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Tree invasion of a montane meadow complex: temporal trends, spatial
patterns, and biotic interactions

Charles B. Halpern, Joseph A. Antos, Janine M. Rice, Ryan D. Haugo & Nicole L. Lang

Abstract

Questions: Do spatial and temporal patterns of
encroachment of Pinus contorta and Abies grandis
in a montane meadow suggest strong biotic controls
on the invasion process?

Location: Forest-meadow mosaic, 1350m a.s.l.,
Cascade Range, Oregon, US.

Methods: We combined spatial point pattern analy-
sis, population age structures, and a time-series of
stem maps to quantify spatial and temporal patterns
of conifer invasion over a 200-yr period in three
plots totaling 4 ha.

Results: Trees established during two broad, but
distinct periods (late 1800s, then at much greater
density in the mid-1900s). Recent invasion was not
correlated with climatic variation. Abies grandis
dominated both periods; P. contorta established at
lower density, peaking before 4. grandis. Spatially,
older (> 90 yr) P. contorta were randomly distrib-
uted, but older A4. grandis were strongly clumped
(0.2-20m). Younger (<90 yr) stems were positively
associated at small distances (both within and be-
tween species), but were spatially displaced from
older A. grandis, suggesting a temporal shift from
facilitation to competition. Establishment during
the 1800s resulted in widely scattered P. contorta
and clumps of A4. grandis that placed most areas of
meadow close to seed sources permitting more rapid
invasion during the mid-1900s. Rapid conversion to
forest occurred via colonization of larger meadow
openings — first by shade-intolerant P. contorta, then
by shade-tolerant 4. grandis — and by direct infilling
of smaller openings by 4. grandis.
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Conclusions: In combination, spatial and temporal
patterns of establishment suggest an invasion process
shaped by biotic interactions, with facilitation promot-
ing expansion of trees into meadows and competition
influencing subsequent forest development. Once in-
vasion is initiated, tree species with different life
histories and functional traits can interact synergisti-
cally to promote rapid conversion of meadow to forest
under a broad range of climatic conditions.
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Introduction

Woody plant invasions of grasslands and mea-
dows are of global importance (Archer et al. 1988;
Van Auken 2000). Conversion of grassland to wood-
land or forest alters community structure and species
composition (Scholes & Archer 1997; Haugo & Hal-
pern 2007) and can affect nutrient cycling and carbon
storage (Jackson et al. 2002; Browning et al. 2008).
Numerous factors have contributed to widespread
invasion of grasslands by woody plants during the
past century. Although changes in climate are often
implicated (e.g., Rochefort et al. 1994; Bond &
Midgley 2000; Van Auken 2000), climate is unlikely to
be the sole factor given the broad range of environ-
ments in which invasions are occurring. Fire often
maintains the open structure of grasslands, thus in
some systems, fire suppression may be pivotal in this
process (e.g., Jurena & Archer 2003; Heyerdahl et al.
2006; Coop & Givnish 2008). Alternatively, changes
in grazing regime may facilitate invasion through dis-
turbance or reduction in fine fuels that carry fire (Vale
1981; Scholes & Archer 1997).

Although invasions of grasslands may be trig-
gered by one or more exogenous factors, more
proximally they may reflect changes in the strength
or direction of biotic interactions that allow for
successful establishment and growth of woody
plants. For example, factors that reduce herbaceous
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competition can allow for germination and survival
of shrubs or trees in areas where they are typically
excluded (Peltzer 2001; Picon-Cochard et al. 20006).
Facilitation can contribute to woody plant invasions
if initial establishment and growth cause changes in
physical or biological environments (e.g., micro-
climate, soils, or competing herbaceous species) that
increase the likelihood of subsequent establishment
(Hibbard et al. 2001; Dickie et al. 2005; Kennedy &
Sousa 2006). Moreover, woody species can differ in
their abilities to respond to or mediate these changes
(e.g., Callaway 1998; Haugo & Halpern 2010). Thus,
species with differing life histories or physiological
traits can play different roles in the invasion process.
Ultimately, biotic interactions, and facilitation in par-
ticular, may be fundamental in the conversion of
grassland to shrubland or forest if they allow for on-
going recruitment at times when climate or other
factors would otherwise inhibit establishment.

Tree invasions of grasslands or meadows often
occur in ecotonal (edge) environments, either be-
cause of greater seed rain or habitat modification at
the edge (Magee & Antos 1992; Coop & Givnish
2007). This results in gradual movement of the edge
(e.g., Weltzin & McPherson 1999; Dovciak et al.
2008). However, trees can also establish in open
areas away from edges, with initial recruits facilitat-
ing further invasion of conspecifics or other species.
This pattern of nucleation (Yarranton & Morrison
1974) can accelerate the pace at which grassland is
converted to forest by initiating new foci for expan-
sion (Archer et al. 1988; Duarte et al. 2006; Boulant
et al. 2008). Both sets of processes, edge movement
and nucleation, underscore the potential for biotic
interactions to mediate the spatial and temporal dy-
namics of tree invasion.

In many ecosystems, meadow—forest bound-
aries represent long-standing, but dynamic tension
zones, with periods of invasion punctuated by dis-
turbances (e.g., fire) that subsequently remove trees
(Hadley 1999; Norman & Taylor 2005; Coop &
Givnish 2007). Both meadow and forest commu-
nities are likely to exhibit considerable inertia:
meadow plants cannot invade forest in the absence
of disturbance, and trees cannot establish in mea-
dows unless they overcome physical barriers (e.g.,
dense litter) and competitive interactions with mea-
dow plants. Identifying the factors that have
contributed to past or recent changes in forest—
meadow boundaries can be challenging. To date,
most retrospective studies have focused almost ex-
clusively on how the temporal patterns of invasion
relate to extrinsic factors — namely, variation in cli-
mate or disturbance history (e.g., grazing or fire;

Vale 1981; Jakubos & Romme 1993; Rochefort et al.
1994; Miller & Halpern 1998; Hadley 1999; Norman
& Taylor 2005). In contrast, few studies of meadow
invasion by trees have considered the spatial struc-
ture of establishment and the potential for biotic
interactions (inferred from spatial pattern) to med-
iate the invasion process once it has begun. In this
paper, we combine analysis of spatial and temporal
patterns to reconstruct nearly two centuries of con-
ifer invasion at Bunchgrass Ridge, a mosaic of dry
montane meadows and forests in the western Cas-
cade Range of Oregon. Here, conifer encroachment
has been rapid during the past century (Haugo &
Halpern 2007), as it has in meadows throughout the
Pacific Northwest (e.g., Vale 1981; Miller & Halpern
1998; Takaoka & Swanson 2008). Moreover, the
principal invaders, Pinus contorta and Abies grandis,
differ in life history and ecophysiology. P. contorta
is intolerant of shade, establishes in open (often
harsh) conditions, exhibits rapid juvenile growth,
and is relatively short-lived (Minore 1979; Lotan &
Critchfield 1990). In contrast, A. grandis is shade-
tolerant (but can also establish in open conditions),
is more sensitive to drought, has slower juvenile
growth, and is longer lived (Minore 1979; Foiles
et al. 1990). Thus there is the potential for these
species to play different roles during invasion, in-
cluding the timing of establishment and the physical
and biotic context(s) in which they occur.

We address the following questions: (1) How
have rates of invasion changed over the past two cen-
turies? Can temporal trends be explained by climatic
variation or do they suggest that other factors are
important? (2) How is establishment spatially struc-
tured? (3) Is there evidence of biotic interactions
(positive or negative) in the spatial associations of
stems? (4) Have P. contorta and A. grandis con-
tributed differently to the dynamics of invasion?

Methods

Study area

Bunchgrass Ridge forms a gently sloping (< 5%)
plateau at ca. 1350 m a.s.l. on the western margin of
the High Cascades Province in western, central Ore-
gon (44°17'N, 121°57"W). The 100-ha study area is a
mosaic of dry meadows, young (<90-yr-old) forests
resulting from recent invasion, and older forests
reflecting past invasion. Meadow communities are
comprised of graminoids (primarily Festuca ida-
hoensis and Carex pensylvanica), and a diversity of
forbs (Haugo & Halpern 2007, Lang & Halpern
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2007), and are comparable to other Festuca-domi-
nated grasslands of the western Cascades (Franklin &
Halpern 1999). Grasslands of this type are common
along steep, south-facing slopes and on high-elevation
plateaus in this region, although their origin and
maintenance are poorly understood. Evidence of for-
ests predating current stands at Bunchgrass Ridge
(e.g., old decayed logs or fire-scarred trees) is lacking.
Current stands are dominated by A. grandis and
P. contorta is common. Various other tree species are
present, but infrequent.

The climate is characterized by cool, wet winters
and warm, dry summers. At Santiam Pass (1488 m
a.s.l.; 17km to the north) temperatures average
—6.9°C (minimum) and 0.7°C (maximum) in
January and 6.1°C and 27.8°C in July. Annual pre-
cipitation averages 216 cm; however, only 7.5% of
this falls during June through August, resulting in
late-summer drought (data for 1948-1985; Western
Regional Climate Center; http://www.wrcc.dri.edu/
summary/climsmor.html). Annual snowfall avera-
ges 11.5m, producing deep snowpacks that can
persist into late spring.

Soils at Bunchgrass Ridge are deep (>1.7m)
fine to very fine sandy loams derived from andesitic
basalt and tephra deposits with varying amounts of
glacially derived rock. They grade from Vitric Mel-
anocryands in open meadows to Aquic Vitricryands
in older forests. Soil profiles indicate persistence of
grasslands for centuries, even in areas currently
supporting older trees (D. Lammers, pers. comm.,
soil scientist, US Forest Service, February 2005).

It is likely that sheep were grazed at Bunchgrass
Ridge in the late 1800s and early 1900s, synchronous
with widespread grazing of meadows throughout
the Oregon Cascades (Burke 1979; Rakestraw
& Rakestraw 1991). Deteriorating range conditions
and increasing conflicts with recreational users
led to closure of all grazing allotments in this region
by the mid-1900s (Elliot 1946; Johnson 1985).
Specific documentation on the timing or intensity of
grazing at Bunchgrass Ridge, however, is lacking in
federal archives.

Forests of this region are characterized by a
mixed-severity fire regime; natural fire-return inter-
vals are >100 yr at this elevation (Teensma 1987;
Morrison & Swanson 1990; Weisberg & Swanson
2003). The absence of fire scars on live trees or
stumps suggests that moderate to high intensity fire
has not occurred for many decades (or centuries).
Native Americans or European settlers may have set
low-intensity fires to keep meadows open (Burke
1979; Boyd 1999), but direct evidence or records of
these activities are lacking for Bunchgrass Ridge.

Field sampling and tree age determination

Using historical aerial photographs (Haugo &
Halpern 2007) and extensive field reconnaissance,
we established nine 1-ha (100 mx 100 m) plots where
invasion had been evident during the past century.
Each plot was selected to include areas of open
meadow, recent encroachment, and older forest.
These plots also served as experimental units for
a larger restoration experiment (JFSP, 2009;
see also http://depts.washington.edu/bgridge/). Six
of the nine plots were randomly selected for tree
removal, of which four were selected for intensive
analysis of age structure and spatial patterning;
these were distributed over an area of ca. 16 ha. Two
plots shared a common edge and for this study were
treated as a single 2-ha (200 mx 100 m) plot.

Within each plot we established a 10mx10m
grid, then spatially mapped (to the nearest 0.1 m)
all live trees > 1.4-m tall (n = 5486) and all snags
> 5-cm dbh (n = 1386). All stems were measured for
diameter at breast height (dbh); decay class was also
recorded for snags (Cline et al. 1980). Smaller trees
(0.1-1.4-m tall) were tallied by species in four 1
mx 1-m quadrats aligned along a diagonal of each
10 mx 10-m grid cell.

All live trees > 1.4-m tall were aged from incre-
ment cores or basal sections collected in 2003 or 2004.
Trees greater than ca. 10-cm dbh (7= 1965) were
cored as close to the ground as possible and smaller
trees (n =3521) were cut to obtain a basal section;
height of the core or cut surface was recorded. Cores
and basal sections were sanded and prepared follow-
ing standard dendrochronological methods (Stokes &
Smiley 1968). Annual rings were counted under x 10
to x40 magnification. For cores lacking pith, we used
a series of ring-pattern templates to estimate the
number of absent rings. Ring counts for trees with
rotten or incomplete cores (n = 135) were estimated
using species-specific regression equations of age vs
diameter developed from the large number of trees
with confirmed ages (C.B. Halpern, unpubl. data).
Final ages included an adjustment for age-to-sample
height based on regression equations developed from
a destructive sample of 30-40 seedlings per species
(C.B. Halpern, unpubl. data).

Analysis

Temporal patterns of establishment and correlations
with climate

To quantify temporal patterns of tree invasion,
we developed population age structures (using 5-yr
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age classes) for P. contorta, A. grandis, and all other
species combined for each plot, and for all plots com-
bined (4ha total). Age structures do not account
for trees that died and thus provide a conservative
measure of establishment, i.e., the effective or net
establishment of trees in these meadows.

To determine whether temporal trends could be
explained by variation in climate, we calculated Pear-
son correlations between the number of P. contorta or
A. grandis in each 5-yr age class and several measures
of climate for the same periods. From among a larger
set of climatic variables we focused on two that were
previously shown to correlate strongly with conifer
invasion of meadows in this region (Miller & Halpern
1998): summer (June—-August) temperature (negative
correlation) and summer precipitation (positive
correlation) (Division 4, Cascade Range; Anonymous
1990). We also considered a third variable, April snow
depth, a proxy for length of the growing season and
availability of early summer moisture (snow depth
data, Three Creeks Meadow, Oregon, 1925m a.s.l;
Oregon Climate Service, Portland, OR). We limited
these analyses to the period of reliable weather re-
cords for the Cascades (as of 1895 for temperature
and precipitation, and 1928 for snow depth). Climatic
data were expressed as standard deviations from the
mean (Z scores).

Spatial patterns of association

Population age structures revealed two broad,
but distinct periods of establishment. These served
as the basis for defining two age classes used in the
analysis of spatial pattern: trees <90 yr old (hence-
forth “young”) and trees > 90 yr old (henceforth
“old”). Preliminary analyses with a larger number
of age classes yielded similar interpretations, but
resulted in smaller sample sizes and poorer ability
to demonstrate statistical significance. Thus we only
report results for the two age classes clearly appar-
ent in the age structure. Only P. contorta and
A. grandis were sufficiently abundant to analyze.

Although their establishment dates were not
determined, snags contain important information
on the development of spatial structure; thus, we
included in the spatial analyses snags that could be
unequivocally assigned to one of the two age classes.
Specifically, for P. contorta, we added to the old
class all snags >37-cm dbh (n = 75); all live P. con-
torta >37 cm were older than 90 yr. For A. grandis,
we added to the old class all snags >60-cm dbh
(n=33) using the same criterion. To the young
class we added all P. contorta snags <30-cm dbh
(n=651). Although all live stems <37-cm dbh

were <90 yr old, we chose a smaller, more con-
servative threshold. We did not include small
A. grandis snags because small trees of this shade-
tolerant species exhibit a wide range of ages (C.B.
Halpern, unpubl. data).

Analyses were structured in four ways to ex-
plore the spatial and temporal associations of stems.
First, we analyzed spatial point patterns within each
age class of P. contorta and A. grandis. Second, we
analyzed patterns of spatial association between
P. contorta and A. grandis of the same age class.
Third, we analyzed patterns of association between
young and old classes of the same species, and finally,
between young and old classes of different species.

We quantified spatial patterns with the Ripley
K-function (Ripley 1977), a method widely used in
studies of mapped individuals (e.g., Moecur 1993;
Parish et al. 1999; Lingua et al. 2008). To examine
patterns within each age class of P. contorta and
A. grandis, we used the univariate form of Ripley’s
K (Ripley 1977), correcting for edge effects to obtain
K(d), where d are the distances tested. For ease of
interpretation, we use L(d), the square-root trans-
formation of K(d), which has an expected value of 0
if individuals are randomly distributed (Wiegand &
Moloney 2004). To describe patterns of association
between species or age classes, we used the bivariate
form of Ripley’s K, and present the transformed
value, L;>(d), which has an expected value of 0 if the
points of one group are independently distributed
relative to points of the second group, up to the dis-
tance tested, d. For both uni- and bivariate forms
of L, values >0 indicate a positive association
(aggregation or attraction) and values <0 indicate
repulsion or inhibition up to the indicated distance.
Analyses were performed at 0.2-m intervals (the lag
distance) from 0.2 to 20.0 m, although we focus on
relationships at shorter distances because these are
more likely to reflect interactions among neighbors
(facilitation or competition). Tests were run sepa-
rately for each of the three plots. Confidence bounds
(simulation envelopes) were calculated using a
Poisson-process model for the number of points in
the sample (the bivariate method uses two Poisson-
process models) (Goreaud & Pelissier 2003; Wie-
gand & Moloney 2004). Models were simulated 100
times, and minimum and maximum values were
plotted representing the lower and upper 99% con-
fidence bounds (see also Parish et al. 1999; Sanchez
Meador et al. 2009). Analyses were conducted in
S-PLUS 6 (www.tibco.com).

Although widely used, Ripley’s K requires care
in interpretation. Because it is a cumulative func-
tion, values at larger distances can be influenced by
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values at smaller distances (e.g., Perry et al. 2006).
Thus, we focus on patterns at smaller distances (i.e.,
<3-5m, the distances over which facilitation and
competition are likely to be most intense), and con-
sider patterns at smaller distances when making
interpretations at larger distances. The conventional
use of simulation envelopes has been criticized for
underestimating type I error, a result of many non-
independent tests at increasing distances (Loosmore
& Ford 2006). We do not consider this a problem for
our analysis because L values greatly exceeded the
narrow simulation envelopes in most instances.
Moreover, we use 99% confidence bounds, focus on
smaller distances, and interpret the significance of
results at all distances with caution.

Time-series of stem maps

Demonstrating that trees deviate from complete
spatial randomness either through aggregation or
repulsion cannot fully describe the spatial or tem-
poral dynamics of invasion (e.g., invasion along
existing edges or formation of new foci away from
edges). To explore the dynamics of invasion more
fully, we created a time-series of stem maps for each
plot displaying the locations of all stems older than
the map dates. Four dates were chosen to capture
key points in the invasion process: 1915 (before 20th
century encroachment), 1945 (maximum rate of
P. contorta establishment), 1960 (maximum rate of
A. grandis establishment), and 2004 (“present”).
Large snags meeting the size criteria for ““old stems”
( > 90 yr) were included in the 1915 maps (but not
more recent maps) for consistency with spatial point
pattern analyses.

Results

Temporal patterns of establishment

Abies grandis dominated all plots in both density
(83% of live stems) and basal area (84% of live basal
area; Table 1). Pinus contorta was less common
(11% of live stems), but dominated snag populations
(54% of snags, 48% of snag basal area). Ten addi-
tional tree species (eight coniferous and two
broadleaved species) comprised the remaining 6% of
stems (Table 1); among these, Abies procera and
Pseudotsuga menziesii were the most common species.

Trees invaded meadows at Bunchgrass Ridge
during two broad, but distinct periods, but at much
greater density during the more recent period (Fig.
la). Temporal patterns were very similar among

Table 1. Characteristics of live trees ( > 1.4-m tall),
seedlings (0.1-1.4-m tall), and snags ( > 5-cm dbh) in the
three mapped plots. Plot 1 is 2ha and plots 2 and 3
are 1ha each; means are weighted by plot area. “Other
species” include Abies amabilis, A, procera, Castanopsis
chrysophylla, Libocedrus decurrens, Pinus monticola, Pseu-
dotsuga menziesii, Rhamnus purshiana, Taxus brevifolia,
Tsuga heterophylla, and Tsuga mertensiana.

Plot 1 Plot 2 Plot 3 Mean

Density of live trees (no. ha 1)

A. grandis 1260 1005 1046 1143

P. contorta 171 89 158 147

Other species 72 92 91 81
Density of seedlings (no. ha ~ ')

A. grandis 3516 1875 3867 3193

P. contorta 59 0 0 29

Other species 156 39 234 147
Basal area of live trees (m>ha ~ ")

A. grandis 324 42.1 37.1 36.0

P. contorta 6.2 2.4 4.6 4.9

Other species 2.1 1.3 1.6 1.8
Density of snags (no. ha ™1

A. grandis 128 135 244 159

P. contorta 179 92 299 187

Other species 0 1 1 <1
Basal area of snags (m>ha ~!)

A. grandis 9.5 6.2 3.8 7.3

P. contorta 6.3 4.6 10.2 6.8

Other species 0.0 <0.1 <0.1 <0.1

plots, thus we present a composite age structure for
the full 4-ha sample area. Few live P. contorta
(3.2stemsha ~ ') survived from the first period of
invasion (Fig. 1a, insert). However, many (19 ha ~ )
were present as large (>37-cm dbh) snags and are
absent from the age structure (Fig. 1a). Similarly, no
live P. contorta dated from 1900 to 1930 (onset of
the second wave of invasion), although many from
this period were present as snags (Table 1). Peak es-
tablishment of P. contorta (1940-1945) preceded the
peak in A. grandis (1955-1960).

Abies grandis dominated both periods of inva-
sion: establishment increased steadily from the early
1800s (Fig. 1a, inset) to peak at ca. 1875, then de-
clined. Few trees established between 1900 and
1920, but rates of establishment rose steeply through
1955-1960, then declined steeply. The apparent lack
of establishment after ca. 1985 is, in part, an artifact
of the minimum height (1.4 m) of aged stems; smal-
ler, younger A. grandis were present in the forest
understory (Table 1). In contrast, the absence of
younger P. contorta, which has rapid juvenile
growth, is not a sampling artifact.

Temporal correlations with climate

The broad, smooth, humped-shaped distribu-
tion of tree establishment during the past century
showed little correspondence to climatic variation
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Fig. 1. (a) Temporal trends in the establishment of Abies grandis and Pinus contorta (live trees > 1.4-m tall; all plots com-
bined) and (b-d) temporal variation in selected climatic variables (expressed as standard deviations from the mean). Dates of
establishment are mid-points of 5-yr age classes. The initial period of invasion (1780-1910) is enlarged for clarity; many
P. contorta persisting as large snags (> 37-cm dbh) are missing from this portion of the age structure (19 snagsha ~ ! vs 3.2

live stems ha ~!; see Results).

(Fig. 1). For neither tree species was density corre-
lated with summer temperature or precipitation
(r= —10.03 to 0.29; all P>0.22). Onset of invasion
(ca. 1920-1930) coincided with a period of above-
average temperature and average to below-average
precipitation; invasion then increased rapidly during
the warmest, driest decade on record (1930-1940,
Fig. 1b, c). Declining rates of establishment after
1960 occurred during a period of average to cool
temperatures (Fig. 1b) and above-average pre-
cipitation (Fig. 1¢), although climatic trends during

these decades were highly variable. Correlations
with April snowpack were not significant for
P. contorta (r=0.28, P=1.0) and only marginally
significant for 4. grandis (r = 0.50, P = 0.07).

Univariate spatial patterns of association

For most (nine of 12) univariate tests, we de-
tected strong spatial aggregation of stems at most
distances (Fig. 3). Young (<90 yr) P. contorta were
strongly clumped at nearly all distances in all plots
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Fig. 2. Spatial distributions of young (<90 yr) and old (> 90 yr) stems of Pinus contorta and Abies grandis in each of the
three plots. Trees diameters are not to scale.

(Fig. 3b). Old A. grandis were strongly clumped at
all distances in plots 1 and 2, but not at short dis-
tances (<1m) in plot 3, where density was low

were low (17-36 stemsha ~'; Figs. 2 and 3) limiting
our ability to detect pattern.

(Fig. 3c). Young A. grandis showed strong clumping
at most distances in plots 1 and 2, but weaker
clumping at short to intermediate distances ( <10 m)
in plot 3 (Fig. 3d). Old (> 90 yr) P. contorta were the
exception to these trends: stems did not deviate sig-
nificantly from random (Fig. 3a), although densities

Bivariate spatial patterns of association

In contrast to the dominance of aggregation
among univariate tests, bivariate tests revealed a di-
versity of patterns (Fig. 4). Within species, young
and old P. contorta showed strong negative associa-
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Fig. 3. Univariate spatial distributions, L(d) vs d, and confidence envelopes for (a) old (> 90 yr) P. contorta, (b) young (<90 yr)
P. contorta, (c) old A. grandis, and (d) young A. grandis in each of the three plots. Values of L(d) outside the confidence envelope
indicate significant departures from random: aggregation if above and repulsion if below the envelope. 7 = number of trees.

tions (spatial displacement) at all distances in plot 3,
but varying patterns of association in plots 1 and 2
(Figs. 2 and 4a). Young and old A4. grandis also
showed strong negative associations at most dis-
tances in plots 1 and 2 (Fig. 4b), but no association
in plot 3. In contrast, spatial associations between
species were largely positive (Figs. 4¢-f). Old P. con-
torta and old A. grandis were positively associated at
varying distances in plots 1 and 3, but not in plot 2,
where P. contorta was sparse (Fig. 4c). Young P.
contorta and young A. grandis showed strong positive
associations at all spatial scales in plots 1 and 2, but
only at short distances (ca. <2m) in plot 3 (Fig. 4d).
Young A. grandis were positively associated with old
P. contorta in plot 1 (at all distances) and in plot 3 (to
ca. 6m), but not in plot 2 (Fig. 4e). Only young P.
contorta and old A. grandis showed a strong negative
association at most distances (Fig. 4f).

Invasion dynamics

The time-series of stem maps revealed aspects of
the invasion process that were not discernable from

the age structure or spatial analyses (Fig. 5). In 1915,
prior to 20™ century encroachment, tree popula-
tions were sparse, comprised of scattered individuals
of P. contorta and widely distributed clumps of
A. grandis of varying size, shape, and connectivity.
Despite the low density of trees, most areas of mea-
dow fell within 20 m of a potential seed source (1915
panel, Fig. 5). Massive invasion during the next
three decades (by 1945) greatly reduced the area of
open meadow, a pattern that intensified during the
next 15 yr (by 1960). The boundaries of any re-
maining meadow openings changed little during the
last four decades (to 2004).

Two processes in particular contributed to these
changes: (1) colonization of larger meadow openings
by individuals or groups of trees leading to significant
infilling (1915-1945), and (2) establishment within
smaller openings among irregularly shaped patches of
A. grandis leading to coalescence of these clumps
(1945-1960) (Fig. 5). A third process, establishment
beneath scattered old P. contorta, also occurred in
plots 1 and 3; however, its spatial extent was limited
by the low density of old stems.
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for sample sizes and other details.

P. contorta and A. grandis contributed differ-
ently to these processes. P. contorta preferentially
colonized areas of open meadow (1945 panels,
Fig. 5); it rarely established within or adjacent
to existing tree clumps. 4. grandis played a diversity
of roles, recruiting beneath scattered old P. contorta
(1945 panels, Fig. 5), into smaller openings
among older forest patches (1945 and 1960 panels,
Fig. 5), and into larger meadows into which
P. contorta had previously established (1960 panels,
Fig. 5).

Discussion

The processes that contribute to encroachment
of grasslands and meadows by woody plants are
of global relevance and have been studied from a
diversity of perspectives. Inferring process from
pattern can be challenging, however, when tree in-
vasions and forest development span many decades
or centuries. Previous studies have sought ex-
planations for recent invasions largely among
exogenous factors (i.e., changes in climate, grazing
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Fig.5. Stem maps illustrating the temporal sequence of invasion in each of the three plots. Large snags meeting the size
criteria for “old stems” (> 90 yr; see Analysis) are included in the 1915 maps for consistency with spatial point pattern

analyses. Tree diameters are not to scale.

pressure, or fire frequency) that permit establish-
ment of woody plants where they have previously
been excluded. We suggest that a more complete
understanding of the invasion processes can be
gained by considering both the spatial and tem-
poral patterns of tree establishment. We combine
evidence from the age structures and spatial dis-
tributions of tree species to demonstrate that recent
invasion of meadows at Bunchgrass Ridge, al-
though possibly triggered by a change in
disturbance regime, is a complex consequence of
past invasions, biotic interactions, and the life his-
tories of the species.

Temporal trends in invasion and correlations
with climate

Trees have invaded meadows at Bunchgrass
Ridge for at least two centuries, although esta-
blishment has been highly structured in time. Age
distributions indicate establishment during two
broad periods, each spanning many decades but
differing in intensity, with P. contorta and A. grandis
exhibiting hump-shaped, but non-synchronous,
increases and declines. Establishment was not epi-
sodic, as might occur if it were driven by cyclical
patterns of cone production (1-3-yr intervals in these
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species; Foiles et al. 1990; Lotan & Critchfield 1990),
or by short windows of opportunity as in some sys-
tems (Dovc¢iak et al. 2005; League & Veblen 2006).
Nor was establishment chronic, with continuous,
but low rates of recruitment (e.g., Peters et al. 2006).
Temporal patterns similar to those at Bunchgrass
Ridge have been documented in other mountain
grasslands in western North America, although the
onset and intensity of invasion have differed among
systems (Franklin et al. 1971; Dunwiddie 1977; Ma-
gee & Antos 1992; Jakubos & Romme 1993; Miller
& Halpern 1998; Norman & Taylor 2005; Coop &
Givnish 2007).

The sudden advance of trees into grasslands or
meadows is often attributed to a change in climate
or disturbance regime that alters the competitive
balance between tree seedlings and herbaceous vege-
tation (e.g., Rochefort et al. 1994; Scholes & Archer
1997; Van Auken 2000). Although one or more ex-
trinsic factors are likely to have triggered invasions at
Bunchgrass, none can explain the temporal patterns
of establishment sustained over multiple decades. Es-
tablishment rates during the 20th century, the period
for which we have reliable weather records, showed
little relationship to summer temperature or pre-
cipitation. Moreover, invasion accelerated during a
period of warmer, drier summers and declined during
cooler, wetter summers. These trends run counter to
our understanding of the relationship between sum-
mer drought and tree seedling mortality and to
invasion patterns in dry-site meadows elsewhere this
region (Vale 1981; Miller & Halpern 1998). Although
establishment of 4. grandis showed a marginally sig-
nificant correlation with spring snowpack, the overall
correspondence was quite poor.

Historical human activities clearly have a major
influence on the dynamics of tree establishment in
many systems (e.g., Motta & Nola 2001; Vittoz et al.
2008), but ascertaining their role at Bunchgrass
Ridge is difficult because precise historical informa-
tion is lacking. Changes in disturbance regime could
have triggered invasion (Vale 1981; Miller & Hal-
pern 1998; Norman & Taylor 2005), although direct
evidence is lacking. Native Americans, and subse-
quently, European settlers used fire to maintain
meadow openings, but these activities are poorly
documented (Burke 1979; Boyd 1999; Hadley 1999).
Fire suppression (initiated in the early 1900s in this
region) has been highly effective (Burke 1979; Weis-
berg & Swanson 2003). The lack of fire scars on
large trees and stumps suggests that Bunchgrass
Ridge has not burned for a century or more, al-
though low-intensity fires limited to meadow
openings could have removed tree seedlings without

scarring larger trees. Thus, fire could have been im-
portant in the historical maintenance of these
meadows, and reduction of fire (elimination of
aboriginal burning, suppression of wildfire) could
have triggered the onset of invasion. However, fire is
unlikely to be relevant to subsequent patterns of tree
establishment, which is the focus of this study.

Cessation of grazing by sheep could also have
triggered 20th century invasion. Federal grazing al-
lotments in the western Cascades were terminated
between 1918 and 1947 (Elliot 1946; Johnson 1985),
a period that encompasses the onset of invasion at
Bunchgrass Ridge. However, in the absence of more
definitive historical information, we can only spec-
ulate about the ways in which climate or changes in
disturbance may have contributed to the early stages
of invasion at Bunchgrass Ridge. Regardless, the
hump-shaped population age structure spanning
many decades of establishment is inconsistent with a
process driven by climatic variation or disturbance
alone. Rather, it suggests a two-phase model in
which removal of a limiting factor initiated a longer-
term process shaped, in large part, by biotic inter-
actions. The importance of these biotic interactions
would be difficult to infer in the absence of spatio-
temporal data.

Spatial structure of invading trees

In combination, soil profiles, stem maps, and
the composite age structure suggest that, at the be-
ginning of the 20th century, Bunchgrass Ridge was
primarily meadow, supporting only widely scattered
individuals or clumps of trees. Although few
P. contorta survived from the initial period of inva-
sion (mid- to late-1800s), stem maps and univariate
analysis, which include large old snags, indicate a
broad dispersion of stems. In contrast, old
A. grandis showed pronounced spatial aggregation,
forming tree islands of varying size and shape, often
associated with old P. contorta. The factors that
constrained the density or spatial extent of these
early invasions remain unclear; however, the result-
ing spatial structure appears to have predisposed the
system to rapid invasion during the 20th century.

Young (<90 yr) stems of both species, compris-
ing the more recent wave of invasion, showed
pronounced aggregation over a broad range of spa-
tial scales, forming new patches of varying size,
shape, and composition among older patches of
A. grandis. This aggregation resulted, in large part,
from two processes both enabled by the legacy of
past invasions. Larger meadow openings were pri-
marily colonized by P. contorta from seed sources
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widely distributed through the plots, then increas-
ingly by A. grandis. This resulted in substantial loss
of meadow habitat. In contrast, smaller openings
between older patches of forest were colonized di-
rectly by A. grandis. In these areas, 4. grandis likely
benefited from the complex geometry of the forest—
meadow mosaic that placed most openings <20m
from an edge, close to seed sources, and within the
zones of influence (shading and possible mycor-
rhizal effects) of neighboring trees (Dickie et al.
2005; Griffiths et al. 2005). Unlike many systems,
however, we did not observe progressive encroach-
ment from the forest edge (e.g., Magee & Antos
1992; Coop & Givnish 2007; Dovciak et al. 2008).
This process may be more common where meadows
are large, or where the primary constraint on estab-
lishment is competition with dense herbaceous
vegetation and suppression of this vegetation occurs
only along the forest edge.

In contrast to these patterns of aggregation,
young P. contorta and A. grandis showed strong
spatial displacement from old A4. grandis. This is not
surprising for P. contorta given its intolerance of
shade. However, for 4. grandis, which is tolerant of
a broader range of light conditions, it suggests a
more complex dynamic. Although present in the
understory of older forest patches, A. grandis re-
generated at considerably greater density in adjacent
meadow openings. As in many forests where tree
regeneration is concentrated in canopy gaps (Run-
kle 1981; Brokaw 1985), small meadow openings
may offer favorable conditions for establishment —
little competition from trees immediately above, but
a modified microclimate compared to larger open-
ings. In contrast, under older forests, competition
from canopy trees and dense communities of forest
herbs may limit establishment and growth.

Evidence of biotic interactions and the contrasting
roles of P. contorta and A. grandis

Clearly, inferring biotic interaction from spatial
pattern requires caution. Positive associations could
be explained by facilitation, but also by similar pat-
terns of dispersal or responses to environment.
Likewise, negative associations could indicate inhibi-
tion or competition, but also contrasting responses to
a heterogeneous environment or indirect effects
mediated by another species. Species life histories, re-
lative timing of establishment, environmental context,
and spatial scale are important considerations in dis-
tinguishing among these alternatives.

Several explanations are possible for the pro-
nounced aggregation of young, conspecific stems over

a broad range of spatial scales. For both species,
clumping could reflect proximity to parent trees (dri-
ven by seed dispersal), but this is not supported by the
results of bivariate analyses. Young stems either
showed pronounced spatial displacement from older
conspecific stems, no association, or occasionally,
clumping at larger distances (>12-16m). Aggrega-
tion of young P. contorta, a species that requires full
sun to regenerate (Lotan & Critchfield 1990), appears
related to the spatial distribution and size of meadow
openings, legacies of previous invasion. Abundant re-
generation within these openings was ensured by the
broad dispersion of parent trees: most areas of mea-
dow were within 20-30 m of the nearest seed source
(1915 panel, Fig. 5), well within the range of abundant
seed rain (Lotan & Critchfield 1990).

Not only were young conspecific stems spatially
aggregated, so too were young stems of P. contorta and
A. grandis. Spatial coincidence of these species could
reflect similar patterns of dispersal, but this is unlikely
given the contrasting distributions of parent trees
(widely dispersed in P. contorta vs locally clumped in
A. grandis). Alternatively, it could reflect heterogeneity
of site conditions, with regeneration of both species
limited to the same types of microsites. However, this
seems improbable given the autecological differences
between species (Foiles et al. 1990; Lotan & Critchfield
1990), and the uniformity of topography, soils, and
vegetation. In combination, two sources of evidence —
temporal and spatial — point to facilitation as a likely
mechanism for the positive association of young
P. contorta and A. grandis. First, the peak in 4. grandis
establishment followed soon after that of P. contorta.
Second, bivariate analyses indicated a strong positive
association at small spatial scales (< 1m), the scales
over which facilitative effects (e.g., shading by neigh-
boring trees) are likely to be strongest. Positive
associations also were observed between old stems (or
large snags) of P. contorta and young or old stems of
A. grandis. Thus, although P. contorta was numerically
less important than A. grandis, its ability to establish in
large meadow openings and form new foci for recruit-
ment appears important in the invasion process.
Nucleation, in which a woody pioneer facilitates sub-
sequent tree establishment, has been observed in
grassland invasions (e.g., Duarte et al. 2006) and other
systems (e.g., pastures and old fields) although the me-
chanisms responsible for positive feedbacks may differ
(e.g., trees can serve as perches for seed-dispersing
birds; Debussche & Lepart 1992; Pausas et al. 2006).

Facilitation by conspecific stems of A4. grandis is
also likely to have contributed to rapid infilling of
meadow openings. Not only were young stems
strongly clumped at small distances, but rates of
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establishment increased dramatically (by an order
of magnitude) between 1920 and 1960, suggesting a
positive feedback, with greater numbers of stems
or larger/older individuals increasing the likelihood
of subsequent recruitment. Facilitation can occur
through moderation of microclimatic stress (Belsky
et al. 1989; Pugnaire et al. 2004), suppression of com-
peting meadow vegetation (Magee & Antos 1992;
Kunstler et al. 2006), or the cumulative effects of trees
on soil properties (Amiotti et al. 2000; Siemann &
Rogers 2003; Griffiths et al. 2005). Temporal trends
and local densities within these patches — many times
greater than the average density of ca. 1100 stems
ha~! (Table 1) — suggest that after 1960, a density
threshold may have been reached. Rates of establish-
ment subsequently declined, indicative of a shift from
facilitative to competitive effects (Dickie et al. 2005),
with further establishment or survival limited by pre-
emption of space or resources. The negative
association of young and old 4. grandis suggests that
these competitive effects may persist, shaping the
longer-term development of these forests. Similar
shifts over time in the balance of positive and negative
effects have been observed between nurse and protégé
plants as a result of ontogenetic processes (Miriti 2006;
Reisman-Berman 2007). In this system, a shift from
facilitation by young conspecific stems of A. grandis in
meadow openings to competitive inhibition of seed-
lings in older stands has important consequences for
the rate and pattern of vegetation change — initially,
by accelerating the pace at which forests replace mea-
dows, and subsequently, by slowing the structural
(subcanopy) development of older forests.

Facilitative interactions in which benefactor
and beneficiary are different tree species highlight
the importance of life history and functional traits in
structuring invasions (Archer et al. 1988; Callaway
& Walker 1997; Baumeister & Callaway 2006;
Duarte et al. 2006). Tree species differ in their abil-
ities to invade and subsequently modify their
surrounding environments (e.g., Siemann & Rogers
2003; Haugo & Halpern 2010) — differences that re-
flect inherent life-history tradeoffs, as well as
morphological and physiological traits (Huston
& Smith 1987). As a result, the spatial and temporal
dynamics of invasion can vary with the character-
istics of the invading species (e.g., Moore
& Huffman 2004). Invasions at Bunchgrass Ridge
would have been greatly tempered in time and space
in the absence of ecither P. contorta or A. grandis.
When species with contrasting life histories and
functional roles are present, synergistic interactions
are possible that can foster rapid conversion of
meadow to forest.

Dynamics of the forest—grassland ecotone

Woody plant invasions in these and other
grassland ecosystems defy simple causal explana-
tions. Nevertheless, the ecotones that separate
woody and herbaceous communities can be viewed
as dynamic tension zones (Carpenter 1935; van der
Maarel 1990) shaped by opposing sets of influences
that vary in time, causing fluctuations or directional
changes between alternative vegetation states (e.g.,
Beckage & Ellingwood 2008). One set inhibits es-
tablishment or preferentially removes woody plants
(through disturbances such as fire or grazing); the
other set promotes establishment and persistence of
trees (through asymmetric competition with her-
baceous plants or alteration of soil properties).
Long-term persistence of herbaceous communities
in the face of invasion pressure suggests that, his-
torically, factors that inhibited woody plant
establishment (e.g., competition with dense com-
munities of graminoids or herbs, or periodic
burning) were more effective than those that pro-
moted it. Recent invasions at a global scale point to
a fundamental reversal of this balance. Our study
illustrates that once invasions are initiated, facilita-
tion and positive feedbacks can promote rapid
conversion of meadow to forest. That establishment
of A. grandis accelerated at a time when climatic
conditions were less than optimal for early survival
dispels the notion of a simple relationship between
climate and tree recruitment, and underscores the
challenge of predicting future variation in the face of
climate change. Understanding the role of biotic in-
teractions is critical to modeling future changes, and
to maintaining or restoring the natural dynamics of
these and other forest—grassland mosaics.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article:

Photo S1. Tree islands among the larger mosaic
of meadow and forest at Bunchgrass Ridge, Will-
amette National Forest, Oregon.

Photo S2a (left)+S2b (right). Aecrial photos of
the study area in 1959 (left) and 1997 (right) illustrating
rapid loss of meadow habitat during the latter half of
the 20™ century. “Old” forests in the 1959 photo origi-
nated in the 1800s. Several areas were clearcut adjacent
to the study area in the 1970s—1980s (1997 photo).

Photo S3. Young Pinus contorta colonizing
open meadow. Old ( > 90 yr) forest dominated by
Abies grandis is in the background.

Photo S4a (left)+S4b (right). Recent and past
facilitation of Abies grandis by Pinus contorta. In the
left panel, A. grandis has recruited beneath young P.
contorta. In the right panel, 4. grandis of varying
ages surround P. contorta (now a snag) that had es-
tablished in the mid-1800s.
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