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1. Introduction

ABSTRACT

Historical logging, fire suppression, and an invasive pathogen, Cronartium ribicola, the cause of white pine
blister rust (WPBR), are assumed to have dramatically affected sugar pine (Pinus lambertiana) populations
in the Lake Tahoe Basin. We examined population- and genetic-level consequences of these disturbances
within 10 sugar pine populations by assessing current population structure and trends for 1129 individ-
uals, genetic diversity for 250 individuals, and frequency of WPBR-resistance for 102 families. Logging
had occurred in 9 of 10 sites and fire suppression was evident in all stands. High density of white fir (Abies
concolor) is often an indicator of fire suppression and we found a negative relationship between sugar
pine survivorship and white fir basal area (* = 0.31). C. ribicola was present in 90% of stands (incidence
range: 0-48%) and we found a significant relationship between mean host survivorship and disease inci-
dence (r% = 0.46). We estimated population growth rates (1) from size-based transition matrices. For six of
10 sugar pine populations / was > 1.0, indicating that these populations appear to be stable; for four pop-
ulations, 4 was <1.0, indicating populations that may be in decline. A population specific drift parameter,
¢;, which is a measure of genetic differentiation in allele frequencies relative to an ancestral population,
ranged from 0.009 to 0.048. Higher values of ¢; indicate greater genetic drift, possibly due to a bottleneck
caused by historical logging, other agents of mortality or much older events affecting population sizes.
Effects of drift are known to be greater in small populations and we found a negative relationship
between sugar pine density and c; (r* = 0.36). Allele frequency of the Cr1 gene, responsible for WPBR-
resistance in sugar pine, averaged 0.068 for all populations sampled; no WPBR infection was found in
one population in which the Cr1 frequency was 0.112. Historical disturbances and their interactions have
likely influenced the population biology of sugar pine in the Tahoe Basin; for some populations this has
meant reduced population size, higher genetic drift, and poor survival of small- and intermediate-sized
individuals. Possible management strategies include restoring population numbers, deploying WPBR-
resistance, treating stands to promote natural sugar pine regeneration, and enhancing genetic diversity.

© 2011 Elsevier B.V. All rights reserved.

Maloney, 2000; van Mantgem et al., 2004; Shaw and Geils, 2010
and articles therein). These disturbances and their interactions

Scientists and land managers have rarely considered both the
population- and genetic-level consequences of historical distur-
bances on forest tree species. For more than a century, historical
logging, fire suppression, and invasion of the fungal pathogen,
Cronartium ribicola ].C. Fisch., have influenced populations of Pinus
lambertiana Dougl. (sugar pine) in mixed-conifer forests of
California (Laudenslayer and Darr, 1990; Kinloch et al., 1996;
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have the potential to alter the abundance, vital rates (birth, death,
and growth), and genetic structure and diversity of sugar pine.
Between c. 1850 and 1910 extensive clearcutting occurred in
the Lake Tahoe Basin, providing fuel wood for silver mining of
the Comstock Lode in Nevada (Elliot-Fisk et al., 1996; Lindstrém,
2000). Cutting focused preferentially on large diameter yellow
(P. jeffreyi and P. ponderosa) and white pine (P. lambertiana) species
(Lindstrom, 2000). In some locations, sugar pine formerly com-
prised 20-25% of all trees (e.g., relative density) in a mixed-conifer
forest, but at present is only 1-6% (Lindstrom, 2000; Barbour et al.,
2002). Because reforestation was not practiced in the Comstock
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period, such losses in sugar pine numbers dramatically altered
their abundance and potentially their genetic diversity.

Fire suppression in the Sierra Nevada has resulted in fundamen-
tal shifts in forest composition and structure (Kilgore, 1973; SNEP
Science Team, 1996; Ansley and Battles, 1998). Lack of fire has in-
creased stand densities of shade-tolerant/fire intolerant tree spe-
cies and significantly altered stand dynamics and competitive
interactions for resources (light, water, nutrients) in these histori-
cally pine-dominated communities (Barbour et al., 2002; North
et al., 2007; Zald et al., 2008). Because sugar pine is relatively
shade-intolerant, the potential for recruitment and small tree
survival is greatly reduced in dense forests, which favor shade-
tolerant species such as white fir (Abies concolor) and incense cedar
(Calocedrus decurrens) (Zald et al., 2008).

The non-native fungal pathogen C. ribicola is a primary manage-
ment concern in all five-needle white pine ecosystems in western
North America. C. ribicola (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), and the Lake Tahoe region during the1980s
(K. Jones, pers. comm., USDA Forest Service). While all size classes
of sugar pine are susceptible to WPBR, individuals often infected
with stem cankers are less than 20 cm in diameter at breast height
(measured at 1.37 m height above ground) (Maloney, 2000). Stem
cankers are especially lethal to small individuals (Smith, 1996) and
can dramatically alter population structure, by reducing or elimi-
nating individuals in smaller diameter size classes.

Although WPBR can be fatal to all white pine species, a gene is
present at low frequency in sugar pine that confers immunity from
C. ribicola (Kinloch et al., 1970). This gene, designated Cr1, controls
a hypersensitive response in needles that prevents further fungal
growth (Kinloch and Littlefield, 1976). Cr1 is the foundation for
naturally occurring resistance in sugar pine to C ribicola in
California, and moderate levels of resistance to WPBR are known
to exist in the Lake Tahoe region (J. Dunlap and J. Gleason, pers.
comm., USDA Forest Service).

Our goal was to determine current population and genetic char-
acteristics of P. lambertiana given the history of Comstock logging,
fire suppression, and C. ribicola in the Lake Tahoe Basin. To better
understand both population- and genetic-level consequences of
these historical disturbances on sugar pine we have taken an ecolog-
ical and genetic approach. Given the diversity in forest conditions
across the Basin our objectives were to determine: (i) the current
population structure and trends of sugar pine in the Basin, (ii) the ge-
netic structure and diversity of extant sugar pine populations, (iii)
relationships between stand and sugar pine population characteris-
tics with historical disturbances (logging, fire suppression and
WPBR), and (iv) landscape-scale frequency of WPBR-resistance
(Cr1). Any restoration strategies to potentially mitigate these
anthropogenic disturbances will require information on current
population, genetic, and stand conditions in the Lake Tahoe Basin.

2. Materials and methods
2.1. Study area

The Lake Tahoe Basin is located in the north-central Sierra
Nevada at 120°W and 39°N within the States of 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 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 November and

April, with a strong gradient from west to east, with east-side loca-
tions influenced by the rainshadow effect of the Sierra Nevada
crest. Geology of the region is dominated by igneous intrusive
rocks, typically granitic, and igneous extrusive rocks, typically
andesitic lahar, with small amounts of metamorphic rock (USDA
NRCS, 2007). Study locations are found on both volcanic (including
andesite) and granitic bedrock (Table 1).

Our study sites are found within lower montane conifer forests
in the Lake Tahoe Basin, which are a mix of white fir (A. concolor
Gordon & Glend.), Jeffrey pine (P. jeffreyi Grev. & Balf.), sugar pine
(P. lambertiana), ponderosa pine (P. ponderosa Laws.), incense cedar
(C. decurrens), and occasionally lodgepole pine (Pinus contorta ssp.
murrayana Grev. & Balf). Study locations range in elevation from
1971 m to 2128 m (Table 1). Sugar pine is a key component in
mixed-conifer forests of the North American mediterranean-cli-
mate zone, which extends from northern Baja California, Mexico,
to southwestern Oregon, USA (see Plate 1). Sugar pine is found as
far north as central Oregon at elevations between 1200 and
2200 m; the southern range limit of the species is in the Sierra
San Pedro Martir in Northern Baja California, Mexico (Rundel
et al.,, 1977; Kinloch and Scheuner, 1990). Sugar pine may repre-
sent 5-25% of the trees in mixed-conifer stands (Kinloch and
Scheuner, 1990), but is a dominant feature due to its large size at
maturity (ht. 55 m; diam. 1 m; USDA Forest Service, 1965).

2.2. Current population structure and trends

During the summer of 2008, we selected 10 study populations,
with three permanent demographic plots per population (sampling
area within a population = 4 ha), for a total of 30 plots (see Fig. 2).
For our study a population is defined as an area in which gene flow
occurs (pollen and seed dispersal), which for some conifers has
been estimated at about 4 ha (Neale, 1983; Adams and Birkes,
1988). Our long-term plot network was established on National
Forest System and State Park lands surrounding Lake Tahoe
(LTBMU and California and Nevada Sate Parks).

Each of the 10 populations was located in a distinct watershed
and distributed around the Basin to capture variation in the phys-
ical environment (e.g., climate, geology, topography). Once a pop-
ulation was located, a random starting point was chosen for the
first plot; the second and third plots were sited >100 m from
the first plot. Within a population, each of three replicate plots
were 40 m x 100 m (4000 m?) with sampling covering approxi-
mately 1.2 ha within a 4- ha area (Fig. 2). The following data were
recorded for each demographic plot: GPS location (UTM: NAD27
coordinates), slope, aspect, elevation (in meters), visible 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, none). Evidence of historical logging was determined by pres-
ence of old stumps; remains of tall stumps are characteristic of the
style of Comstock-era cutting.

Within each demographic plot, all P. lambertiana trees were
identified and diameter at breast height (d.b.h. in cm) recorded
for all individual stems >1.37 m tall. Seedlings and saplings were
all stems <1.37 m in height. All tree positions (x and y coordinates
from the centerline of the plot) were recorded and mapped and
data collected for tree status (live or dead), crown condition (rating
1-10 as follows: 1: <10% dead, dying, damaged, infected; 2: 11-
20% dead, dying, damaged, infected; 3: 21-30% dead, dying,
infected, etc.), and crown position (understory, suppressed, inter-
mediate, codominant, dominant or open). Signs and symptoms of
pathogens (including WPBR, dwarf mistletoe, and root diseases)
and insects were also recorded. Reproductive output was assessed
by counting the number of current and previous years’ cones per
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Fig. 1. Location of study area and sugar pine plots in the Lake Tahoe Basin. Areas of historical logging were adapted from Lindstrém, 2000 (Figs. 2-17). Pinus lambertiana
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.).

Table 1
Land-use, environmental, and biological characteristics for 10 stands of Pinus lambertiana in the Lake Tahoe Basin. Stands are listed clockwise from north, east, south, and west
(refer to Fig. 1).

Locations
Crystal Tunnel Glenbrook Heavenly Meyers Sand D.L. Bliss Sugar Pine Point  Granli- Carnelian
Bay Creek Pit SP SP bakken Bay
Land-use hl, fs hl, fs, rt, pf  hl, fs, rt hl, fs hl, fs hl, fs hl, fs, pf fs, hl hl, fs, rt
fs,rec
A. concolor density (inds. ha™!) 152 25 102 46 160 15 107 112 295 201
A. concolor basal area 5.1 0.9 3 2 10 0.5 3 8 26 6
(m?ha 1)
WPBR incidence (%) 10 11 0 3 15 5 5 41 48 30
Ann. ppt. (mm) 605 791 565 715 938 659 1070 869 848 808
Parent material Granite Granite Volcanic Granite Granite Granite Granite Mixed sources Andesite Andesite
Elevation (m) 1982 1971 2128 1990 2013 2057 2074 2057 2026 1991
P. lambertiana density 73 16 141 123 43 48 95 14 37 42
(inds. ha™")
P. lambertiana basal area 7 3 13 10 9 8 13 11 17 9
(m?ha')
No. cones ha™! 71 228 930 362 269 307 685 1236 1183 997
Recruitment (inds. ha™?!) 35 10 835 35 120 54 262 128 25 69
Mortality (%) 9 2 5 1 3 10 8 7 10 2

Notes: Land-use abbreviations: hl = historical logging, fs = fire suppression, pf = prescribed fire, rt = recent thinning, rec = recreational (ohv) area. Increased A. concolor (and C.
decurrens) density and basal area often an indicator of fire suppression and are shown here. Very little C. decurrens was present in our stands.

tree. Seedlings and saplings <1.37 m tall were evaluated within subplots (15 m x 15 m), for a total of 9 regeneration plots/popula-
each demographic plot by establishing three nested recruitment tion (Fig. 2). All recruitment was counted and identified to species.
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For P. lambertiana recruitment, data were collected on basal diam-
eter (cm), height (cm), crown condition, status (live or dead), and
disease condition.

A forest vegetation plot (40 m x 40 m) was nested within each
of the three demographic plots population™! to obtain tree data
for other tree species besides P. lambertiana (i.e., d.b.h., status, dis-
eases, insects, crown condition, crown class, etc.) (Fig. 2). All tree
and recruitment data at each plot were collected to quantify stand
structure, composition, basal area, and density. Positions of all
associate trees were recorded and mapped.

For each demographic plot annual precipitation from the period
of 1971-2000 were provided by FHTET (USDA FS Forest Health
Technology Enterprise Team, Fort Collins, CO) using the PRISM cli-

Size class 2

Size class 3

0.15.0

Recruitmen, G; 5.1-10.0

P, P, P3

matic model (Daly et al., 1994). Soil survey data were provided by
the South Lake Tahoe office of the USDA Natural Resources Conser-
vation Service (NRCS).

Population trends were assessed by employing transition ma-
trix models for each of the 10 populations of sugar pine. In our
study, transition matrices are used to describe and summarize cur-
rent trends in survivorship, mortality, fecundity, and to a much les-
ser extent growth. Transition matrix models of populations follow
the Lefkovitch (1965) model:

I T
.
W |
]

I T
.
W |
]

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

n. = An,

where n; is a column vector corresponding to the size structure at
time t on the population classified into s size classes, and A is the
matrix representing population dynamics. A is influenced by sur-
vival, growth, and reproduction. Entries in the transition matrix
represent the contribution of each size class to every other size class
during a specified time interval. We created sized-based models
with six size classes: (1) recruits (individuals <1.37 m in height),
(2) 0.1-5.0cm 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 be-
low size classes are represented by circles with size class 1 at the
left and proceeding to size class 6 at the right, as shown.

Size class 4 Size class 5 Size class 6

10.1-20.0 20.1-40.0 3 40.1

Transition probabilities for growth (G;-Gs) are the forward hor-
izontal arrows, survivorship (P;—Pg) are the bold circular arrows,
and fecundity (F4—Fg) are the long arrows from right to left. Transi-
tion probabilities for growth, survival, and fecundity were calcu-
lated and estimated from our field data. For growth probabilities,
individuals transitioned into the next size class when they were
in the upper d.b.h. limit of the size class, or of height for seed-
lings/saplings. For example, we assumed that an individual with
a d.b.h. of 4.9 cm or 5.0 cm would grow into size class 3 in the next
time step. Where mortality occurred, survival was calculated using
the number of standing dead trees (years dead ranged from 1-
12 y) divided by current live and dead stems for each size class.
In demographic studies of forest trees where mortality was not ob-
served, mortality was assumed to be 0% or 2% (Ettl and Cottone,
2002; van Mantgem et al., 2004). In our populations where no mor-
tality was observed, we assumed a minimal value of 1% mortality;
an average of these previously published estimates. Fecundity was
estimated from existing recruitment and cone production data for
size classes 4, 5, and 6. We used the following calculation to esti-
mate fecundity (f;) for each of the three size classes: where r is
the number of recruits for the population, ¢; is the number of cones
for individuals in size class i and n; is the number of trees in size
class i.

-1
IC; (Z?:lC,‘)
11— ni
The population growth rate (1), as estimated using the domi-
nant 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 4 > 1 indicating growing, / = 1 indicating stable,
and 2 < 1 indicating declining populations. Classical statistical tests
using estimates of A are inappropriate because demographic
parameters and estimates of A are not simple and their distribu-
tions are often not known (Caswell, 2001). Therefore, we computed
95% confidence intervals for / 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).
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Simple linear regression analysis was used to relate sugar pine
survivorship probabilities (as estimated in transition models) and
density to WPBR incidence and genetic diversity parameters. In
addition, we related sugar pine survival to white fir basal area.
Regression analysis was conducted with the software program
JMP, version 8.0.1 (SAS, 2009). For parametric analyses, assump-
tions of normality and homogeneity of variances were verified
and where needed, data were transformed to meet assumptions.

2.3. Genetic structure and diversity

Within demographic plots, needle samples were taken from 25
adult sugar pine individuals from each of the 10 populations in the
Lake Tahoe Basin. Sampled trees were approximately 30 m apart.
Needle samples were stored in vials containing three 0.5 g desic-
cant packets. DNA was extracted in the laboratory from 50 mg of
tissue using DNeasy® Plant 96 Kits following the manufacturer’s
protocol (Qiagen, Valencia, CA, USA). DNA from sampled trees
was genotyped for 1536 single nucleotide polymorphisms (SNPs),
which were used as genetic markers. These SNPs were discovered
through resequencing of a diversity panel comprising 12 haploid
megagametophytes collected across the natural range of sugar pine
(Jermstad et al., 2011). All genotyping was carried out at the DNA
Technologies Core at the UC Davis Genome Center. Genotypes were
called at each SNP locus for each tree using BeadStudio (Illumina)
software. Quality thresholds for inclusion of SNPs were the same as
those given in Eckert et al. (2009).

For each SNP, we calculated observed (Ho) and expected (Hg)
heterozygosity, Wright’s inbreeding coefficient (F;s) and hierarchi-
cal F-statistics among plots nested within populations. Significance
of mean Fjs and of mean hierarchical fixation indices across SNPs
was assessed using 99% bootstrap confidence intervals (CIs)
(n=10,000 replicates sampled over for each SNP). We examined
allelic correlations (?) between all possible pairs of SNPs to vali-
date our assumption that SNPs were unlinked. Analyses were con-
ducted using the cenerics and HiErrsTAT (Goudet, 2005) packages in R
(R Development Core Team, 2007).

We assessed population structure using the approach outlined
by Nicholson et al. (2002) as implemented in the popcen library of
R (R Core Development Team, 2007). This approach models a set
of populations that diverge instantaneously from an ancestral pop-
ulation. Allele frequencies in those diverging populations drift
away from those in the ancestral population, and are modeled
using a binomial-beta hierarchical structure (Balding and Nichols,
1995). Here, we used the 10 sampled populations of sugar pine.
There are three parameters of interest in this model: a;;, the fre-
quency in population i at locus [ of allele j; m;, the ancestral fre-
quency of locus I of allele j; and c;, the variance parameter for
population i describing the magnitude of drift away from ancestral
allele frequencies across loci. Since the c; parameters are defined in
terms of variance in allele frequencies across loci, they are analo-
gous to population-specific estimates of multilocus Fst. Thus, a lar-
ger value for an estimate of the c; parameter indicates more drift
away from ancestral allele frequencies, meaning that current allele
frequencies within population i () are less similar, in terms of
variance across loci, to that in the ancestral population (7). As
with Fsr, there are no natural breaks to define easily what is high
and what is low. A comprehensive review of Fsr estimates for coni-
fers is given elsewhere (Ledig, 1990; Savolainen et al., 2007).

Parameters were estimated in a Bayesian framework using
Markov chain Monte Carlo (MCMC), where uniform priors were
placed on the ¢; and m; parameters and a Metropolis-Hastings
algorithm was used to sample from the posterior distribution of
each parameter. The o;; parameters were integrated out of the like-
lihood function and thus were not sampled (cf. Nicholson et al.,
2002). Markov chains were sampled 10,000 times post burn-in

(n=10,000) to estimate posterior distributions, with point esti-
mates reported as posterior means. Convergence was assessed by
comparing posterior distributions of the c¢; parameters across two
replicated runs of the MCMC sampler, using Kolmogorov-Smirnov
tests. Posterior distributions of the ¢; parameters were visualized
using violin plots, with density estimates given, assuming a Gauss-
ian distribution for the smoothing kernel.

2.4. Evaluating disease resistance and Cr1 allele frequency

Cones were collected from 156 sugar pine individuals (from all
10 study locations) from the Lake Tahoe Basin in 2008. Seed were
extracted and processed at the USDA Forest Service Placerville
Nursery, Camino, CA. One-hundred and two families (none of
which exhibited symptoms of WPBR in field evaluations) were
screened for presence of the Cr1 allele at the Placerville Nursery’s
Rust Resistance Program facility, Camino, CA. In the fall of 2008, 56
seeds from each parent tree (family) were soaked in aerated water
at 20 °C for 48 h, drained, and placed into cold-stratification at 2 °C
for 90 days before sowing in individual containers in March of
2009. In October 2009, test seedlings were inoculated by basidio-
spore casts from infected leaves of Ribes nigrum L., an alternate
host to the WPBR pathogen. Ribes nigrum plants had been inocu-
lated with aeciospores of C. ribicola collected and bulked from for-
ested sites in El Dorado Co., CA. Seedlings with infected Ribes
leaves suspended over them were incubated in dew chambers
for 62 h at 17°C and 100% relative humidity (]J. Gleason, pers.
comm., USDA Forest Service). In March of 2010 the frequency of
Cr1 was evaluated. When challenged by C. ribicola, resistant host
needles respond to infection by developing hypersensitive spots
(small necrotic flecks) that prevent further fungal growth; these
flecks contrast markedly with the bright yellow, expanding spots
that develop on the foliage of susceptible cri/cr1 genotypes
(Kinloch, 1992).

Since the Cr1 allele is dominant and segregates in a 1:1 ratio of
resistant to susceptible reactions, its frequency can be estimated
for wind-pollinated families by counting the number of seedlings
expressing the hypersensitive reaction (Kinloch, 1992). Parents of
families that segregate 1:1 resistant:susceptible are assumed to
carry one copy of the Cr1 allele (genotype, Cricrl). Cr1 allele fre-
quency in a population is calculated by dividing the number of
Cr1 alleles identified per family by twice the total number of fam-
ilies tested.

3. Results
3.1. Forest and site conditions

Comstock-era logging was evident in 9 of the 10 sites; only D.L.
Bliss State Park, located north of Emerald Bay, did not exhibit obvi-
ous, significant harvesting (Lindstrom, 2000) (Table 1, Fig. 1, see
Plate 1). Fire suppression was also evident in most stands, with for-
est stands characterized by high densities of shade tolerant species
like white fir. This was especially the case at Granlibakken (Table
1). Sites with low white fir densities have had recent thinning
and/or prescribed fire treatments (e.g., Tunnel Creek, Glenbrook,
Carnelian Bay, Sugar Pine Point State Park; see Table 1 “land-
use”). Despite the confounding effects of recent stand treatments,
we found a moderate and negative relationship between sugar
pine survivorship and white fir basal area (r2 =0.31, F110=3.57,
P =0.09, slope estimate = —0.01). White pine blister rust was found
in 90% of the sites and ranged from 0% to 48% (Table 1). The highest
rust levels were found at Carnelian Bay (30%), Sugar Pine Point
State Park (41%), and Granlibakken (48%). No rust was found on
sugar pine in the Glenbrook population.
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Strong environmental gradients exist within the Basin in precip-
itation, geology, and soil type (Table 1), which can influence stand
structure and composition, as well as host-pathogen interactions.
WPBR incidence is highest in stands on the west side, which tend
to be more mesic than east side locations; mean annual precipita-
tion is 865 mm and 669 mm in west-side and east-side locations,
respectively. Moist conditions are required by C. ribicola for infec-
tion to occur on both hosts; all spore stages require relative humid-
ity >90% and temperatures in the range of 15-18 °C (Hirt, 1942; Van
Arsdel et al., 1956; McDonald, 1996). Soil type can influence site
characteristics and carrying capacity of sugar pine and other forest
associates (Table 1). Populations growing on decomposed granite
have relatively lower densities (mean = 150 inds. ha—!) and basal
area (mean=11.9 m? ha™') than neighboring stands growing on
soils of volcanic or andesite, which generally have higher available
soil moisture, and thus support higher tree densities (mean =236
inds. ha™!) and basal area (mean =23.3 m? ha™!).

3.2. Sugar pine characteristics

Sugar pine densities were highest at Crystal Bay, D.L. Bliss State
Park, Heavenly, and Glenbrook, respectively, and lowest at Sugar
Pine Point State Park and Tunnel Creek (Table 1). Basal area of
sugar pine was highest at Granlibakken, followed by Glenbrook,
D.L. Bliss, and Sugar Pine Point State Park (Table 1). Sugar pine cone
production and recruitment varied considerably from site to site
(Table 1). High cone production was found at Glenbrook, Carnelian
Bay, Granlibakken, and Sugar Pine Point State Park (Table 1). High
reproductive output did not always correspond to higher numbers
of recruitment, with the exception of the Glenbrook population,
with 835 recruits per hectare (Table 1). Cone production at Granli-
bakken was high (1183 cones ha™!) but only 25 seedlings and sap-
lings were found per hectare. D.L. Bliss State Park had moderate
cone production (685 cones ha~!) and the second highest number
(262) of seedlings and saplings per hectare. Evidence of cone-dam-
aging insects was found at all sites (Maloney, unpubl. data). Sugar
pine mortality was moderate, ranging from 1-10% (Table 1). The
highest mortality levels were at Granlibakken and the Sand Pit (Ta-
ble 1). High mortality at Granlibakken corresponded with very high
rust incidence.

3.3. Current population structure and trends

The structure and density of sugar pine in the Lake Tahoe Basin
differed greatly from site to site (Table 1, Fig. 3). Size structure

Plate 1. Lower montane mixed-conifer forest at D.L. Bliss State Park which has a
significant sugar pine component. The area around and north of Emerald Bay
experienced little to no Comstock era logging. The characteristic tree architecture of
sugar pine has long sweeping limbs. Photo credit: C.E. Jensen.

ranged from relatively even (Crystal Bay, Heavenly, and D.L. Bliss
State Park) to uneven (Glenbrook) (Fig. 3). These four sites also cor-
respond with higher sugar pine densities, >70 trees ha! (Table 1,
Fig. 3). The size structures at Tunnel Creek, Meyers, Sand Pit, Sugar
Pine Point State Park, Granlibakken, and Carnelian Bay were highly
skewed, with higher representation of large diameter trees, high
basal area (except Tunnel Creek), and very few smaller individuals
(Fig. 3 and Table 1). Overall, each of these six sites had relatively
low sugar pine densities, <50 trees ha~! (Table 1).

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 2). Overall fecundity was highest
at Glenbrook, due to a combination of good cone production and
successful recruitment (Tables 1 and 2). Despite high cone produc-
tion at Sugar Pine Point State Park and Granlibakken, both popula-
tions had moderate to low fecundity, possibly due to stand
conditions and high WPBR incidence (Tables 1 and 2).

Survivorship varied due to differential mortality between size
classes and populations (Table 2, Appendix A). Mean survivorship
probabilities were >0.850 for 8 of 10 sugar pine populations, but
were substantially lower for Sugar Pine Point State Park (0.621)
and Granlibakken (0.729) (Table 2). In both latter populations
survivorship was low in size classes 2 (0.1-5.0d.b.h.), 4 (10.1-
20.0 d.b.h.), and 5 (20.1-40.0 d.b.h.) (Appendix A). Mean survivor-
ship probability and WPBR incidence were significantly and
negatively related (r* = 0.46, F; 1o = 6.72, P=0.03, slope estimate =
—0.04).

Estimated growth rate (1) for 6 of the 10 sugar pine populations
was A > 1.0, indicating that these populations are stable, if not
slightly growing (Fig. 3). Sugar Pine Point State Park, Tunnel Creek,
Granlibakken and Crystal Bay had 1 < 1.0, indicative of populations
that may be in decline. All upper limit confidence intervals for A
were greater than1, suggesting stability in most populations. How-
ever, for most populations the lower confidence interval was <1.0
(Table 2); whether this is cause for concern is difficult to assess,
given that 4 was estimated from a one-time sampling.

3.4. Genetic structure and diversity

Of the 1536 SNP marker loci, 493 were segregating in our sample
of 250 trees and were of high quality. Genetic diversity measures (Ho
and Hg) ranged from 0.307 to 0.350 and 0.303 to 0.332, respectively
(Table 3). Expected heterozygosity was slightly higher than what
was reported by Conkle (1981)in a sampling of sugar pine in Califor-
nia, across a range of forest conditions (Hg = 0.275). The inbreeding
coefficient (Fis) ranged from —0.049 to 0.010, with two populations
having positive values and six with negative values (Table 3). High
positive values of Fis often indicates inbreeding; with fewer hetero-
zygotes than expected. Most values reported here are within range
of zero and appear to be in Hardy-Weinberg equilibrium. The drift
parameter (¢;) ranged from 0.009 to 0.048 (Table 3), which is consis-
tent with the multilocus estimate of Fsr across all populations
(Fst=0.0179, 99% CI: 0.0152-0.0206). The highest value of c; was
at Sugar Pine Point State Park (0.048), followed by Tunnel Creek
(0.027), Meyers (0.026), and Crystal Bay (0.023) (Table 3, Fig. 4).
Moderate and negative relationships exist between sugar pine den-
sity and ¢; (r* = 0.36, F; 10 = 4.50, P = 0.06, slope estimate = —0.0002)
as well as sugar pine survivorship and ¢; (r*=0.37, F;10=4.79,
P =0.06, slope estimate = —3.49). High values of ¢; may be the result
of abottleneck: Comstocklogging or WPBR-mediated mortality may
have drastically reduced the population size.

3.5. Frequency of disease resistance

Of the 102 families (maternal parents) screened for Cr1, 14 were
heterozygous (Cricr1), yielding an overall Cr1 allele frequency of
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Fig. 3. Size structure and population growth rate (1) for ten populations of Pinus lambertiana in the Lake Tahoe Basin.

0.068 for sampled sugar pine in the Lake Tahoe Basin. Kinloch
(1992) reported Cr1 frequency in the LTBMU to be 0.018, more
than 3-fold lower than what we found. Cr1 was found in 6 of 10
sugar pine populations and ranged from 0.045 to 0.125 per

population (Table 3). No evidence for Cr1 was found at Crystal
Bay, Tunnel Creek, Meyers, or Granlibakken. The highest Cr1 fre-
quencies were found at Glenbrook (0.114), Sand Pit (0.125), and
Sugar Pine Point State Park (0.125) (Table 3).
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Table 2

Mean fecundity, survival and growth from transition matrices for ten sugar pine populations. Population growth rate, /, is shown along

with 2.5% and 97.5% confidence intervals (CI, in parentheses).

Population Fecundity Survival Growth 2 (2.5%, 97.5% CI)
Crystal bay 0.119 0.907 0.042 0.997 (0.624, 1.559)
Tunnel creek 0.038 0.960 0.020 0.994 (0.567, 1.690)
Glenbrook 1.482 0.943 0.048 1.041 (0.409, 1.749)
Heavenly 0.075 0.987 0.041 1.041 (0.755, 1.540)
Meyers 0.284 0.969 0.076 1.068 (0.663, 1.594)
Sand pit 0.176 0.886 0.074 1.068 (0.690, 1.535)
D.L. Bliss state park 0.507 0.964 0.040 1.048 (0.596, 1.699)
Sugar pine point state park 0.577 0.621 0.010 0.993 (0.0794, 1.808)
Granlibakken 0.052 0.729 0.012 0.997 (0.420, 1.735)
Carnelian bay 0.167 0.967 0.018 1.004 (0.725, 1.636)

Table 3

Genetic summary and diversity patterns for P. lambertiana from 493 marker loci and Cr1 allele frequency (standard deviation for Ho, Hg, Fis, and 95%

credible intervals for ¢; in parentheses).

Population Ho Hg Fis G Crl

Crystal bay 0.307 (0.179) 0.313 (0.166) 0.010 (0.207) 0.023 (0.017-0.029) 0.000
Tunnel creek 0.321 (0.192) 0.314 (0.167) —-0.015 (0.217) 0.027 (0.021-0.033) 0.000
Glenbrook 0.328 (0.171) 0.326 (0.158) —0.013 (0.190) 0.009 (0.005-0.013) 0.114
Heavenly 0.324 (0.184) 0.321 (0.165) —0.008 (0.213) 0.011 (0.007-0.015) 0.059
Meyers 0.317 (0.189) 0.318 (0.168) 0.007 (0.228) 0.026 (0.019-0.032) 0.000
Sand pit 0.320 (0.179) 0.318 (0.157) —-0.003 (0.211) 0.009 (0.006-0.014) 0.125
D.L. Bliss state park 0.333 (0.183) 0.328 (0.161) —0.009 (0.209) 0.018 (0.013-0.023) 0.071
Sugar pine point state park 0.321 (0.213) 0.303 (0.178) —0.049 (0.231) 0.048 (0.038-0.059) 0.125
Granlibakken 0.321 (0.187) 0.318 (0.167) —0.003 (0.214) 0.015 (0.010-0.020) 0.000
Carnelian bay 0.350 (0.192) 0.332 (0.159) —0.042 (0.222) 0.013 (0.009-0.018) 0.045
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Fig. 4. Posterior distributions are plotted for parameter c;. The larger the value of ¢;
the more a population has drifted (i.e. diverged) away from a set of ancestral allele
frequencies as estimated from the data. Posterior means are given by the black
points.

4. Discussion

Population- and genetic-level consequences of historical distur-
bances on forest tree populations are rarely considered or de-
scribed. Here we assessed population and genetic characteristics
of sugar pine in the Lake Tahoe Basin as they relate to stand condi-
tions, given historical logging, fire suppression, and WPBR. For four
populations we documented negative population trends and ge-
netic consequences associated with these disturbances. These pop-
ulations have low estimated growth rates (1), small population
sizes, relatively high genetic drift, high levels of WPBR, and poor
survival of small- and intermediate-sized individuals. In contrast,

six currently appear to be stable (1 >
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1.0), most likely because of

large population sizes, low disease levels, presence of resistance
to WPBR, and, in some instances, recent thinning and/or prescribed
fire treatments.

A major issue in trying to understand the influence of historical
logging is that most of what we know about it is anecdotal; we
have little or no detailed information on numbers, size, and species
removed. Logging was widespread throughout much of sugar
pine’s distribution in the Basin (Fig. 1) and historical populations
may have been larger and more extensive in some locations than
at present. Since the effects of genetic drift are greater in smaller
populations, we believe that a population bottleneck is a likely
explanation for diversity patterns at Sugar Pine Point State Park
(as pointed out by Nicholson et al. (2002) as a possible cause of
higher c; values). This could possibly have been caused by historical
logging and other agents of mortality. Sugar pine at this site has
low density (14 inds. ha'), the highest value for ¢; (0.048), high
WPBR incidence (41%), and poor survivorship (mean=0.621),
mainly due to WPBR-mediated mortality. At Tunnel Creek and
Crystal Bay, the consequences of historical logging may explain
the small population sizes and higher levels of genetic drift. Tunnel
Creek has the second lowest population growth rate (/4 =0.994)
and density (16 inds. ha™!) following Sugar Pine Point State Park.
This population has moderate levels of WPBR (11%), very low
recruitment (only 10 recruits ha~'), and the second highest drift
parameter (c;=0.027). Similarly, Crystal Bay has relatively low
population growth rate (1=0.997), the fourth highest drift parame-
ter (¢; =0.023), but moderate population numbers.

Caution is recommended, however, in the interpretation of the
c; values, as any changes in the local effective population sizes will
affect these estimates and they are based on a particular model of
population divergence (see Nicholson et al., 2002). For example, we
have not explicitly modeled gene flow or hierarchical divergence of
populations, both of which could reflect our conclusions. With re-
spect to gene flow, the overall levels of drift that were inferred are
small and likely so because of gene flow in combination with large
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effective population sizes and recent population divergences. The
estimates of c; however, are constrained by variation in the data,
which are a product of those aforementioned processes. Thus, the
relative trends should still hold, regardless of the mechanism that
we have modeled. With respect to hierarchical structure, the corre-
lations of ¢; with density and survivorship would be hard to explain
unless these co-varied along the unknown and underlying tree-like
structure describing the divergence history of the sampled popula-
tions. We feel that this is unlikely given the entire spectrum of eco-
logical and environmental determinants of tree density and
survivorship. Lastly, we have not estimated a time associated with
putative bottlenecks, so that the trends we observed may be due to
much older events; however, the genetic data will reflect recent
events as long as the change in effective size is large enough
and/or statistical power is high enough (see Wakeley, 2009).

Infection by C. ribicola is highest on sugar pine at Granlibakken
(48%). At present, Granlibakken seems to have little or no naturally
occurring disease resistance. This population also appears to be
declining (4 =0.997) because of high levels of WPBR resulting in
low survival of small and intermediate sized trees (0.1-5.0 and
20.1-40.0 d.b.h.). Lack of sugar pine recruitment (e.g., seedlings)
at Granlibakken, despite the presence of large reproductive indi-
viduals, may be a function of the combined effects of fire suppres-
sion and stand densification. We found the highest white fir
densities (295 inds. ha—') and white fir basal area (26 m? ha~!) at
this site, which has resulted in a dense canopy and low light levels,
which are unfavorable conditions for sugar pine recruitment (Zald
et al., 2008).

In spite of anthropogenic disturbances, six populations appear
to be maintaining, given current population characteristics and ge-
netic structure. Populations at Glenbrook, D.L. Bliss State Park, and
Heavenly have little or no WPBR, good representation across all
diameter classes (Fig. 3), relatively high survival, high fecundity
(except Heavenly), moderate frequencies of Cr1, and relatively high
genetic diversity. Sand Pit, Meyers, and Carnelian Bay, which have
low population numbers, are showing somewhat positive esti-
mated growth rates, more than likely because of relatively high
survival across diameter classes and moderate levels of fecundity.

Because population growth, /, was calculated from a one-time
sampling, our estimates may not reflect intrinsic variation in rates
of survivorship, mortality, growth, and fecundity. Year to year var-
iation in climate, cone production, cone and seed predation,
recruitment success, tree mortality, and conditions favorable for
WPBR infection can be considerable. Our intent was not to predict
future population growth but to describe current population con-
ditions. Another limitation of our study is that the confidence
intervals are very large for /, which is a cause for concern, but it
is difficult to assess the magnitude of this concern as A was esti-
mated from a one-time sampling that likely resulted in the large
variances around the point estimate. Obtaining long-term demo-
graphic data for long-lived tree species is difficult, but will be nec-
essary to accurately access population dynamics of sugar pine in
the Lake Tahoe Basin in the future.

5. Restoration implications

Restoration strategies to mitigate anthropogenic influences
should be based on strong evidence of negative population and ge-
netic effects, as well as an assessment of risk factors for a popula-
tion (e.g., how much disease at a site, frequency of resistance, and
frequency of infection periods). Of the 10 sugar pine populations
evaluated in the Lake Tahoe Basin only three appear to be in need
of restoration. Restoring population numbers, disease resistance,
and genetic variation may require out-planting seedlings that are
genetically diverse and WPBR-resistant, as well as, forest treat-

ments (e.g., thinning and/or prescribed fire) that promote natural
sugar pine regeneration. Despite recent prescribed fire treatments
at Sugar Pine Point State Park, this location still may require
restoring sugar pine numbers, as well as genetically diverse and
WPBR-resistant material. Even though frequency of Cr1 (0.125) is
moderate at Sugar Pine Point State Park, the remaining 87% of
the individuals are susceptible and under strong disease pressure
(WPBR incidence = 41%). Deploying resistance at least to present
levels (0.125) would be advisable. Given recent thinning and pre-
scribed fire treatments at Tunnel Creek, a similar strategy, as stated
above, of restoring sugar pine numbers by facilitating recruitment
and planting genetically diverse and resistant seedlings may be
warranted. Future fuel treatments of thinning and prescribed fire
are proposed at Granlibakken (D. Fournier pers. comm., USDA
Forest Service) and will be key to promoting natural sugar pine
regeneration. Because this sugar pine population is in a high-risk
site and very little disease resistance has been found, deploying
WPBR-resistant material from nearby locations is warranted.
Frequency of Cr1 being deployed should be within the range of
frequencies currently found in the Lake Tahoe Basin (0.045-
0.125). Deploying resistance will have positive effects on sugar
pine survival in high-risk sites, despite the risk that virulence to
Cr1 may evolve in the pathogen (Kinloch et al., 2007).

Regional and National plans such as the Sierra Nevada Forest
Plan Amendment (USDA Forest Service, 2004) and the Healthy For-
ests Initiative (http://www.healthyforests.gov) have made forest
restoration a priority. The primary goals of forest restoration treat-
ments (e.g., thinning and/or prescribed fire), is to generally in-
crease tree size and shift forest composition toward fire tolerant
pine species, particularly in historically pine-dominated communi-
ties (North et al., 2007). We have shown from our study that it is
not only about restoring numbers of sugar pine or desirable forest
conditions (e.g., reduced stem densities and representation of fire
intolerant species) but also restoring genetic diversity and moder-
ate levels of disease resistance, so rarely considered.
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