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Abstract. Many fire-maintained savannas and woodlands are suffering the effects of fire exclusion and
the concomitant invasion of fire-sensitive trees. In the Pacific West, woodlands dominated by either Oregon
white oak (Quercus garryana) or California black oak (Quercus kelloggii) have transitioned from oak-domi-
nated to conifer-dominated (primarily by the native Douglas-fir; Pseudotsuga menziesii) forest conditions
with corresponding losses of plant and animal biodiversity. In spite of the prevalence of this transition, few
studies have documented these temporal shifts and the consequences for oak woodland ecosystems. To
better understand this process, we assessed tree species composition and age structure across 10 sites in
northwestern California, USA. Species composition varied, but Douglas-fir, Oregon white oak, and Califor-
nia black oak had the greatest proportional dominance within and across sites. Across all ten sites, we
cored 1747 trees from 10 different species. The majority (>80%) of oak stems dated between 1850 and 1910
(69% plots dated within a 40-yr period from 1860 to 1900). Less than 1% of the oak stems originated after
1960. Across the gradient of encroachment (i.e., oak to conifer dominance) at each site, the most common
encroaching species was Douglas-fir, which primarily established after 1970 (73% across all sites). Douglas-
fir structural attributes were not associated with any of the abiotic factors evaluated, although non-signifi-
cant trends show greater densities of Douglas-fir in oak stands at the northern end of the study region.
Oak seedlings were common in all 10 study sites; however, we documented very few oak saplings regard-
less of the biophysical conditions. This study highlights that (1) the process and severity of encroachment
is consistent across the region, resulting in substantial oak habitat loss and a shift toward conifer domi-
nance and vegetative homogeneity in formerly diverse woodlands of northwestern California; and (2) Ore-
gon white oak and California black oak woodlands require concerted management effort to ensure their
survival and future persistence.
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INTRODUCTION the establishment of forests (Scholes and Archer
1997, Staver et al. 2011). In North American oak

In many savannas and woodlands worldwide, (Quercus spp.) woodlands and saavannas, the
fire exclusion and land-use history have led to cover and dominance of non-oak trees have
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increased dramatically over the last century
(Copenheaver et al. 2004, Moore and Huffman
2004, Gedalof et al. 2006, Stam et al. 2008, Gilli-
gan and Muir 2011). While tree encroachment is
a successional process in the absence of natural
disturbances, the resulting shifts in woodland
ecosystem structure and composition are likely
outside of the historical range of variability in
many locations (Landres et al. 1999, Weins et al.
2012). Fire plays a critical role in moderating the
dynamic interplay between trees and herbaceous
plants in oak woodlands (Higgins et al. 2000,
Engber et al. 2011). When fires are excluded from
these ecosystems, changes can be drastic, with
woody vegetation invading openings, outcom-
peting grasses and forbs, and leading to densely
wooded and less diverse landscapes (Livingston
et al. 2016). Shifts in savanna and woodland
ecosystem structure and composition vary
greatly in relation to the biophysical environ-
ment, land-use history and Euro-American settle-
ment patterns (Thilenius 1968), grazing regimes
(Scholes and Archer 1997), and changes in cli-
mate (e.g., Bond and Midgley 2000, D’Odorico
et al. 2010).

In the Pacific West, oak woodlands dominated
by Quercus garryana Dougl. ex. Hook and Quercus
kelloggii Newberry are classic examples of wood-
lands that visually appear to have widespread con-
ifer encroachment. Individual studies suggest
transitioning from oak- to conifer-dominated forest
(>50% canopy cover) conditions at some locations
(Sugihara and Reed 1987, Engber et al. 2011, Cock-
ing et al. 2012). In northwestern California, where
there is a mosaic of rapid transitions between soil
types, these two oak species commonly occur near
or adjacent to both conifer-dominated stands and
grasslands. Both oak species can persist in mon-
odominant and mixed oak woodlands and can
also intermingle with other hardwoods and coni-
fers (Sawyer 2007). In northwestern California, the
most common encroaching conifer species is coast
Douglas-fir (Pseudotsuga menziesii var. menziesii
(Mirb.) Franco).

Consequences of Douglas-fir encroachment in
deciduous oak woodlands include oak mortality
(Devine and Harrington 2013), the loss of plant
and animal biodiversity associated with oak
habitats (Thysell and Carey 2001, Livingston
et al. 2016), alteration of forest composition and
structure, increases in fire-sensitive species, and
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reduction in herbaceous fuels (Stam et al. 2008,
Engber et al. 2011). Nevertheless, few studies in
the Pacific West have documented the temporal
shifts in conifer-encroached oak woodland
ecosystems (e.g.,, composition, structure, and
establishment dates), or the consequences for
native oak trees (i.e., regeneration and mortality),
and existing studies have generally been limited
in geographic distribution. The goals of this
research were to (1) investigate the spatial and
temporal patterns of tree encroachment across a
large area where Oregon white oak and Califor-
nia black oak co-occur (spanning 2° of latitude);
(2) evaluate the regional variability of tree estab-
lishment patterns and the biophysical factors that
influence stand structure in conifer-encroached
oak woodlands; and (3) provide data to inform
the increasing policy and management momen-
tum around these issues, both in northwestern
California and throughout the ranges of the two
oak species (Standiford and Purcell 2015, Vala-
chovic et al. 2015).

Across a northwest-to-southeast (mesic to
xeric) transect of northwestern California span-
ning over 2° of latitude, we studied Oregon white
oak and California black oak woodlands in three
phases of Douglas-fir encroachment in order to
characterize stand structure, composition, and
species-level differences in the timing of tree
establishment. We asked the following questions:
(1) How do stand structure, species composition,
and the timing of tree establishment vary within
and across a gradient of encroachment? and (2)
Do stand structure characteristics vary in relation
to biophysical characteristics? We hypothesized
that the majority of oak stems established during
or following Euro-American settlement (mid-
19th century-on) and that the majority of oak
trees predate Douglas-fir trees in stands where
they co-occur (similar to oak stands in the Pacific
Northwest region of the United States; e.g.,
Devine and Harrington 2006, Gilligan and Muir
2011). We also expected that oak regeneration
declined over the last half-century due to changes
in disturbance regimes (e.g., fire, grazing, brows-
ing) and associated changes in stand structure
and composition. Across the study region, we
expected greater densities of Douglas-fir in
cooler/more mesic environments, and more dead
oak trees (indicators of past encroachment) in
stands that have transitioned to Douglas-fir
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dominance (cf. Devine and Harrington 2013). We
also expected fewer oak seedlings in stands now
dominated by Douglas-fir, and greater densities
of both oak and conifer seedlings in mesic envi-
ronments (Devine et al. 2007, Gilligan and Muir
2011). This research has direct implications for
oak woodland management and restoration in
northwestern California (Valachovic et al. 2015),
but also across broad regions in the Pacific West
and in other areas where woody encroachment
has altered the composition and structure of
savannas and woodlands.

METHODS

Study area

The study area was located in the Northern
Coast Ranges of California spanning 2° of lati-
tude (41.2°-39.0°) and 0.6° of longitude (123.9°-
123.3°; Fig. 1) with a Mediterranean climate with
cool, wet winters and warm, dry summers. Aver-
age annual precipitation ranges from 1430 to
2780 mm, with dry conditions increasing along a
west-to-east gradient (PRISM Climate Group,
Oregon State University; http://prism.oregonsta
te.edu). Inland portions of the study area experi-
ence cooler winters than the coastal regions. The
summer climate varies greatly, with high temper-
atures ranging from 27° to 37°C depending on
the elevation and distance from the moderating
effects of the Pacific Ocean.

California’s Northern Coast Ranges host a
mosaic of forest types, including deciduous oak
woodlands and savannas as well as mixed ever-
green/conifer forests most commonly dominated
by Douglas-fir (Barbour et al. 2007). We focused
on mixed Oregon white oak and California black
oak woodlands that are currently experiencing a
spectrum of Douglas-fir encroachment severities.
Other dominant and/or co-dominant tree species
in our study sites include white fir (Abies concolor
(Gord. & Glend.) Lindl. Ex Hildebr.), California
buckeye (Aesculus californica (Spach) Nutt.), Paci-
fic madrone (Arbutus menziesii Pursh), California
incense-cedar (Calocedrus decurrens (Torr.) Florin),
tanoak (Notholithocarpus densiflorus (Hook. &
Arn.) P.S. Manos, C.H. Cannon, & S.H. Oh), can-
yon live oak (Quercus chrysolepis Liebm.), Califor-
nia live oak (Quercus agrifolin Née), and
California laurel (Umbellularia californica (Hook.
& Arn.) Nutt.).
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Site selection and field sampling

Ten sites were selected on both private (8) and
public (2) lands across northwestern California
(Fig. 1) with relatively similar compositional
characteristics (close proximity of oak-, conifer-,
and prairie-dominant ecosystems; Fig. 2). Sites
ranged in elevation from 375 to 1180 m and all
occupied rolling and dissected terrain. Six sites
(23 of 90 total plots) had evidence of scattered
Douglas-fir harvest (stumps) from approxi-
mately 50 yr ago (no oak stumps; Table 1).
Harvesting did not include all of the largest Dou-
glas-fir trees, and the variability between sites
confirmed that oak levels were consistent across
sites with and without fir harvest history
(Table 1). Half of the sites were actively grazed
by domestic cattle, and most stands had some
prior grazing over the last century.

At each of the 10 sites, we used stratified ran-
dom sampling to locate nine 0.1-ha circular plots
across oak stands in three broad encroachment
categories: oak-dominant stands where conifers
were not present or limited to the sub-canopy
(three plots); oak-dominant stands with Douglas-
fir in an intermediate or co-dominant canopy
position (three plots); and oak stands where
Douglas-fir occupied the dominant canopy posi-
tion or was emergent in the canopy throughout
the stand (three plots; Fig. 3; see Schriver 2015
for further classification details). At each plot, we
collected environmental data (slope, aspect,
slope position, landform type, and elevation) and
plot coordinates and recorded obvious distur-
bances (e.g., windthrow, fire, grazing, harvest-
ing). For all trees >5 cm diameter at breast height
(1.37 m, dbh), we recorded species, dbh, oak
stem form (single- or multi-stemmed), status
(live/dead), total tree height, and height to live
crown (hereafter crown height). Within each plot,
we recorded species and diameters of all stumps
if present. We visually estimated canopy position
for each tree and classified each into open-
grown, dominant, co-dominant, intermediate,
overtopped, and understory canopy classes
using a similar classification scheme to previous
mixed oak—conifer stand structure studies (Hun-
ter and Barbour 2001, Cocking et al. 2012). We
considered trees to be in the overstory if they
occupied open-grown, dominant, co-dominant,
or intermediate canopy positions. The 10 closest
Oregon white oak and California black oak trees
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Fig. 1. Study area located in the North Coast region of California with depiction of the range distributions of
Oregon white oak (Quercus garryana) and California black oak (Quercus kelloggii; map credit: B. Twieg; oak distri-
bution from Little 1971). Ten study locations are indicated by site codes that correspond to the 7.5-min USGS

quad the sites are located in.
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Fig. 2. Representative landscape exhibiting close proximity of oak, conifer, and savanna ecosystems occupying

the rolling and dissected terrain of northwestern California. Photo credit: Y. Valachovic.

to plot center were mapped and cored as close to
the ground as possible (~30 cm height above the
ground) in order to estimate dates of stem estab-
lishment (Stokes and Smiley 1996). Multi-
stemmed oaks were tallied, and when cored, the
largest stem was selected to determine individual
stem age. Due to our inability to discern the exact
origin of oak stems (acorn germination vs.
sprouts from pre-existing individual), we defined
oak stem establishment as a stem originating
from either a seedling or sprout. Additionally,
the 10 closest conifers or other hardwood trees to
plot center were mapped and cored. Up to five of
the largest living trees nearest the 0.1-ha plot
were also cored in order to estimate the earliest
dates of stem establishment within the sampling
area. To characterize tree regeneration, we tallied
seedlings (<30 cm tall) and saplings (<5 cm dbh
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and >30 cm tall) by species on six randomly
located 1 x 2 m nested quadrats and one ran-
domly located 0.025-ha nested plot, respectively,
within each 0.1-ha plot.

Data analysis

Relating stand structure to biophysical environ-
ment.—We evaluated whether stand structure
varied in relation to the biophysical environment
by using all plot-level data (90 plots) and condi-
tional inference trees (Hothorn et al. 2006).
Conditional inference trees are binary recursive
data-partitioning  algorithms that generate
dichotomously branching regression trees, avail-
able as the function ctree in the add-on package
party in R (R Core Development Team 2015). We
selected conditional inference trees from the fam-
ily of recursive partitioning methods due to the
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Table 1. Stand structure attributes of Oregon white oak (Quercus garryana; QUGA), California black oak (Quercus
kelloggii; QUKE), Douglas-fir (Pseudotsuga menziesii; PSME), and all species (Total) in 10 oak sites under a gradi-
ent of Douglas-fir encroachment conditions (xeric-to-mesic climate from left to right) and across sites (Regio-
nal) in northwestern California.

SPECIES WwC BV BM cP LE HS YJ B EB BH  Regional
QUGA
SD (trees/ha) 371 164 429 191 236 183 234 302 106 504 272
(30~ (0- (= (0- (0- (60— (0- (170~ (10~ (60— (0-
840) 440) 810) 540) 470) 320) 830) 530) 230)  1310)  1310)
BA (m?/ha) 14.7 12.1 14.9 14.4 16.6 17.9 10.9 21.6 143 22.9 12.1
(3.3~ (0- (0 (0- (0- (6.3~ (-  (137- (03~ (35 (0-
237)  263) 292) 350) 331) 338) 319 297) 435)  37.7) 43.5)
Multi-stem (%) 24 31 29 12 17 41 33 16 22 35 26
(0-54) (0-74) (0-46) (0-41) (045 (0-77) (0-83) (0-38) (0-50) (4-74)  (0-83)
Height (m) 13.7 12.6 9.7 14.6 11.7 14.6 12.7 125 12.1 15.3 13
(15 @25  @1- (G4 17 (1- (1.5~ 2- (39~ (0.6~ (0.6~
432)  26.5) 29) 235)  29.5) 25) 21.6)  255)  251)  29.9) 43.2)
Dead stems (%) 12 14 39 5 29 9 29 11 9 36 19
(0-31) (0-57) (5-100) (0-14) (7-100) (0-32) (0-67) (0-39) (0-20) (14-75) (0-100)
Co-dom (yr) 72 32 58 52 32 44 30 37 49 44 44
(69-83) (27-40) (57-68) (43-70) (27-36) (34-55) (23-45) (33-40) (43-59) (41-51) (23-83)
Seedlings (ha ') 1111 370 3518 5185 7685 2315 3704 14167 5278 11667 5500
- (0- - (0- (0- (- (- (0- - (0- (-
3333)  1667) 15000) 10833) 35833) 8333) 19167) 43333) 34167) 49167)  49167)
Saplings (ha ') 0 0 4 0 9 0 0 4 0 18 4
(0-0)  (0-0) (0-40) (0-0) (0-80)  (0- (0-0)  (0-40) (0-0) (0-40)  (0-80)
0)
No. plots 9 8 8 8 8 9 8 9 9 9 85
present
QUKE
SD (trees/ha) 133 92 84 43 139 36 98 50 20 43 74
(0- (0- (10~ (0- (0~ (0~ (0- (20~ (0~ (0- (-
370) 170) 180) 130) 430) 90) 310) 130) 60) 210) 430)
BA (m*/ha) 6.5 13.1 10.3 7.8 125 10.2 11.9 6.0 5.7 3.3 8.7
(0- (0- (0.3~ (0- (0- (0- (0- (2.1~ (= (0- (0-
172)  372) 193) 163) 334) 308) 305 226) 216) 187) 37.2)
Multi-stem (%) 27 36 21 17 8 3 38 18 6 38 21
(0-67) (0-82) (0-58) (0-100) (0-43) (0-30) (0-100) (0-80) (0-57) (0-100) (0-100)
Height (m) 11.9 12.2 12.8 19.5 10.6 19.8 15 11.7 17.2 15.1 143
(3.4~ @- (4 (5.7~ (2- (5~ (B34 (B35 (59~ (38 2-
25) 283) 317) 336) 238) 408) 261) 21.3) 295)  27.3) 40.8)
Dead stems (%) 11 16 14 15 13 1 17 4 7 20 12
(0-25) (0-35) (0-30) (0-50) (0-50) (0-10) (0-43) (0-20) (0-50) (0-50)  (0-50)
Co-dom (yr) 71 36 65 60 29 58 36 35 58 47 47
(68— (23~ (60— (39~ (20~ (43~ (28~ (29~ (48~ (34~ (20~
78) 47) 84) 85) 36) 79) 42) 41) 84) 50) 85)
Seedlings (ha ') 926 370 2037 3518 2130 2500 463 278 2963 1944 1713
(0- (0- (= (0- (0- (833~ (0- (= (= (0- (0-
2500)  1667)  7500)  7500) 10000) 4167)  1667)  1667)  9167)  15000)  15000)
Saplings (ha™") 0 0 4 0 0 0 0 0 0 0 0
(0-0)  (0-0) (040) (00 (0 (0 (00 (00 (00 (00 (040
No. plots 8 8 9 7 8 6 8 9 8 5 76
present
PSME
SD (trees/ha) 400 211 294 254 557 426 540 367 207 254 351
(50~ (- (- (0- (20~ (10~ (10~ (40~ (- (0- (0-
940) 500) 900) 530)  1010)  2070)  1360)  650) 450) 590) 2070)
BA (m/ha) 223 17.1 28.4 14.8 28.4 17.7 24.4 17.8 19.7 28.0 21.9
(0.5~ (0- (0~ (0- (02- (02~ ©O1- (02- (0- (0~ (0-
541)  432) 7900 385) 755) 50.6) 581)  363)  56.8)  66.4) 79.0)
Height (m) 16.2 14.8 163 153 12.8 15.2 11.8 10.5 184 29.4 157
(2.4~ (4 @- @3- (12~ (38 (36~ (25 (4 (3.2~ (1.2~
55.9)  47.5)  488)  353)  471)  38.3) 46) 31) 45.7)  47.5) 55.9)
ECOSPHERE % www.esajournals.org 6 October 2018 #* Volume 9(10) ** Article e02446
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SPECIES WC BV BM CP LE HS Y] IB EB BH  Regional
Dead stems (%) 13 1 9 20 9 0 11 5 1 7 7
047y (04) (0-32) (0-100) (0-27) (0-0) (0-24) (0-14) (0-2) (0-16) (0-100)
Seedlings (ha™") 370 1481 1574 648 556 1296 1389 741 1019 833 991
o © @©o @O @© @0 (© (0  (© (0 (-
1667)  5833) 13333) 3333)  4167)  3333)  8333)  5000)  2500) @ 4167) 13333)
Saplings (ha ') 129 538 133 129 138 1396 284 298 956 80 408
0- (80— 0- (0- (0— 0- 0- 0- 0- 0- 0-
640) 1200) 960) 360) 840) 5200) 1320)  2080)  3720) 520) 5200)
Stumps (ha™) na 40 na 90 33 23 10 na 20 na 41
(40— (10— (10— (10— (10— (10— (10—
40) 130) 90) 30) 10) 40) 130)
No. plots present 9 8 6 7 9 9 9 9 7 7 80
Total
SD (trees/ha) 1043 548 836 588 937 672 877 752 506 802 756
(670- (240~  (310-  (520-  (460-  (290-  (600-  (330— (80— (520~ (80—
1490) 760) 1270) 810) 1560)  2260) 1270) 1080) 950) 1310) 2260)
BA (m*/ha) 48.4 50.6 53.9 39.7 57.5 46.8 47.9 46.8 47.2 54.2 49.5
279- (356~ (26.6- (254 (29.1- (284~ (31.9- (225- (20.2- (27.9- (20.2—
79.5) 70.2) 98.3) 62.1) 87.0) 76.0) 73.0) 62.6) 83.6) 79.5) 98.3)
Dead stems (%) 11 9 23 10 12 6 19 9 7 24 13
(5-17) (1-15) (6-33) (1-15) (0-30) (0-19) (828) (023) (3-13) (11-35) (0-35)
Seedlings (ha™") 5278 3241 7963 9352 11203 7500 7315 15463 108333 14537 9268
0- 0- 0- (1667—  (833—  (1667—  (833— 0- 0- 0- 0-
15000) 9167)  22500) 12501) 40000) 16666) 19167) 45000) 42500) 50834)  50834)
Saplings (ha™") 591 551 916 324 293 1564 316 311 1138 133 614
0- (80— 0- (0- (0— (O 0- 0- 0- 0- 0-
2080) 1200)  3880) 1000) 840) 5200) 1480)  2120)  3800) 600) 5200)
No. species 6 5 3 4 3 3 3 3 5 2 14
present (4-8) 3-7) (2-4) (1-5) (2-4) (24) 34) (3-5) 2-7) (1-3)

Notes: Plot-level mean (ranges) of stem density (SD), basal area (BA), and crown height (Height), seedlings (<30 cm tall),
and saplings (<5 cm dbh and >30 cm tall), and number of tree (=5 cm dbh) species present across plots at each site are reported.
Percentage of multi-stem oaks and dead stems was calculated using stem density. Median years until oak—conifer co-dominance
at the plot level (range in parentheses) are reported for each site.

Fig. 3. Three representative oak stands currently experiencing a range of Douglas-fir encroachment in north-
western California: (left) oak-dominant, (middle) oaks with mid-story conifers, and (right) oaks suppressed by a

closed-canopy Douglas-fir. Photo credits: L. Quinn-Davidson (left and right) and Y. Valachovic (center).

algorithm’s ability to analyze large, multivariate,
non-parametric datasets as well as to create
directly interpretable models. Conditional refer-
ence trees are based on a global null hypothesis
of independence between any of the predictor
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variables (abiotic and biotic factors) and a single
response variable (stand structure attribute; e.g.,
Oregon white oak stems/ha). If the null hypothe-
sis cannot be rejected, the calculation stops;
otherwise, the algorithm selects the predictor
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variable with the strongest association with the
response variable (Miuller and Hothorn 2004,
Hothorn et al. 2006). The strength of this associa-
tion was evaluated by a P-value that corresponds
to a test between the partial null hypothesis of
the predictor and response variables. The algo-
rithm continued to partition response variable
observations using any of the predictor variables
until the univariate P-value exceeded significance
(o0 =0.05), avoiding a selection bias toward
predictor variables and a statistically appropri-
ate regression tree with no pruning or cross-
validation necessary.

Individual response variables were stand struc-
ture attributes of Oregon white oak, California
black oak, and Douglas-fir at the plot level. These
structural attributes included species-specific live
stem density (trees/ha), live basal area (m*/ha),
relative density (i.e., percentage of overstory com-
position by species), proportion of multi-stem oak
trees, proportion of dead stems (based on stem
density), and seedling density (seedlings/ha). Due
to the low number of oak saplings, sapling den-
sity was excluded from analysis.

We analyzed each species-specific stand attri-
bute in order to evaluate the strength of
geographic (abiotic, location) variables vs. compe-
tition-related (biotic) variables. The first regression
used only abiotic factors as predictors, whereas
the second regression included both abiotic and
biotic factors (theoretically dominant variables).
Abiotic factors included slope, elevation, aspect
(two indices), slope position and type, location
(UTM coordinates), site (categorical), and average
climate variables (precipitation, temperature).
Aspect was transformed into two indices, solar
radiation and heat load, to estimate potential
direct incident radiation and temperature from
warmer/drier (1; southwestern) to cooler/wetter
(0; northeastern) slopes (Roberts and Cooper
1989, McCune and Keon 2002). Climate variables
were derived from interpolated site-level 30-yr
seasonal averages (1981-2010) using PRISM data
(PRISM Climate Group, Oregon State University,
http://prism.oregonstate.edu). Precipitation vari-
ables included fall (September-November),
winter (December—February), and spring (March—
May) precipitation. Temperature variables were
limited to maximum summer (June-August) and
minimum winter temperature. Predictive biotic
factors included species-specific stem density,
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basal area, relative density, proportion of multi-
stem oak trees, and proportion of dead stems.
Additionally, we created linear regression models
predicting age from dbh and total height (sepa-
rately) for each study species at each site and
across sites (see Appendix S2). Total height aver-
ages were also calculated for all three tree species
per plot (Table 1).

Tree age structure.—Extracted tree cores were
mounted, sanded, and dated following standard
dendrochronology techniques (Fritts 1976, Speer
2010). Tree rings were counted under a binocular
microscope and subsequently measured with a
tree-ring scanning system (WinDendro software,
Regent Instruments, version 2009b). All annual
ring widths were visually and statistically cross-
dated using the computer program COFECHA
(Holmes 1983). When cores missed the pith, a
geometric model of annual tree growth was used
to estimate the number of years to pith (Duncan
1989). Cores missing the pith by more than 15 yr
(83%) or those with rotten centers (14%) were con-
sidered minimum age counts and excluded from
temporal analyses of tree establishment, but
were included in figures to visualize historical
(pre-1850) tree age structure. To address the
potential variation in the number of years to cor-
ing height, we grouped stem establishment dates
into 10-yr bins and calculated 5-yr smoothing
averages to illustrate species-specific age struc-
ture trends.

To correct for coring height for Douglas-fir age
samples, we destructively sampled 10 saplings
from oak-dominant stands at each study site then
cut, sanded, and aged along 10 cm height inter-
vals to create site-specific age-to-height linear
regressions (1 = 97 total saplings; R* = 0.19-0.96
across sites). Across sites, the average rate of juve-
nile height growth to coring height of Douglas-fir
was 10.4 cm/yr (range: 1.2-18.5 cm/yr across sites;
not shown). A lack of California black oak and
Oregon white oak saplings (we observed nine
individuals across 90 plots) prohibited this type of
destructive sampling and analysis. Instead, we
used existing post-fire California black oak sprout
growth data from mixed conifer-oak stands in
northeastern California (27 plots; Cocking et al.
2014) to approximate the oak sapling height
growth rate. The median maximum sprout height
in stands burned at high severity (>75% overstory
mortality; 23 plots) and low-to-moderate severity
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(0-74% overstory mortality; 4 plots) was divided
by years since fire (10) to estimate the rate of
height growth for multi-stem (41.6 cm/yr) and sin-
gle-stem (17.3 cm/yr) oak saplings, respectively
(data from Cocking et al. 2014). We used different
rates of height growth for single-stem and multi-
stem oak trees, assuming that a higher severity
disturbance (removal/top-killed oak stem) would
promote a greater sprouting response in oaks (cf.
Cocking et al. 2014) and result in a greater propor-
tion of multi-stem trees. In contrast, we assumed a
lower severity disturbance would be less likely to
promote multi-stem trees and would result in a
greater proportion of single-stem oaks (as in
Copenheaver and Keyser 2016). We believe the
estimate of annual single-stem oak growth is a
highly conservative approximation for our study
area because of climatic differences between our
study region and the area studied in Cocking
et al. (2014), but reasonable given 10-yr tree age
bins.

Tree establishment patterns.—The timing of stem
establishment was evaluated for all tree species,
but our focus was on Oregon white oak, Califor-
nia black oak, and Douglas-fir because they over-
whelmingly dominated all sites (cumulatively
>95% total basal area across the 10 sites; Schriver
2015) and previous research on Oregon white oak
(Sugihara and Reed 1987, Engber et al. 2011) and
California black oak (Stewman 2001, Cocking
et al. 2012) stands in northern California consis-
tently identified Douglas-fir as the predominant
encroaching species. We evaluated the temporal
and spatial patterns of tree establishment by
examining intra- and inter-species synchronicity
of tree ages within and across sites. The two oak
species are prolific sprouters following distur-
bance, and thus, we use the term oak “stem”
establishment instead of tree establishment. Stem
ages for Oregon white oak and California black
oak were also compared with Douglas-fir ages to
examine their relative patterns of stem establish-
ment. For example, co-occurrence of Oregon
white oak stem ages across sites would suggest
similar timing of stem establishment at multiple
locations, which may indicate broad-scale factors
that influenced Oregon white oak establishment.
K1D software (Gavin 2010) was used to evaluate
the timing of tree establishment among event
records (in our case, event records were tree ages
at the plot level within each site and tree ages
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aggregated at the site level for comparison among
sites). K1D is a modification of Ripley’s K function
(Ripley 1977) for one dimension, time. K1D has
been increasingly used for a wide array of com-
parisons (e.g.,, Gavin et al. 2006, Schoennagel
et al. 2007), including temporal relationships be-
tween tree establishment and disturbances (e.g.,
Amoroso et al. 2011, Tepley and Veblen 2015). We
examined the temporal pattern of tree establish-
ment within a window of time (¢ years), in which
the K function was calculated using a multivariate
(MEK) bidirectional model (Gavin 2010). The bidi-
rectional approach implies that events (tree ages)
at each location (plot or site level) were evaluated
irrespective of temporal direction; that is, tree ages
at one location (R) occurred prior to, co-occurred
with, or followed tree ages of all other aggregated
locations (A). The multivariate K function was
transformed to an L function for graphical inter-
pretation, and a 95% confidence envelope for the
Lra(t) values was calculated (Appendix S1).
Values of L(t) above, below, or in between the con-
fidence interval indicate synchrony, asynchrony,
or independence (random), respectively, between
event records at that timescale. The proportion
of single- vs. multi-stem oak trees was also
summarized as an additional indicator of stem
establishment patterns at each site, in which we
interpreted multi-stem trees as indicative of
sprout origin (Table 1 and Fig. 4; also see Copen-
heaver and Keyser 2016). Multi-stem (sprout ori-
gin) trees were also an indicator of pre-existing
oaks at the site. For plots with conifer stumps,
stump diameters were compared with site-level
frequency distributions of Douglas-fir dbh and
age—dbh regressions to evaluate the proportion of
missing large-diameter conifers from stand and
age structures (Appendix S2).

REesuLTs

Stand composition and structure

In total, 7995 trees and 14 species occurred
across 90 plots within the 10 sites. The most com-
mon trees were Douglas-fir (3540 trees; 88% plots),
Oregon white oak (3061 trees; 94% plots), and Cal-
ifornia black oak (791 trees; 84% plots). These three
species were present at all sites and in most plots
within sites (Table 1). The percentage of plots
where Oregon white oak, California black oak,
and Douglas-fir dominated the overstory (>50%
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Fig. 4. The proportion of tree ages of Oregon white oak (QUGA; white), California black oak (QUKE; black),
Douglas-fir (PSME; red), and other tree species (white fir, bigleaf maple, California buckeye, Pacific madrone,
California incense-cedar, tanoak, California live oak, canyon live oak, ponderosa pine, and California laurel;
blue) in 10 oak sites under a gradient of Douglas-fir encroachment conditions in northwestern California. Single-
stemmed (single) and multi-stemmed (multi) oak trees are represented by solid and patterned colors,
respectively.
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relative density) was 46.0%, 2.2%, and 29.0%,
respectively. Other tree species included Pacific
madrone (216 trees), California buckeye (100
trees), California laurel (95 trees), tanoak (61 trees),
canyon live oak (42 trees), California live oak (23
trees), California incense-cedar (17 trees), toyon
(Heteromeles arbutifolin (Lindl.) M. Roem.; 13 tall
stem form), ponderosa pine (Pinus ponderosa Dou-
glas ex. Lawson & C. Lawson; 7 trees, 6 located at
CP), bigleaf maple (Acer macrophyllum Pursh; 5
trees), and white fir (2 trees). The mean total live
stem density and basal area were 756 trees/ha and
495 m?/ha, respectively. Substantial variation
existed among sites, with tree density varying by
two orders of magnitude (from 80 [EB] to 2260
[HS] stems/ha) and basal area by a factor of 4 (20.2
[EB] to 98.3 [BM] m2/ha; Table 1).

Oregon white oak was the most abundant oak
across the study plots, with stem density and
basal area averaging 272 trees/ha and 12.1 m?/ha
(range of 0-1310 trees/ha and 0-43.5 mz/ha),
respectively. Oregon white oak averaged 25.1 cm
dbh (range of 5.5-112 cm) with approximately
92% of stems between 10 and 40 cm dbh and
fewer than 3% of stems >50 cm dbh (Fig. 5). Ore-
gon white oak had the lowest height of the three
dominant species, averaging 13 m (ranging 0.6—
43.2 m; Table 1). In all but one site (EB), the oak
total heights in oak-dominated stands were lower
(on average 1.8 m less) than in oak stands that
had become dominated by conifers. Sites included
variable proportions of single- and multi-stem
Oregon white oak across oak tree ages (Table 1).
Thirty-three percent of stems across all size classes
had multi-stemmed tree structure (Fig. 4). Oregon
white oak had the greatest relative proportion of
dead stems, especially at smaller sizes (<15 cm
dbh), with half of the sites containing only dead
stems in one or more plots. On average, 30% vs.
11% of Oregon white oak stems were dead in the
sites that had become dominated by conifers vs.
oak-dominant stands, respectively. Oregon white
oak also exhibited relatively weak and inconsis-
tent relationships among age, dbh, and total
height variables (Appendix S2).

California black oak was less common than
Oregon white oak, with stem density and basal
area averaging only 74 trees/ha and 8.7 m*/ha
(range of 0-430 trees/ha and 0 to 37.2 m*/ha),
respectively (Table 1). However, California black
oak stems were generally larger than Oregon
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white oak, averaging 34.7 cm dbh (range of 6.9—
139.5 cm), with 89% of tree stems between 10 and
55 cm dbh. Likewise, California black oak were
generally taller than Oregon white oak, averaging
14.3 m across sites (ranging from 2 to 40.8 m;
Table 1). Similar to Oregon white oak, California
black oak were taller in conifer-dominant stands
than in oak-dominant stands (on average 1.7 m
taller) at all but two sites (EB and BH). The pro-
portion of multi-stem California black oak was
lower than Oregon white oak (26% of trees were
multi-stemmed; Table 1) and varied across size
classes (Fig. 5). Smaller California black oak dead
stems were common (>50% of dead stems were
10 and 15 cm dbh; Fig. 6). On average, 19% vs.
11% of California black oak stems were dead in
stands that had become dominant by conifers vs.
oak-dominant stands, respectively. California
black oak exhibited slightly stronger relationships
among age, dbh, and total height than Oregon
white oak (Appendix S2).

Across all species and sites, Douglas-fir was
the most abundant tree, with stem density and
basal area averaging 351 trees/ha and 21.9 m*/ha
(range of 0-2070 trees/ha and 0-79 mz/ha),
respectively. Douglas-fir trees were the largest
diameter trees at seven sites (averaging 21.1 cm
dbh; range of 5-180 cm dbh; Fig. 5), although
most (88%) stems were <40 cm dbh. Douglas-fir
trees were also the tallest, averaging 15.7 m
(ranging 1.2-55.9 m), and were on average 4.8
and 2.8 m taller than Oregon white oak and Cali-
fornia black oak, respectively, in oaks stands that
had become dominated by conifers. Douglas-fir
exhibited the lowest proportion of dead stems
among the three dominant tree species (11% of
stems were dead on average; Fig. 5 and Table 1).
On average, 11% vs. 8% of Douglas-fir stems
were dead in conifer-dominant vs. oak-dominant
stands, respectively. Douglas-fir consistently
exhibited strong age relationships between dbh
and total height at all 10 sites (P < 0.001;
Appendix S2). Previously harvested Douglas-fir
(stumps) constituted a relatively small propor-
tion of the stand structure at the six sites that had
past conifer harvests (ca. 1960s). Across these
sites, Douglas-fir stump density averaged
40 ha ' (range of 10-130), representing an aver-
age of 15% of the present-day total Douglas-fir
stem density (range of 11-44%; Table 1). Current
Douglas-fir stem density and basal area were not
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Fig. 5. Proportional size distribution of live and dead tree stems (>5 cm dbh) of Ore