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Abstract.

Community assembly theory asserts that the contemporary composition of

ecological communities may depend critically on events that occur during the formation of the
community; a phenomenon termed “historical contingence.” We tested key aspects of this
theory using plant communities in over 200 experimentally created vernal pools at a field site
in central California, USA. The experiment was initiated in 1999 with construction of vernal
pool basins into which different seeding treatments were imposed to evaluate the effects of
dispersal limitation, order of colonization (“priority effects”), and frequency of colonization
on plant community composition. We tracked the abundance and distribution of five focal
species for seven years following seeding and observed strong but transient effects of seeding,
as well as order and frequency of colonization. All five species occurred with higher frequency
in seeded pools vs. unseeded control pools, demonstrating dispersal limitation. Three of four
species exerted strong priority effects, with much higher abundance in pools in which they
were seeded first compared to pools in which they were seeded in the second year of the study,
one year after other species were seeded. We tested for effects of frequency of colonization
using one species, the endangered Lasthenia conjugens, and observed much higher abundance
in frequently vs. infrequently seeded pools for the first four years following seeding. Finally,
we observed that the strength of priority effects varied significantly with water depth for one of
the species groups, which demonstrates that abiotic context can strongly influence species
interactions. We conclude that several aspects of historical contingence play key roles in the
early formation of vernal pool plant communities. But we also observed reversals in
community trajectories, suggesting that in this system historical effects may be lost within a
decade.

Key words:  California, USA; community assembly; endangered species; grasslands; Lasthenia
conjugens; priority effects; restoration, vernal pools.

INTRODUCTION

Efforts to understand the factors controlling the
composition of local communities have played a central
role in the development of ecology (Diamond 1975,
Strong et al. 1984, Pimm 1991, Weiher and Keddy 1999,
Hubbell 2001, Chase 2003, Tilman 2004, Holyoak et al.
2005). Community assembly theory posits a crucial role
for historical contingence in community development
(Drake 1990, 1991, Lockwood 1997, Belyea and
Lancaster 1999), which refers to stochastic events that
cause community trajectories to diverge, even under
identical environmental conditions. Specifically, the
identity of colonists, the order of species colonization,
and the frequency of colonization events for a given
species may all affect subsequent community develop-
ment. The extent to which community composition is
historically contingent remains a major knowledge gap
in ecology, however, because it is typically difficult to
observe early stages of community formation (Weiher
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and Keddy 1999, Fukami et al. 2005, Young et al. 2005).
We used the restoration of native vernal pool plant
communities to test hypotheses regarding the relevance
of colonization patterns on plant community formation.

Theory and observations of community assembly

Community ecology is rich with theory regarding
processes of community assembly and succession
(Young et al. 2001, 2005, Suding et al. 2004, Temperton
et al. 2004). Succession theory suggests a deterministic
route toward a community following disturbance and
predicts that communities on similar sites will converge
toward a single, stable endpoint. Alternatively, assembly
theory suggests that the composition of communities is
influenced strongly by historical factors (Drake 1990,
Belyea and Lancaster 1999, Chase 2003) and that
communities on similar sites may diverge toward
multiple, stable endpoints based on events that occur
during colonization. For example, there may be
“priority effects” if the first species to colonize a habitat
is the most likely to persist in that habitat, all else being
equal (Drake et al. 1993).

Despite a collection of theoretical models and field
studies, we still lack a detailed understanding of how
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natural communities are shaped by historical coloniza-
tion patterns, in addition to other abiotic and biotic
constraints. Investigations of community assembly have
been conducted primarily via computer simulations
(Law and Morton 1996, Lockwood et al. 1997), in
experimental microcosms (Weiher and Keddy 1995,
Drake et al. 1996, Jiang and Patel 2008), and in a limited
number of field experiments (Fargione et al. 2003,
Fukami et al. 2005, Emery and Gross 2006, Irving et al.
2007, Korner et al. 2008). Computer simulation and
microcosm studies have generally revealed that commu-
nities may reach alternative endpoints (“multiple stable
equilibria”), depending critically on events that occur
during community formation as well as on environmen-
tal characteristics or disturbance regimes (Chase 2003,
Jiang and Patel 2008).

The outcome of community assembly trajectories may
vary significantly, depending on the position of com-
munities along environmental gradients. We know
relatively little about how key factors in community
assembly vary with such abiotic contexts. A recent
evaluation of research frontiers in ecology (Agrawal et
al. 2007) asserted that more work is needed to determine
how environmental variation affects interaction
strengths across environmental gradients. For example,
the community of plant species supported by an
ephemeral vernal pool should depend on its depth,
because deeper pools hold water longer, excluding more
species that can’t tolerate inundation. Our long-term
study of restored vernal pool plant communities
provides an excellent setting to evaluate the relative
strength of interactions involved in community assembly
across gradients of water depth.

Experiments in ecological restoration present rare
opportunities to examine factors that affect the forma-
tion, structure, and stability of ecological communities.
The goals of restoration ecology are to recover native
populations, communities, and ecosystem function in
degraded habitats (Jordan et al. 1987, Zedler 2000,
Temperton et al. 2004, Falk et al. 2006). Thus,
restoration of natural communities can furnish insights
into whether community composition is deterministic,
following predictable trajectories, or it depends signifi-
cantly on variation in species arrivals that can drive
community trajectories in different directions (Lock-
wood and Pimm 1999, Young et al. 2005).

Vernal pool plant communities

Restoration of vernal pool ecosystems, combined with
reintroduction of populations and communities, are
crucial aspects of vernal pool recovery from widespread
habitat destruction. A recent survey concluded that
approximately 1.2 X 10° ha of vernal pools have been
lost in California since European settlement and fewer
than 0.40 X 10° ha remain (R. F. Holland, unpublished
manuscript). Vernal pools are seasonal wetlands with
abrupt boundaries that form on relatively level sites
underlain by an impervious hardpan soil layer (Zedler
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1987, Holland and Jain 1988). They are typical of
Mediterranean climates (Grillas et al. 2004, Deil 2005)
and are characterized by winter and spring inundation
of pools, followed by complete drying in summer.
California’s vernal pools are distinct in that they support
a highly endemic and largely annual flora (Holland and
Jain 1981). Vernal pools in California become flooded
soon after the onset of winter rains, and seedlings
establish from seeds produced during the previous
spring(s) (Zedler 1987). Seedlings persist underwater
during the aquatic phase, typically December to March
each year. In March through May, water evaporates
from the pools and the predominantly annual plants
flower and set seed. Seeds either germinate in response to
winter rains in November or remain dormant in the seed
bank.

We examined how historical contingencies affect
vernal pool plant community composition in the early
phase of community formation. Specifically, we manip-
ulated the sequence and timing of species arrivals by
initializing different pools with propagules of differing
species mixtures to ask whether (1) vernal pool plant
species were dispersal limited, (2) the order of species
colonization significantly affected plant species compo-
sition, (3) the frequency of colonization events affected
plant relative abundance, and (4) physical factors
influenced the strength of biological interactions among
species.

METHODS
Study site and focal species

We conducted this study at Travis Air Force Base
(AFB) in Solano County, California, USA. Travis AFB
is located in the Sacramento Valley of California, near
the town of Fairfield, approximately equidistant from
Berkeley and Davis, California (38°15’00” N, 122°00"00”
W, 6 m elevation). This area receives ~50 cm of rain per
year, concentrated in the winter wet season from
December to April. There is typically no measurable
precipitation from May to November. Approximately
100 naturally occurring vernal pools occur in the 15-ha
study area, embedded in a grassland matrix recently
used for grazing and cultivation agriculture (BioSystems
Analysis 1994).

Travis AFB hosts one of few remaining populations
of the annual plant Lasthenia conjugens (Contra Costa
goldfields, Asteraceae: Heliantheae), which is limited to
vernal pool environments in central California. Because
of habitat loss, L. conjugens is listed as an endangered
species, and its legally protected status makes it the
target of the restoration effort described here. However,
the project’s ultimate goal is to reconstruct viable vernal
pool communities. To this end, we investigated effects of
manipulating the abundance of L. conjugens as well as
four additional species native to vernal pools, including
Eryngium vaseyi (button celery, Apiaceae), Deschampsia
danthonioides (annual hairgrass, Poaceae), Layia chry-
santhemoides (tidy tips, Asteraceae), and Plagiobothrys
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TasLE 1. Seed addition treatments for experimental pools created at Travis Air Force Base in Solano County, California, USA.
Treatment Year 1 (1999) Year 2 (2000) Year 3 (2001)

Control no seeds no seeds no seeds

L. conjugens 1X 100 seeds no seeds no seeds

L. conjugens 3X 100 seeds 100 seeds 100 seeds

Group A priority 100 seeds each of group A species 100 seeds each of group B species no seeds

Group B priority 100 seeds each of group B species 100 seeds each of group A species no seeds

Notes: Group A consisted of Lasthenia conjugens, Deschampsia danthonioides, and Eryngium vaseyi. Group B consisted of
Lasthenia conjugens, Plagiobothrys stipitatus, and Layia chrysanthemoides. Years indicate the year in which seeds were added to
experimental pools. After year 3, no additional seeds were planted, but species composition measurements continued as previously.
N = 64 pools for the control and group treatments, and N = 32 for each of the Lasthenia conjugens treatments.

stipitatus (popcorn flower, Boraginaceae) (Hickman
1993).

Design of the field experiment

We collected observational data in 1998 and 1999 on
all plant species that occurred in sampling plots in
naturally occurring “reference” pools within our study
site. These data provided the basis for choosing the five
focal species noted above for inclusion in our field
experiment. In reference pools, D. danthonioides, E.
vaseyi, and Lasthenia conjugens had relatively high local
densities (mean frequency = 40%, 47%, and 48%,
respectively, measured as the number of subquadrats
in which the species occurred out of 100 in a 0.25-m?
sampling quadrat; N =20 pools in 1999). Plagiobothrys
stipitatus and Layia chrysanthemoides also occurred in
reference pools but generally had lower local densities
(mean frequency = 15% and 5%, respectively) than the
other three species.

The reference pools at our study site line a minor
landing strip in the northwest corner of Travis AFB. In
December 1999, we constructed 256 “experimental”
pools in a regular grid bisected by this landing strip.
Experimental pools had the same soils as reference pools
(Antioch San Ysidro complex and San Ysidro sandy
loam), were similar in elevation, had relatively level
topography (0-2% slopes), likely supported vernal pools
historically, and were in close proximity to reference
pools. Experimental pools were designed to mimic
reference pools in five physical dimensions (S. K.
Collinge and J. T. Marty, unpublished manuscript): (1)
size, (2) shape, (3) slope, (4) maximum depth, and (5)
topography of intervening grassland habitat. Among
these variables, only size was varied. Within a regular
matrix of pool positions, each position was assigned a
pool size at random: large (5 X 20 m), medium (5 X 10
m), or small (5 X 5 m). Experimental pools range in
distance from 15 to 150 m from reference pools, and
each pool is 10 m from the nearest experimental pool, a
typical distance between reference pools at this study
site. Vernal pool plant species typically have limited
dispersal abilities (Zedler 1990, Spencer and Rieseberg
1998), so the scale of our design is appropriate for
exploring how early colonization events shape these
plant communities. Effects of pool size and spatial
context on community dynamics within and among

pools, metacommunity dynamics, will be addressed in
detail in a subsequent publication. The current analysis
provides mean field results relevant to some of the many
nonspatial models that contribute to the theoretical
foundation of community ecology.

We collected seeds of the five focal species from
reference pools during May and June of 1999, 2000, and
2001, for inoculation of experimental pools. Counted
seeds were stored in coin envelopes under cool, dry
conditions and were planted within one year of
collection to maximize seed viability. To ensure repre-
sentation of genetic diversity from reference pools, we
selected seeds of each species for each experimental pool
from 10 different individuals (10 seeds X 10 individuals =
100 seeds per species per pool). We confirmed that this
protocol was effective in capturing and distributing
genetic diversity by examining subsequent generations of
Lasthenia conjugens: populations in reference and
experimental pools maintained equally high levels of
genetic diversity (Ramp et al. 2006). In early December
of 1999, 2000, and 2001, prior to winter rains, we
distributed seeds according to the four seed addition
treatments (Table 1). Seeds were distributed within
permanently marked, 0.5 X 0.5 m plots (one plot per
experimental pool). Plots in each pool were located
where we expected water depths of 5-10 cm during
inundation, to control for effects of varying water depth
on plant performance.

Seed addition treatments were randomly assigned
among pools. To prepare plots for initial seeding, we
lightly raked the 0.25 m? area of the seed plot. In years 2
and 3, we did not rake the plots since this may have
disturbed seeds from previous years. Seeds were
combined with a scant tablespoon of fine sand and
scattered over the soil surface. Pools in the unseeded
control treatment were similarly raked and sprinkled
with fine sand. We chose inoculations of 100 seeds for
the L. conjugens treatment and 100 seeds of each species
for the group treatments (Table 1), to mimic initial
natural colonization of vernal pools, which would likely
involve a relatively small number of propagules.

Field data collection

Because seasonal inundation is a defining property of
vernal pools, we characterized winter flooding of pools
at the study site during two wet seasons. Limited
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financial resources precluded measurements in addition-
al years of the study. At weekly intervals during the wet
seasons of 1999-2000 and 2001-2002, we recorded
standing water in all experimental pools (N = 256 pools)
and in a subset of the reference pools (N = 31-32 pools)
for 10-15 weeks. We calculated the duration of
inundation (number of days inundated) for each pool
and recorded the depth of water at the center of each
pool, as well as at the center of vegetation sampling
quadrats in each pool. In experimental pools, our
sampling quadrats were the seed plots, where maximum
water depths were expected to be 5-10 cm. In reference
pools, we placed one to three sampling quadrats
haphazardly in locations where water depths were also
expected to be 5-10 cm, to facilitate comparison
between experimental and reference pools.

We measured plant occurrence in experimental pools
during the flowering phase (April-May) each year from
2000 to 2008. We placed a square frame (0.50 X 0.50 m =
0.25 m?) divided into 100 subquadrats (each 5 X 5 cm)
over the marked plot in each pool and recorded the
number of individuals of each of the five focal species
(Table 1), as well as the frequency (number of subquadrats
out of 100 in which the species occurred) of all species
present within each marked plot in each year. Plants were
identified to species using Hickman (1993), and a voucher
collection is maintained in the Collinge laboratory at the
University of Colorado at Boulder.

Data analyses

We characterized the outcomes of different seeding
treatments in several ways. To evaluate the effects of
seeding (“dispersal limitation”) we compared the
summed frequencies of the five focal species in seeded
pools vs. control pools for seven years following the final
seeding treatments (2002-2008). We calculated the
magnitude of a priority effect as the mean frequency
of each species in pools in which it was seeded in 1999
minus its mean frequency in pools in which it was seeded
in 2000 (see Table 1 for seeding timetables). For
example, the priority effect for D. danthonioides, a
species in group A (see Table 1 for definitions), was
calculated as its mean frequency in group A priority
pools minus its mean frequency in group B priority
pools for each sampling year (2002-2008). We examined
whether the strength of the priority effect varied with
pool depth by plotting the mean priority effect vs. the
maximum water depth measured in the pool during the
1999-2000 wet season. We expected that priority effects
would be maximized either in pools of intermediate
depth or in the deepest pools. Therefore, we compared
the null model (no variation with depth) with a
quadratic model (peaking at an intermediate depth)
and a saturating model (rising asymptotically with
depth). To compare support for these non-nested
models, we used corrected Akaike information criterion
(AIC,), which discounts model likelihood by the number
of model parameters, and, unlike the likelihood ratio, is
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appropriate for ranking non-nested models (Burnham
and Anderson 2002). Following Burnham and Anderson
(2002), we assumed that the model with the smaller AIC,
was much better supported by the data if the difference
in AIC, values was more than four units. We evaluated
the effect of the frequency of colonization attempts by L.
conjugens by comparing the frequency of this species in
pools in which it was seeded in three consecutive years to
those in which it was seeded only once. To characterize
the size of the effect of seeding on the frequency of focal
species, we generated a confidence interval on the mean
difference between summed frequencies of focal species
in seeded vs. control pools using the Welch’s two-sample
t test, which allows for unequal variances. Analyses and
plots were coded in R 2.6.2 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

Importantly, the hydrological function of experimental
pools was similar to that of reference pools. To summarize
results presented elsewhere (S. K. Collinge and J. T.
Marty, unpublished manuscript), both types of pool held
standing water for ~10 weeks in 1999-2000 and for 15
weeks in 2001-2002. The average depths of reference and
experimental pools did not differ significantly except
during the first few weeks of the wet season of 2001-2002,
when reference pools were slightly deeper. Despite annual
differences in precipitation, maximum water depth and
duration of inundation were significantly, positively
correlated between years in both experimental and
reference pools. In the current analysis of experimental
pools, we found no differences among the seeding
treatments in maximum depth of water or duration of
inundation in either wet season (data not shown).

Seeded vs. control pools

When combined, the five focal species had much
higher frequencies in seeded pools than in control pools
for six of the seven years following the final seeding
treatments (Fig. 1). As late as 2007, the summed
frequencies of focal species in seeded pools was
significantly higher than in control pools (81.04 =
63.06 in seeded pools, 39.07 = 39.94 in control pools
[mean *£ SD]). A 95% confidence interval for the effect
of seeding on the summed frequencies of focal species
was 23.98-60.94, meaning that focal species occurred
with at least 24% higher frequency in seeded pools. The
effect of seeding waned over time as control pools were
gradually colonized by focal species and as the
frequency of focal species declined in seeded pools. In
2006 and especially in 2008 the frequency of focal species
dropped substantially in seeded pools. By 2008, the
difference between seeded (28.52 = 35.61) and control
pools (17.39 = 20.49) remained barely significant (a 95%
confidence interval for this difference was 3.77-18.49);
the strong effect of seeding had been lost.

The loss of species from seeded pools was more
substantial than the gain through colonization of
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years (2002-2005) following the final seeding treatment,

8 0 T 8 Seeded pools three species were found with much higher frequency in
o 1 O Control plots . .
Q 300 5 pools in which they were seeded first (e.g., group A
o : species in group A priority pools) than in pools in which
g 250 — : T H 3 they were seeded one year after other species had been
- 1 : 3 3 T H seeded (e.g., group B species in group A priority pools).
3 200 ; ; o ; ' Both D. danthonioides and E. vaseyi were seeded first in
a2 : E 3 3 i E R group A priority pools and both species occurred with
§ 150 ; “ 2 ' § higher frequency in group A priority pools, at least
g 8 : i T 8 through 2005 (high and positive priority effect; Fig. 2).
<= 100 o g ° . m T P Eryngium vaseyi retained its priority effect through 2008.
® 8 ' ; P Both Layia chrysanthemoides and P. stipitatus were
E 50 ; T : : Q i seeded first in group B priority pools, but only P.
@ dq L Q D D i HE stipitatus occurred with much higher frequency in group
0 *IE = | | S : B priority pools. The priority effect exhibited by P.
2002 2003 2004 2005 2006 2007 2008 stipitatus was lost after 2005. By 2006, priority effects
Fi. 1. Effects of seeding on the abundance of focal species were not evident for any species except E. vaseyi. Even

in experimentally constructed vernal pools at Travis Air Force
Base in Solano County, California, USA: summed frequencies
of five focal species in seeded pools vs. control pools for the
seven years (2002-2008) following the final seeding treatment in
2001. Dark horizontal lines represent medians, boxes contain
upper (75%) and lower (25%) quartiles, and dashed whiskers
contain the range of the data excepting outliers. Outliers (lying
outside the box by more than 1.5 times the interquartile range)
are represented by open circles. Frequency was measured using
a square frame divided into 100 subquadrats over the marked
plot in each pool and recording the number of subquadrats out
of 100 in which the species occurred.

control pools for four of the five focal species (Table 2).
The exception was E. vaseyi, which increased in
frequency in both seeded and control pools (Table 2).

Priority effects

Of the four species subject to seeding priority
treatments, only Layia chrysanthemoides failed to
exhibit a strong priority effect (Fig. 2). For at least four

for E. vaseyi, the priority effect declined steadily over
time (Fig. 2).

Priority effects may decline through a loss in species
frequency (e.g., a loss of group A species in group A
priority pools) or through a gain (e.g., an increase in
group B species in group A priority pools). Here, we
observed that for group A species, frequencies tended to
converge under both treatments as a result of both loss
from pools in which they were seeded first (group A
priority pools) and gain in pools in which they were
seeded second (group B priority pools). For group B
species, frequencies converged under both treatments
mainly as a result of loss from group B priority pools
(Fig. 3).

Effects of seeding frequency

One species, L. conjugens, was seeded either once (in
1999) or in three consecutive years (1999-2001). Any
obvious effects of seeding frequency on the abundance

TasLe 2. Differences between seeded and control pools in the annual frequencies of each of the five focal species listed in Table 1.

. 2002 2003 2004 2005 2006 2007 2008

Species and
treatment Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
LACO

Seeded 31.61 489 3340 514 2448 479 2394 4385 584 247 2517 7.38 4.05 191

Control 0.00  0.00 042 024 0.37 0.19 0.03  0.03 0.03  0.02 1.18  0.63 0.38  0.28
ERVA

Seeded 2331 256 2787 261 30.72 269 2835 256 4447 342 4252 373 2628 220

Control 2.69 0.68 572 1.04 791  1.29 750 122 2145 259 1828 234 1288 1.57
DEDA

Seeded 2244 274  21.67 297 2698 326 21.37 3.00 9.76 198 2720 435 230 1.04

Control 048 0.22 2.58 1.05 6.82 197 518 1.54 2.05 0.81 10.68 295 0.88  0.45
LACH

Seeded 9.08 1.55 8.78 1.61 371 0.74 427 1.01 1.50  0.72 044 0.24 0.83  0.35

Control 0.01  0.01 0.00  0.00 0.03  0.03 0.16 0.12 0.35 0.35 0.41  0.36 0.12 0.12
PLST

Seeded 26.19 329 3476 359 1238 236 2472 3.03 1040 1.96 352 147 1.07  0.45

Control 512 1.67 8.06 2.23 575  1.80 922 227 0.88  0.33 2.12  1.08 0.56 0.27

Notes: For seeded pools, each mean is calculated using data from every pool that received seeds of the given species, regardless of

the variation in seeding treatments described in Table 1. Frequency was measured using a square frame divided into 100
subquadrats placed over the marked plot in each pool and recording the number of subquadrats out of 100 in which the species
occurred. Species abbreviations are: LACO, Lasthenia conjugens; ERVA, Eryngium vaseyi; DEDA, Deschampsia danthonioides;,
LACH, Layia chrysanthemoides; PLST, Plagiobothrys stipitatus.
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FiG. 2. Priority effects resulting from two different treat-
ments applied to the seeded pools shown in Fig. 1. Darker bars
represent group A species (DEDA and ERVA); lighter bars,
group B species (LACH and PLST) (Table 1). Half of the
treatment pools received seeds of group A species in 1999,
followed by seeds of group B species in 2000; the other half
received seeds of group B species in 1999, followed by group A
species in 2000. If there were priority effects, we would expect a
species to occur more frequently where it was seeded first. In
this figure, each “priority effect” is the mean frequency of the
species in pools in which it was seeded in 1999 minus its mean
frequency in pools in which it was seeded in 2000. For all
species, evidence of a priority effect declines with time. For
most species, there is little evidence for priority effects after
2006, a year of extreme weather. Species abbreviations are:
DEDA, Deschampsia danthonioides; ERVA, Eryngium vaseyi;
LACH, Layia chrysanthemoides, PLST, Plagiobothrys stipita-
tus.

of Lasthenia conjugens persisted for only four years after
the final seeding treatment in 2001. During this period,
the relative dominance of L. conjugens in more
frequently seeded pools caused shifts in community
composition between these two treatments. By 2006, this
species had reached generally low abundance in both
seeded and control pools (Table 2 and Fig. 4).

Precipitation anomaly, 2006

In 2006, we observed a substantial decline in the
abundance and frequency of nearly all vernal pool
species, including four of the five focal species, in
experimental pools (Figs. 1, 4, and 5). The 2005-2006
winter wet season was unusual and clearly affected plant
growth and development. Specifically, rainfall in Janu-
ary and February 2006 was average, but rainfall in
March and April was over three times greater than the
average for those months: 35.13 cm in 2006 vs. a 50-year
average of 11.43 cm. The precipitation anomaly
observed in March and April of 2006 has occurred only
twice in the past 50 years. We observed high mortality of
vernal pool plants during our field sampling in late April
2006 and surmised that these plants had emerged but
succumbed to the unusually high late-spring water
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levels. Overall abundance of four of the five planted
species in experimental pools declined 55-81% com-
pared to their abundances in 2005 (D. danthonioides,
—55%; Lasthenia conjugens, —81%; Layia chrysanthe-
moides, —60%; P. stipitatus, —67%). However, E. vaseyi,
the sole perennial species of the group, nearly doubled in
average abundance, showing an 84% increase in 2006
compared to 2005. Thus, observations in 2006 revealed
abrupt changes in the trajectories of individual species
and communities in experimental pools.

Abiotic context and magnitude of priority effects

The priority effects that we observed in group A and
group B priority pools (Fig. 2) were not uniform among
pools of different water depths. For group A priority
pools, the magnitude of the priority effect increased with
increasing water depth and peaked in pools between 10
and 15 cm in depth (Fig. 6). The AIC, values for the
saturating and null models were, respectively, 5.39 and
18.55 units higher than for the quadratic model,
suggesting that the quadratic model was much better
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Fic. 3. Temporal patterns of convergence in the frequency
of species between pools in which they were seeded in the first
year (solid lines) vs. the second year (dashed lines). The
frequency of group A species (upper panel) declined where they
were seeded first but increased where they were seeded second.
The frequency of group B species (lower panel) declined
regardless of seeding priority. Lasthenia conjugens was excluded
from this analysis, because it occurred in both groups. See Fig.
1 for an explanation of frequency measurements and Fig. 2 for
an explanation of group composition.
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supported by the data. For group B priority pools, we
detected no association between the strength of the
priority effect and pool depth (Fig. 6).

DiscussioN

Observations from the first seven years of plant
community formation in this field experiment provide
compelling evidence for (1) dispersal limitation of vernal
pool species, (2) priority effects in plant species
composition, (3) shifts in the relative abundance of
species as a result of increased frequency of colonization,
and (4) context dependence in biological interactions
among species. Each of these findings suggests a key role
for historical contingence in the early stages of
community development. But we also observed that
each of these effects was transient. In this system,
historical effects appear to have been lost within a
decade. In other words, while assembly rules may have
had important effects on the early trajectories of these
communities, these communities are now tending
toward a similar endpoint. Here we discuss the various
patterns contributing to temporal variation in commu-
nity structure.

Dispersal limitation was evident in our study despite
the proximity of natural vernal pools within 15-150 m of
our experimental pools and despite the even shorter
distance (10 m) between neighboring experimental
pools. Dispersal limitation has been demonstrated in
other field studies of plant community restoration (e.g.,
Foster et al. 2007, Trowbridge 2007). For example,
Foster et al. (2007) added seeds of 32 native tallgrass
prairie species to study plots in an abandoned hayfield in
northeastern Kansas, USA, and left other plots unsown.
They observed strong effects of seeding on plant species
diversity and species composition. In a study of
floodplain restoration in the Central Valley of Califor-
nia, Trowbridge (2007) found evidence for dispersal
limitation in one, but not the other, of the two
floodplains studied. Although seeding may not be
necessary if ample seed sources exist nearby and there
are no physical barriers to dispersal (e.g., Robinson et al.
2002), our study demonstrates that even very short
distances between vernal pools can present surprisingly
effective barriers to seed dispersal, even after several
years of potential seed bank development.

It is likely that dispersal limitation, in conjunction
with declining frequencies of focal species in seeded
pools, led to poor cover of most focal species in later
years. By 2008, unseeded, control pools had been
colonized by only a small number of individuals of the
five focal species. The more limited the rate of dispersal,
the longer it should take for a species to become as
common in control pools as in treatment pools. For two
of the focal species (D. danthonioides and E. vaseyi),
frequencies in control pools tended to rise throughout
the seven years of this experiment, suggesting a
dispersal-limited process. It is more difficult to infer
dispersal limitation for the remaining species, because
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Fic. 4. Effects of seeding frequency on the frequency of
Lasthenia conjugens (LACO) in experimentally created vernal
pools. Seeding treatments were applied in the first year or in the
first three years after pool creation (see Table 1). LACO was
typically absent from unseeded control pools, as indicated by
boxes with zero height. See Fig. 1 for an explanation of
frequency measurements and a description of the box plots.

their frequencies clearly declined in treatment pools and
either declined (P. stipitatus) or remained very low
(Lasthenia conjugens and Layia chrysanthemoides) in
control pools. Although dispersal limitation may have
contributed to these patterns, we can only infer that
conditions were generally unfavorable for these three
species during our experiment.

If dispersal limitation is a factor in population
establishment, then both the frequency and timing of
colonization events or seeding treatments must be
considered during community development. Frequency
and timing are interdependent, because events that occur
more frequently are more likely to be timed, at least
once, during a period when the event could have an
impact. For example, our experiment demonstrated that
Lasthenia conjugens was at first more abundant in pools
seeded in 1999, 2000, and 2001 compared to those
seeded only in 1999. This effect may have depended
mainly on seeding frequency and consequent differences
among treatments in seed bank development. Alterna-
tively, this effect may have depended mainly on timing:
i.e., the single-year seeding treatment would be inferior if
1999 was a poor year for seed survival. We interpret our
results in terms of seeding frequency in part because
there is no evidence for a strong effect of timing given
the observed weather in 1999 and in part because
frequency generally trumps timing. In any case, effects
of seeding frequency disappeared in a year when the
timing of precipitation was extremely unusual (2006)
and remained weakened throughout the low-precipita-
tion years of 2007 and 2008. It remains to be seen
whether the difference between seeding treatments will
have long-lasting effects on the seed bank that may
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2002-2008. The solid line in each graph is the mean frequency in pools in which the species was seeded, and the dashed line is the
mean frequency in pools in which it was not seeded (including control pools and pools seeded only with Lasthenia conjugens; see
Table 1). See Fig. 1 for an explanation of frequency measurements and Fig. 2 for an explanation of species abbreviations.

allow L. conjugens to rebound more strongly in pools in
which it was seeded more frequently.

Although the combined frequency of focal species
generally increased in both seeded and control pools in
early years, it generally decreased in seeded pools after
2005. We suggest three possible reasons for these
declines. First, all species except E. vaseyi declined
sharply in 2006 due to the anomalously high precipita-
tion noted previously. During the following winter,
2006-2007, the study site received much lower total
winter precipitation than average (33.08 cm vs. 55.16
cm). These two consecutive “bad-weather” events may
have depleted the seed bank of these annual species. As
the sole perennial member of this group, E. vaseyi may
have been able to maintain its abundance through these
harsh conditions because of its underground resources.
Indeed, E. vaseyi has shown no severe declines, despite
population fluctuations, in the seven years following
seeding. A second, related possibility is that E. vaseyi
may outcompete annual species due to its perennial

habit and relatively large, branching growth form. When
four of the five focal species declined in 2006, this may
have given E. vaseyi a competitive advantage that
persisted through 2008. Third, the past two low-
precipitation years (there was also lower-than-average
precipitation in 2007-2008) have been accompanied by
an increase in the abundance of invasive exotic species,
to the point at which litter from these exotics may be
compromising emergence of the native vernal pool
annuals (S. K. Collinge, unpublished data). Previous
studies of this system (Gerhardt and Collinge 2007) have
shown that high precipitation early in the growing
season can reduce survival of several key exotic species
in these pools; but the past two years have had relatively
low early-season precipitation, suggesting prime condi-
tions for enhanced performance of exotic species.
Priority effects have been observed in several recent
experiments with grassland communities. For example,
Fukami et al. (2005) created experimental plots with
various seed mixtures on former agricultural land and
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showed that initial differences in plant species compo-
sition caused communities to diverge in species identity
over a nine-year period. But their study also revealed
convergence in the predominance of species with similar
traits over the same time period. In particular, despite
different initial conditions, all plots eventually became
dominated by one of the species trait groups, which
consisted of tall, patch-forming perennials. In our study,
we seeded only one perennial species (Eryngium vaseyi),
so we cannot address the issue of trait group dominance.
Notably, E. vaseyi is relatively abundant but is not
necessarily dominant in naturally occurring vernal pools
at our study site, so these plant communities do not
necessarily converge to a stable equilibrium dominated
by E. vaseyi. In a more controlled study of grassland
species in a glasshouse and common garden setting,
Korner et al. (2008) sowed seeds of species belonging to
different plant functional groups (e.g., herbs, grasses,
and legumes) and observed that small differences in
arrival time (three weeks) resulted in priority effects that
persisted for the two field seasons during which they
conducted their study. Our results suggest that even
strong priority effects observed in the first few seasons
may soon be lost, lending less predictability to long-term
community trajectories.

In the early phase of community formation, we
observed strong priority effects for three of the four
species in the priority seeding treatments. For D.
danthonioides and E. vaseyi, both seeded in group A,
these effects were quite strong, whereas for the group B
species, these effects were weaker (P. stipitatus) or
nonexistent (Layia chrysanthemoides). The strength of
each priority effect was correlated with the relative
abundance of each species in reference pools at this
study site: D. danthonioides and E. vaseyi occur with
higher relative abundance than P. stipitatus and L.
chrysanthemoides, suggesting that perhaps they are
stronger competitors within these experimental pools.

The trajectories of community development that we
observed in our priority group treatments reversed
during our seven-year period of observation. For the
first four years after seeding, group A and group B
priority plots diverged distinctly in species composition.
Thereafter, pools from different treatments converged in
species composition toward similar endpoints. If we had
stopped collecting data in 2005, we would have
concluded that these results were consistent with the
model of “alternative stable states” in community
ecology (e.g., Suding et al. 2004, Young et al. 20095).
Our observations from 2006 to 2008, however, are
consistent with the notion of a single, stable equilibrium
for vernal pool plant communities. However, we know
from observations of naturally occurring pools at this
site that species composition is not identical for all
pools. The fact that the strong, early priority effects
disappeared later in the study underscores the need for
long-term studies of community dynamics. This is not to
say that short-term observations are meaningless for
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effects in vernal pool plant communities. “Priority effect” is
defined here as the difference between the cover (summed
frequencies) of species found only in the first group seeded into
the pool and the cover of species found only in the second
group seeded into the pool (Table 1). Priority effects were
averaged across years (2002-2008) and plotted against the
maximum water depth measured in each pool. Water depth
may be related to mean priority effect by a saturating model
(dashed line) or by a quadratic model (solid line). For group A
priority pools (upper panel), the data are best described by a
quadratic model (AAIC. = 5.31 for the saturating model, 11.62
for the null model), suggesting that priority effects were most
prevalent in pools of intermediate depth. For group B priority
pools (lower panel), there was no evidence of lasting priority
effects at any water depth.

long-term, community dynamics, especially when seed
banks are considered. Little is currently known about
the persistence of seeds in vernal pool plant communi-
ties, but this is an active area of research. Our limited
observations suggest that seeds can remain dormant but
viable for decades at this site (S. K. Collinge, unpublished
data). In the spring of 2000, we identified flowering
individuals of several native vernal pool plant species in
newly created basins that were previously unrecorded
from this site. Because the experimental pools were
created on land that was plowed for crop production in
the first half of the 20th century, it is unlikely that these
plant species had experienced appropriate seed germi-
nation conditions for several decades. The early priority
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effects that we observed in our experiment allowed the
buildup of seed banks of priority group species in
respective treatments, so there is the possibility that
priority effects could reassert themselves in the future.

In addition to our observations of transience (or
perhaps temporal variability) in priority effects, we also
found that the strength of the priority effect varied with
environmental context, depending on the water depth of
the pools. For group A pools, where D. danthonioides
and E. vaseyi were the dominant species, the strength of
the priority effect was highest in pools of intermediate
depth. This suggests that the strength of interspecific
interactions that are responsible for this effect varied in
relation to water depth as well. For group B pools,
where P. stipitatus and L. chrysanthemoides were
dominant in the early years, priority effects were
relatively weak even in those early years. It is perhaps
because priority effects were weak in group B pools that
there was no detectable shift in the priority effect with
depth. There are few empirical studies of shifts in the
magnitude of priority effects along environmental
gradients (Agrawal et al. 2007). From our observations,
we conclude that the effect of the abiotic (water depth)
gradient was only apparent in one of the two biotic
contexts (priority group treatments).

In summary, we observed significant but transient
effects of seeding, order of colonization, and frequency
of colonization on species abundances and community
composition. We will continue to examine trajectories of
community assembly in this system, to determine
whether these transient effects will reemerge, perhaps
as a result of seed bank development. Alternative
outcomes include further convergence of assembly
trajectories toward a single, perhaps stable endpoint or
some form of system “reboot” in which the extreme
weather of 2006 initiates a new community assembly
process. Differentiating these outcomes should be
possible by following these experimental communities
whose histories are well characterized.

ACKNOWLEDGMENTS

We especially thank Jaymee Marty for assistance with all
aspects of this project, including design and implementation of
the field experiment. We appreciate the excellent and enthusi-
astic field assistance of C. Battaglia, C. Christian, J. Compton,
F. Gerhardt, W. Johnson, T. Levy, and C. Wise. We thank M.
Anderson, R. Holmes, and K. Neurer for facilitating our
research at Travis Air Force Base and are grateful to Y.
Linhart, F. Gerhardt, K. Rice, E. Warne, and D. Wright for
their insights into vernal pool ecology and restoration. This
project was funded by the Air Force Center for Environmental
Excellence, the U.S. Fish and Wildlife Service, CH2M Hill, and
an NSF LTREB grant (DEB-0744520). Permission to collect
seeds of L. conjugens was granted by the U.S. Fish and Wildlife
Service to S. K. Collinge (permit number TE828382-3).

LITERATURE CITED

Agrawal, A. A., et al. 2007. Filling key gaps in population and
community ecology. Frontiers in Ecology and the Environ-
ment 5:145-152.

Belyea, L. R., and J. Lancaster. 1999. Assembly rules within a
contingent ecology. Oikos 86:402-416.

SHARON K. COLLINGE AND CHRIS RAY

Ecology, Vol. 90, No. 12

BioSystems Analysis. 1994. Vernal pool resources at Travis Air
Force Base, Solano County, California. Final report. Wes-
ton, Tiburon, California, USA.

Burnham, K. P., and D. R. Anderson. 2002. Model selection
and multimodel inference: a practical information-theoretic
approach. Second edition. Springer-Verlag, New York, New
York, USA.

Chase, J. M. 2003. Community assembly: When should history
matter? Oecologia 136:489-498.

Deil, U. 2005. A review on habitats, plant traits and vegetation
of ephemeral wetlands—a global perspective. Phytocoenolo-
gia 35:533-706.

Diamond, J. M. 1975. Assembly of species communities. Pages
342-444 in M. L. Cody and J. M. Diamond, editors. Ecology
and evolution of communities. Belknap Press, Cambridge,
Massachusetts, USA.

Drake, J. A. 1990. Communities as assembled structures: Do
rules govern pattern? Trends in Ecology and Evolution 5:
159-164.

Drake, J. A. 1991. Community assembly mechanics and the
structure of an experimental species ensemble. American
Naturalist 137:1-26.

Drake, J. A., T. E. Flum, G. J. Witteman, T. Voskuil, A. M.
Hoylman, C. Creson, D. A. Kenny, G. R. Huxel, C. S. Larue,
and J. R. Duncan. 1993. The construction and assembly of an
ecological landscape. Journal of Animal Ecology 62:117-130.

Drake, J. A., G. R. Huxel, and C. L. Hewitt. 1996. Microcosms
as models for generating and testing community theory.
Ecology 77:670—677.

Emery, S. M., and K. L. Gross. 2006. Dominant species identity
regulates invasibility of old-field plant communities. Oikos
115:549-558.

Falk, D. A., M. A. Palmer, and J. B. Zedler, editors. 2006.
Foundations of restoration ecology: the science and practice
of ecological restoration. Island Press, Washington, D.C.,
USA.

Fargione, J., C. S. Brown, and D. Tilman. 2003. Community
assembly and invasion: an experimental test of neutral versus
niche processes. Proceedings of the National Academy of
Sciences (USA) 100:8916-8920.

Foster, B. L., C. A. Murphy, K. R. Keller, T. A. Aschenbach,
E. J. Questad, and K. Kindscher. 2007. Restoration of prairie
community structure and ecosystem function in an aban-
doned hayfield: a sowing experiment. Restoration Ecology
15:652-661.

Fukami, T., T. M. Bezemer, S. R. Mortimer, and W. H. van de
Putten. 2005. Species divergence and trait convergence in
experimental plant community assembly. Ecology Letters 8:
1283-1290.

Gerhardt, F., and S. K. Collinge. 2007. Abiotic constraints
eclipse biotic resistance in determining invisibility along
experimental vernal pool gradients. Ecological Applications
17:922-933.

Grillas, P., P. Gauthier, N. Yavercovski, and C. Perennou,
editors. 2004. Mediterranean temporary pools. I. Issues
relating to conservation, functioning and management.
Station Biologique de la Tour du Valat, Arles, France.

Hickman, J. C., editor. 1993. The Jepson manual: higher plants
of California. University of California Press, Berkeley,
California, USA.

Holland, R. F., and S. Jain. 1981. Insular biogeography of
vernal pools in the Central Valley of California. American
Naturalist 117:24-37.

Holland, R. F., and S. Jain. 1988. Vernal pools. Pages 515-533
in M. G. Barbour and J. Major, editors. Terrestrial
vegetation of California. California Native Plant Society,
Sacramento, California, USA.

Holyoak, M., M. A. Leibold, and R. D. Holt, editors. 2005.
Metacommunities: spatial dynamics and ecological commu-
nities. University of Chicago Press, Chicago, Illinois, USA.



December 2009

Hubbell, S. P. 2001. The unified neutral theory of biodiversity
and biogeography. Princeton University Press, Princeton,
New Jersey, USA.

Irving, A. D., J. E. Tanner, and B. K. McDonald. 2007. Priority
effects on faunal assemblages within artificial seagrass.
Journal of Experimental Marine Biology and Ecology 340:
40—-49.

Jiang, L., and S. Patel. 2008. Community assembly in the
presence of disturbance: a microcosm experiment. Ecology
89:1931-1940.

Jordan, W. R., III, M. E. Gilpin, and J. D. Aber, editors. 1987.
Restoration ecology: a synthetic approach to ecological
research. Cambridge University Press, Cambridge, UK.

Korner, C., J. Stocklin, L. Reuther-Thiébaud, and S. Pelacz-
Riedl. 2008. Small differences in arrival time influence
composition and productivity of plant communities. New
Phytologist 177:698-705.

Law, R., and R. D. Morton. 1996. Permanence and the
assembly of ecological communities. Ecology 77:762-775.
Lockwood, J. L. 1997. An alternative to succession: assembly
rules offer guide to restoration efforts. Restoration and

Management Notes 15:45-51.

Lockwood, J. L., and S. L. Pimm. 1999. When does restoration
succeed? Pages 363-392 in E. Weiher and P. Keddy, editors.
Ecological assembly rules: perspectives, advances, retreats.
Cambridge University Press, Cambridge, UK.

Lockwood, J. L., R. D. Powell, M. P. Nott, and S. L. Pimm.
1997. Assembling ecological communities in time and space.
Oikos 80:549-553.

Pimm, S. L. 1991. The balance of nature? Ecological issues in
the conservation of species and communities. University of
Chicago Press, Chicago, Illinois, USA.

Ramp, J. M., T. A. Ranker, and S. K. Collinge. 2006.
Restoration genetics of the vernal pool endemic Lasthenia
conjugens (Asteraceae). Conservation Genetics 7:631-649.

Robinson, G. R., S. N. Handel, and J. Mattei. 2002.
Experimental techniques for evaluating the success of
restoration projects. Korean Journal of Ecology 25:1-7.

Spencer, S. C., and L. H. Rieseberg. 1998. Evolution of
amphibious vernal pool specialist annuals: putative vernal
pool adaptive traits in Navarretia (Polemoniaceae). Pages
76-85 in C. W. Witham, editor. Ecology, conservation, and

TRANSIENT PATTERNS IN COMMUNITY ASSEMBLY

3323

management of vernal pool ecosystems. California Native
Plant Society, Sacramento, California, USA.

Strong, D. R., Jr., D. Simberloff, L. G. Abele, and A. B.
Thistle, editors. 1984. Ecological communities: conceptual
issues and the evidence. Princeton University Press, Prince-
ton, New Jersey, USA.

Suding, K. N., K. L. Gross, and G. R. Houseman. 2004.
Alternative states and positive feedbacks in restoration
ecology. Trends in Ecology and Evolution 19:46-53.

Temperton, V. M., R. J. Hobbs, T. Nuttle, and S. Halle,
editors. 2004. Assembly rules and restoration ecology:
bridging the gap between theory and practice. Island Press,
Washington, D.C., USA.

Tilman, D. 2004. Niche tradeoffs, neutrality, and community
structure: a stochastic theory of resource competition,
invasion, and community assembly. Proceedings of the
National Academy of Sciences (USA) 101:10854—10861.

Trowbridge, W. B. 2007. The role of stochasticity and priority
effects in floodplain restoration. Ecological Applications 17:
1312-1324.

Weiher, E., and P. Keddy. 1995. The assembly of experimental
wetland communities. Oikos 73:323-335.

Weiher, E., and P. Keddy, editors. 1999. Ecological assembly
rules: perspectives, advances, retreats. Cambridge University
Press, Cambridge, UK.

Young, T. P., J. M. Chase, and R. T. Huddleston. 2001.
Community succession and assembly: comparing, contrast-
ing, and combining paradigms in the context of ecological
restoration. Ecological Restoration 19:5-18.

Young, T. P., D. A. Petersen, and J. J. Clary. 2005. The ecology
of restoration: historical links, emerging issues, and unex-
plored realms. Ecology Letters 8:662—673.

Zedler, J. B. 2000. Progress in wetland restoration ecology.
Trends in Ecology and Evolution 15:402-408.

Zedler, P. H. 1987. The ecology of southern California vernal
pools: a community profile. Biological report 85 (7.11). U.S.
Fish and Wildlife Service, Washington, D.C., USA.

Zedler, P. H. 1990. Life histories of vernal pool vascular plants.
Pages 123-146 in D. H. lkeda and R. A. Schlising, editors.
Vernal pool plants: their habitat and biology. Studies from
the Herbarium number 8. California State University, Chico,
California, USA.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


