or 2% (Ettl and Cottone, 2002; van Mantgem et al.,
2004). Where no mortality was observed, we assumed a minimal
value of 1% mortality, an average of these published estimates.

The population growth rate (1), estimated using the dominant
eigenvalue of the transition matrix (Caswell, 2001), measures the
rate of change in total population size. Population growth rate is
a function of size- or age-specific rates of survival, growth and
reproduction, with / > 1 indicating growing, /4 = 1 indicating stable,
and /1 < 1 indicating declining populations. Classical statistical tests
using estimates of 4 are inappropriate because demographic
parameters and estimates of 1 are not simple and their distribu-
tions are often not known (Caswell, 2001). Therefore, we computed
95% confidence intervals for 4 by bootstrapping (n = 10,000) across
survivorship, growth, and fecundity estimates comprising the tran-
sition matrix. All calculations and bootstrapping were performed
in Matlab (Mathworks, 2009).

3. Results
3.1. Whitebark pine and stand characteristics

Whitebark pine is a dominant component in these subalpine
forests and relative densities ranged from 0.94 to 0.99 (Table 1).
Other associated species present, in lesser numbers, were moun-
tain hemlock (T. mertensiana), lodgepole pine (P. contorta), western
white pine (P. monticola), red fir (A. magnifica), and occasionally
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Jeffrey pine (P. jeffreyi). Because whitebark pine tends to form clus-
ters in subalpine environments, as a result of seed caching behav-
ior, densities ranged from 446 trees ha~! to 797 trees ha ' (Table
1). Highest whitebark densities occurred in westside locations on
the West Shore Peaks and Dick’s Pass, and the lowest densities in
eastside locations such as Rifle Peak and Snow Valley Peak (Table
1). Across locations mean basal area was 23.3 m? ha~! (Table 1).
In 2009 mean number of cones ha ! was 2456 and ranged from
960 at Rifle Peak to 4632 at Freel Peak (Table 1). These data
were comparable to data from Idaho, Montana, and Wyoming
(McKinney et al., 2009). Average number of cones tree”! ranged
from 0.38 for the smallest diameter size class (size class 2) to
20.75 for the largest diameter size class. Clark’s nutcrackers were
observed at all locations. Recruitment varied from location to loca-
tion with a mean of 139 seedlings and saplings ha~! and a range
from 44 to 296 (Table 1). Mean recruitment reported by Larson
and Kipfmueller (2010) was 2397 seedlings/saplings ha~!, higher
than what we found; they sampled a greater geographic range
(Idaho, Montana, and Oregon) and more diverse environmental
conditions.

White pine blister rust was found at all locations. Disease inci-
dence (number of WPBR-infected whitebark pine trees/all white-
bark pine trees in a population) ranged from 1% at Freel Peak to
65% at Rifle Peak (Fig. 1 and Table 1). Average number of branch
cankers per population ranged from 0.06 to 4.99 (Table 1). Disease
severity as measured by stem girdling category (1 = <1/3 of stem
girdled; 2 =>1/3-2/3 girdled; and 3 =>2/3-completelely girdled)
ranged from a high of 1.35 at Rifle Peak and a low of 0.02 at Freel
Peak, with three of eight populations having stem girdle categories
>1.0 (Table 1). Cumulative whitebark pine mortality was low,
ranging from 1% to 4% (Table 1). Incidence of MPB was also low,
ranging from 0% to 4% (Table 1). The primary causes of mortality
at our sites were MPB, WPBR, and likely drought stress, and their
interactions.

Sampled whitebark pine stands ranged in elevation from 2711
to 2865 m, and differed in climate, soil properties, and geology
(Table 2). In subalpine stands mean January minimum temperature
was —7.5°C and July maximum temperature was 22.2 °C. Annual
precipitation was highest at Dick’s Pass (west) with 1686 mm

Table 3

Means for estimated fecundity, survivorship, and growth from size-based transition
matrices for eight whitebark pine populations. Estimated population growth rate, /, is
shown along with 2.5% and 97.5% confidence intervals (CI, in parentheses).

Population Fecundity  Survivorship ~ Growth 4 (2.5%, 97.5% CI)
Rifle Peak 0.061 0.979 0.023 1.021
(0.729, 1.543)
Mt Rose 0.252 0.959 0.010 0.996
(0.290, 1.649)
Snow Valley 0.090 0.988 0.040 1.033
Peak (0.744, 1.497)
Heavenly 0.204 0.967 0.036 1.024
(0.370, 1.772)
Freel Peak 0.144 0.954 0.027 1.022
(0.431, 1.705)
Little Roundtop ~ 0.108 0.970 0.047 1.032
(0.761, 1.486)
Dick’s Pass 0.118 0.950 0.024 1.003
(0.527, 1.610)
West Shore 0.129 0.984 0.040 1.034
Peaks (0.631, 1.656)

compared to 891 mm at Snow Valley Peak (east). Diversity in par-
ent material is reflected in soil properties (Table 2). Sites on andes-
ite/tuff breccia or volcanics generally have higher available water
capacity and lower percent sand content than sites on granodiorite
(Table 2). Implications of these differences will be discussed.

3.2. Current population structure and trends

Multi-size structure was found for whitebark pine, with good
representation in size classes 10.1-20.0 and 20.1-40.0 cm
(Fig. 3). High proportions of large diameter trees (>40.1 cm) were
found at Dick’s Pass, Freel Peak, Heavenly, and Mt Rose (6.5%, 7%,
9%, and 13%, respectively) (Fig. 3). Relatively high proportions of
trees in the smallest diameter class, 0.1-5.0 cm, were found at
Freel Peak, Mt Rose, and Rifle Peak (Fig. 3).

Variation in fecundity, which is a function of cone production
and the number of recruits that successfully established, was found
among populations (Tables 1 and 3). Fecundity was highest at Mt
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Fig. 3. Size structure for eight populations of Pinus albicaulis in the Lake Tahoe Basin. Population structure is represented by the proportion of stems in d.b.h. size classes

0.1-5.0 cm, 5.1-10.0 cm, 10.1-20.0 cm, 20.1-4.0 cm, and >40.1 cm.



172 P.E. Maloney et al./Forest Ecology and Management 280 (2012) 166-175

Rose (0.252), followed by Heavenly (0.204), and Freel Peak (0.144);
this is attributable to a combination of good cone production and
successful recruitment (Tables 1 and 3). The lowest fecundity
was at Rifle Peak (0.061) and Snow Valley Peak (0.090) (Table 3
and Appendix 1). Because of low mortality at all sites survivorship
ranged from 0.950 to 0.988 (Table 3 and Appendix 1).

Estimated growth rates (1) for 7 of the 8 whitebark pine popu-
lations were >1.0, indicating that these populations appear to be
stable (Table 3). Mt Rose had a /< 1.0, indicative of a population
that may, or may not be, in decline. All upper limit confidence
intervals for 2 were greater than 1, suggesting stability in all pop-
ulations. However, for most populations the lower confidence

5000
a R v =3957.3-42.417x
o P00 R® = 0.7914, F = 22.76, P = 0.0031
5 4000
g
2
2 3500 1
5
2 3000
3
2 2500
<
S 2000
5
2 1500
5 1000 .
“ N\
500 A
0
0 10 20 30 40 50 60 70
WPBR incidence (%)
5
(b) 000 N Y = 3730.1 - 465.69x
o 5001 2207177, F = 15.25, P = 0.0079
84000
3
2 3500
5 .
2 3000
]
£ 25001
S * .
S 2000
5
z 1500
3 1000 .
500 U
0 ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6
Average number of branch cankers per population
5000
(C) N Y = 3864.9 - 2054.6x
4500 4 R?=0.7624, F = 19.25, P = 0.0046
4000

3500 A
3000
2500
2000
1500 A

1000

Number of cones per hectare

500 A

0 T T T T T
0 0.25 0.5 0.75 1 1.25 1.5

Average stem girdle category per population

Fig. 4. Simple regression analysis of disease parameters and whitebark pine cone
production. Negative relationships exist between (a) cone production and average
WPBR incidence per population, (b) average number of branch cankers, and (c)
average stem girdle category. Linear regression equations are shown along with R?,
F, and P values. A threshold number of >1000 cones ha~! (hatched vertical line
shown) have been estimated to maintain seed dispersal at a site by Clark’s
nutcracker (Nucifraga columbiana), a primary dispersal agent of whitebark pine
(McKinney et al., 2009). Rifle Peak whitebark pine population (circled) falls just
below this threshold number.

interval was <1.0 (Table 3). There is no conclusive evidence at this
point in time to say that these eight populations are either in de-
cline or growing - currently they appear stable based on the crite-
ria used for this one-time sampling.

3.3. White pine blister rust, whitebark pine, and environment
interactions

Negative relationships were found between cone production
and disease incidence and severity (Fig. 4). Whether it is percent
of individuals infected with WPBR (incidence), average number
of C. ribicola-infected branches tree~! population™!, or average
stem girdle category population~, all three disease measures were
negatively related with cone production (Fig. 4a-c, respectively). A
threshold number of 1000 cones ha~! has been estimated to main-
tain seed dispersal by Clark’s nutcracker at a site (McKinney et al.,
2009). Rifle Peak falls just below this threshold; it produces the
fewest cones, has the highest incidence and severity of WPBR
(Fig. 4), and the fewest recruits of any population in the Basin
(Table 1).

Environmental characteristics can influence host condition and
pathogen interactions, and thus disease progress and severity. A
moderate, positive relationship was found between stem girdle
category and available water capacity, and a negative relationship
was found between stem girdle category and percent sand content
(Fig. 5a and b, respectively). Whitebark pine populations growing
on parent material derived of andesite, tuff breccia, or volcanic
tend to have higher available water capacities and lower percent
sand content than those on granitic soils (Table 3).
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4. Discussion

Our study indicates the most critical effect of C. ribicola on
whitebark pine in the Lake Tahoe Basin is infection and mortality
of cone-bearing branches. We found negative relationships be-
tween cone production and WPBR incidence and severity. Percent
of individuals infected (incidence), average number of infected
branches per population, and severity of stem girdling are all neg-
atively related with cone production. This adverse demographic ef-
fect on reproduction (loss of cone and seed production) and
potentially dispersal may lead to declines in whitebark pine num-
bers in the future. Conversely, white pine blister rust may also act
as a selective agent by culling the most susceptible trees. White-
bark pine at Rifle Peak had the lowest female cone numbers
[960 cones ha™! (mean across sites = 2456)], lowest recruitment
numbers [44 seedlings/saplings ha~! (mean across sites = 139)],
and the highest incidence of WPBR (65%) of all whitebark pine pop-
ulations surveyed in the Lake Tahoe Basin. A threshold number of
>1000 cones ha~!, averaged over 2-3 years, resulted in a probabil-
ity of seed dispersal of >80% within a forest stand by Clark’s nut-
cracker (McKinney et al., 2009). Whitebark pine cone production at
Rifle Peak falls below this threshold (see Fig. 4). Mckinney et al.
(2009) found mean cone production ha~! of 641, 1055, and 3635
in locations with mean WPBR incidence of 82%, 65%, and 49%,
respectively. Our cone production estimates were based on a 1-
year survey, and cone crops for whitebark pine can vary consider-
ably from year to year (Crone et al., 2011). However, during our
survey, all populations were producing cones. We lack data about
seed dispersal by Clark’s nutcracker and seed and cone predation
at these sites. These are important factors in recruitment dynamics
of whitebark pine that warrant further investigations to properly
assess population- and community-level effects of WPBR in subal-
pine forests in the Lake Tahoe Basin.

While our study area is small relative to whitebark’s distribu-
tion, we provide baseline data on the population ecology of white-
bark pine in the north-central Sierra Nevada, at the southern, more
arid, distribution of whitebark pine. Despite moderate to high
WPBR incidence (mean = 35.3%), seven of eight whitebark popula-
tions were relatively stable, with estimates of 1 > 1.0. They may be
maintaining themselves because of adequate population sizes,
mixed-size structure, high survivorship, moderate fecundity, and
infrequent wave years. Relatively high survivorship across all
diameter classes and low mortality are important in the demo-
graphic stability of these whitebark pine populations. In a recent
study of sugar pine (Pinus lambertiana) from the Lake Tahoe Basin
(Maloney et al., 2011), estimates of survivorship ranged from 0.621
to 0.987, whereas whitebark pine’s range is 0.950-0.988. Mount
Rose is the only whitebark pine population with an estimated
2.<1.0. This stand has the third highest incidence of WPBR (56%)
and produces the second lowest number of cones (1477 ha™?!),
yet has the second highest number of recruits (199 ha~'). High
recruitment success at this location may offset the lower than
average cone production, resulting in relatively high fecundity.
While not quantified, Clark’s nutcracker’s are abundant and active
in this stand. Another important characteristic of this site is large
areas of exposed, decomposed granite and high rock cover; Clark’s
nutcracker’s are known to selectively cache seeds next to rocks
(Tomback, 1978).

White pine blister rust stem cankers are often damaging or
lethal by killing water conducting tissue (e.g., xylem), which can
result in gradual or rapid wilting and dieback. The entry point for
C. ribicola is through needles, hence branch cankers and branch
mortality are often the first symptoms of establishment to be ob-
served in woody tissues. In the northern Cascades, Ettl and Cottone
(2002) estimated the annual mortality of infected adult whitebark

with three classes of infection (branch, bole, and >50% crown loss)
to be 1.6%, 2.1%, and 10.8% year™!, respectively. These estimates of
annual mortality are high, and are based on infection periods
occurring once in every 18 years, with the first infection event hav-
ing occurred in 1948 (Ettl and Cottone, 2002). These authors also
assume mycelium growth rate in branches to be 8 cm year~! (Ettl
and Cottone, 2002). However, the rate at which rust mycelium
grows is mediated by environmental conditions in which hosts
are growing (Buchanan, 1938; Kearns et al., 2009). We found rela-
tionships between soil properties and severity of stem girdling by
C. ribicola. Subalpine environments are characterized by cold con-
ditions, which will affect C. ribicola, but soil type may also influence
pathogen growth. High available water capacities and soil proper-
ties that create favorable plant-soil water conditions may simulta-
neously benefit both host condition (e.g., tolerance to infection)
and pathogen growth in planta. The rate at which disease pro-
gresses and eventually kills cone-bearing branches and main stems
may be accelerated on non-granitic soil types (e.g., andesite, tuff,
and other volcanic substrates). Both Rifle Peak and Little Roundtop
have parent material of volcanic and andesite/tuff breccia, respec-
tively, and the highest stem girdle categories, 1.39 and 1.037. The
rate of WPBR mortality of cone-bearing branches may potentially
vary depending on site geology and other environmental condi-
tions (e.g., annual precipitation). The relationships are modest for
just eight study sites; while nothing conclusive can be stated, the
trends warrant further investigation on how site conditions such
as geology might influence pathogen growth.

White pine blister rust in the Lake Tahoe Basin is currently
exerting negative effects on susceptible whitebark pines via infec-
tion and mortality of cone-bearing branches. Yet WPBR may
equally be exerting a positive effect on resistant or tolerant white-
bark pine individuals, through natural selection. Additionally dis-
ease progress and severity may vary from one location to the
next, given environmental heterogeneity and variation in host sus-
ceptibility. However, since population growth, 4, was calculated
from a one-time sampling only, our estimates may not reflect
intrinsic variation in rates of survivorship, fecundity, or growth.
Year to year fluctuations in climate, cone production, seed dis-
persal, recruitment success, cone and seed predation, tree mortal-
ity, and conditions favorable for WPBR-infection may be
considerable. Our intent in this study was not to predict future
population dynamics of whitebark pine in the Lake Tahoe Basin,
but to describe current population status and disease conditions.
A limitation of our study is that the confidence intervals are large
for 4, as it was estimated from a one-time sampling that likely gen-
erated large variances around the point estimate. Long-term demo-
graphic data, monitoring of whitebark pine infection, and studies
on Clark’s nutcrackers will be needed to adequately assess trends
in population dynamics, disease, and host responses, as well as
community-level effects in the future.

5. Restoration implications

Field studies and methods that incorporate both ecological and
disease condition assessments are necessary to identify whitebark
pine populations that may require intervention and restoration.
Our restoration strategy is to facilitate whitebark pine recruitment
at Rifle Peak to maintain both adequate species numbers and to en-
hance resistance and/or tolerance to white pine blister rust.

Our initial restoration efforts will be directed toward planting of
seedlings. Season of planting, microhabitat, and herbivore pressure
will be tested. Spring is the standard planting time for reforestation
in the LTBMU and yields average survival of 60% from container-
grown seedlings (D. Fournier, pers. comm., USDA Forest Service).
We will also test the efficacy of fall planting. Greenhouse-grown
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Plate 1. Whitebark pine conservation and restoration activities: caging whitebark pine for seed collection, 2-year old container-grown whitebark pine seedlings, and spring
test plantings at Rifle Peak with protective mesh to determine herbivore pressure. Photo credits: D. Vogler and M. Frye.

seedlings from containers may have higher survival in a fall plant-
ing when both above- and below-ground tissue (i.e., shoots and
roots) are entering winter dormancy (A. Delfino Mix, pers. comm.).
Fall plantings may allow roots to successfully establish before they
initiate active growth in the spring under favorable soil moisture
conditions. Three microhabitats will be tested for seedling sur-
vival: rock shelter, open canopy, and closed canopy. Replicate
plantings for each season, microhabitat, as well as planting seed-
lings enclosed in plastic mesh tubing will be made. Enclosures will
allow us to determine if there is significant browsing by deer
(aboveground) or pocket gophers (belowground).

Source seeds and seedlings for restoration are from 6 of the 8
study populations which include: Rifle Peak, Mt Rose, Snow Valley
Peak, Freel Peak, Little Roundtop and Dick’s Pass. Each test seedling
will have been evaluated for white pine blister rust resistance, phe-
nology, water-use efficiency, root:shoot ratio, and growth (Malo-
ney et al., unpublished data). Deploying disease resistance can
have long-term positive effects for white pine survival in high-risk
sites; preliminary data from resistance evaluations suggest that it
may be inherited complexly (multigenic) (Vogler and Delfino-
Mix, pers. comm.). If C. ribicola-resistant whitebark pine is not
available or found only in a limited number of families, deploying
early bud-set phenotypes may be an effective alternate strategy as
a disease-escape mechanism. A trait such as early bud-set may
protect white pines (particularly in cold, dry, and high environ-
ments) from C. ribicola infection (see Maloney, 2011; Maloney
et al., study in progress). If individuals initiate winter dormancy
in late August when basidiospores begin to discharge, early
bud-set phenotypes may not be receptive hosts because stomatal
closure prevents inoculation and subsequent infection. Such phe-
notypes should be considered in restoration plantings of whitebark
pine.

Restoration of whitebark pine requires considerable effort and
can be costly (Plate 1). We have designed a restoration trial to eval-
uate important components of outplanting strategies (including
season of planting, favorable microhabitat conditions for planting,
determine herbivore pressure, and diverse seedling material) to
develop effective and successful restoration protocols. Our ulti-
mate goal is to maintain whitebark pine numbers on the landscape,
both currently and in the future.
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