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Shrubs as ecosystem engineers in a coastal dune: influences on plant
populations, communities and ecosystems

J. Hall Cushman, Jeffrey C. Waller & Derek R. Hoak

Abstract

Question: How do two shrubs with contrasting life-
history characteristics influence abundance of domi-
nant plant taxa, species richness and aboveground
biomass of grasses and forbs, litter accumulation,
nitrogen pools and mineralization rates? How are
these shrubs — and thus their effects on populations,
communities and ecosystems — distributed spatially
across the landscape?

Location: Coastal hind-dune system, Bodega Head,
northern California.

Methods: In cach of 4 years, we compared vegeta-
tion, leaf litter and soil nitrogen under canopies of
two native shrubs — Ericameria ericoides and the
nitrogen-fixing Lupinus chamissonis — with those in
adjacent open dunes.

Results: At the population level, density and cover
of the native forb Claytonia perfoliata and the exotic
grass Bromus diandrus were higher under shrubs
than in shrub-free areas, whereas they were lower
under shrubs for the exotic grass Vulpia bromoides.
In contrast, cover of three native moss species was
highest under Ericameria and equally low under
Lupinus and shrub-free areas. At community level,
species richness and aboveground biomass of her-
baceous dicots was lower beneath shrubs, whereas
no pattern emerged for grasses. At ecosystem level,
areas beneath shrubs accumulated more leaf litter
and had larger pools of soil ammonium and nitrate.
Rates of nitrate mineralization were higher under
Lupinus, followed by Ericameria and then open
dune. At landscape level, the two shrubs — and their
distinctive vegetation and soils — frequently had
uniform spatial distributions, and the distance se-
parating neighbouring shrubs increased as their
combined sizes increased.

Conclusions: Collectively, these data suggest that
both shrubs serve as ecosystem engineers in this
coastal dune, having influences at multiple levels of
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biological organization. Our data also suggest that
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Introduction

Species that have large impacts on the distribu-
tion, amount and composition of resources in the
environment — either through their own physical
structures or the artifacts they create — are increas-
ingly recognized as ecosystem engineers (Jones et al.
1994, 1997). The non-trophic impacts of such taxa
can alter population, community and ecosystem
characteristics through creation, modification or
maintenance of habitats in the environment (Wright
& Jones 2004). The activities of ecosystem engineers
lead to considerable spatial heterogeneity, creating
distinct mosaics of engineered and unmodified pat-
ches throughout landscapes (Badano et al. 2006;
Wright et al. 2006; Shachak et al. 2008). As reviewed
extensively by Jones et al. (1994), ecosystem en-
gineers are a taxonomically diverse group, with
representatives including vertebrates, invertebrates,
algae, nonvascular plants and higher plants (espe-
cially woody species).

Shrubs are dominant features of many land-
scapes throughout the world, and can play key roles
as ecosystem engineers by altering the physical en-
vironment beneath their canopies as well as the
characteristics of plant populations, communities
and ecosystems (Hunter & Aarssen 1988; Callaway
1995; Scholes & Archer 1997; Wright et al. 2006;
Shachak et al. 2008). Especially in more open and
arid landscapes, shrubs can alter water and light
availability beneath their canopies as well as create
“islands of fertility” (i.e. patches of increased nitro-
gen availability), often through the deposition of
leaf litter and by trapping wind-blown litter from the
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surrounding area (Callaway 1995; Alpert & Mooney
1996; Pugnaire et al. 1996; Scholes & Archer 1997,
Shumway 2000; Flores & Jurado 2003; Pugnaire
et al. 2004; Uesaka & Tsuyuzaki 2004; Wright et al.
2006; Shachak et al. 2008).

The environmental modifications caused by
shrubs can, in turn, lead to a wide range of effects on
herbaceous and woody plant species growing be-
neath their canopies. At the individual and
population level, shrubs can have positive effects on
understorey species (i.e. facilitation) by creating fa-
vourable sites for seed accumulation, germination,
growth and reproduction (Day & Wright 1989;
Callaway 1992, 1995; Aguiar & Sala 1994; Shumway
2000; Tirado & Pugnaire 2003; Armas & Pugnaire
2005; Holzapfel et al. 2006), or by protecting them
from herbivores (Bartholemew 1970; Jaksic &
Fuentes 1980; McAuliffe 1986; Hamback et al.
2000). In contrast, they can have negative effects
on understorey species by creating unfavourable
conditions via competition (Mahall et al. 1981;
Callaway et al. 1991; Pugnaire et al. 1996) or de-
position of allelopathic compounds in the soil
(Muller & del Moral 1966; Rice 1984; Williamson
1990). Such positive and negative effects often occur
simultaneously, and the net result often varies
greatly in space and time, depending on life-history
stages and the severity of abiotic conditions (Call-
away & Walker 1997; Armas & Pugnaire 2005). At
the community level, shrubs can alter the com-
position, species richness and productivity of un-
derstorey plant assemblages (Scholes & Archer
1997; Pugnaire et al. 2004; Holzapfel et al. 2006;
King 2008; Agra & Ne’eman 2009).

The influence of shrubs on the landscapes they
inhabit should vary greatly with the life-history
characteristics of resident plant species in the sys-
tem, including those of the shrubs themselves.
Although very little work has been done in this area,
considerable insight will be gained by exploring the
degree to which multiple shrub species in the same
system — that differ markedly in ecological char-
acteristics — vary in their impacts on population,
community and ecosystem-level characteristics. Si-
milarly, resident plant groups with different suites of
life-history characteristics — such as grasses and
herbaceous dicots (forbs) — should also vary in re-
sponse to shrubs.

In a coastal dune site in northern California, we
explored the importance of shrubs as ecosystem en-
gineers at the population, community and
ecosystem levels by focusing on two common native
shrubs — Ericameria ericoides (Asteraceace) and the
nitrogen-fixing Lupinus chamissonis (Fabaceace) —

and addressed the following questions. First, how
do the understorey environments of these two shrub
species differ from each other and from the adjacent
shrub-free dune with respect to (a) percent cover and
density of three dominant herbaceous plant species
and a complex of moss species, (b) species richness
and aboveground biomass of both grasses and
forbs, (c) litter accumulation, and (d) ammonium
and nitrate pools and mineralization rates? Second,
how are these two shrub species — and thus their ef-
fects on the population, community and ecosystem —
distributed spatially in the landscape? Answers to
these questions will provide valuable insight con-
cerning the degree to which two shrub species with
contrasting characteristics have influences at multi-
ple levels of biological organization.

Study system

This study was conducted during the winter and
spring of 1996, 1997, 1998 and 2000 in a coastal hind-
dune system on Bodega Head, a small peninsula in
Sonoma County, California, approximately 105km
north of San Francisco. The 300x 500 m study area
consists of two adjacent dune ridges and the asso-
ciated trough between them, which are located within
Sonoma Coast State Beaches, adjacent to the Uni-
versity of California Bodega Marine Reserve. This
region is characterized by a Mediterranean-type cli-
mate, with 90% of annual precipitation occurring
between October and April (Barbour et al. 1973). The
sandy top soils of this dune system contain very little
organic matter and are fast-draining and nitrogen-
poor (Barbour et al. 1973; McNeil & Cushman 2005;
Lortie & Cushman 2007).

The two most abundant shrub species in this
system are Lupinus chamissonis (Fabacaeae; here-
after referred to by its genus name) and Ericameria
ericoides (Asteraceae; hereafter referred to by its
genus name), having 15% and 20% cover, respec-
tively (Warner & Cushman 2002; McNeil &
Cushman 2005; Huntzinger et al. 2008). Both spe-
cies are low-growing evergreen shrubs native to the
coastal dunes of California. Lupinus is a fast-
growing, nitrogen-fixing shrub with large com-
pound leaves and a lifespan ranging from 2 to 10
years. Its size is variable, depending on environ-
mental conditions, but typically ranges from 0.5m
to 1.0 m in height at our site. In contrast, Ericameria
is slow-growing and extremely long-lived, with
small, dense leaves that are retained longer than in
Lupinus. It ranges from 0.25m to 0.50 m in height
and spreads laterally more than Lupinus, typically
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reaching up to 2m in diameter. Waller (1998) re-
ported that the microenvironments beneath the
canopies of these two shrub species did not differ
significantly from each other in terms of ambient
light, air temperature and soil moisture levels.

A wide variety of native and exotic herbaceous
plant species inhabit our dune site. Three species are
especially abundant: the native annual forb Clayto-
nia perfoliata (Portulacaceae) and the exotic annual
grasses Bromus diandrus (Poaceae) and Vulpia bro-
moides (Poaceae). Three native moss species are also
quite common: Syntrichia ruralis ( = Tortula ruralis,
Pottiaceae), Didymodon vinealis (Pottiaceae) and
Homalothecium arenarium (Brachytheciaceae).

Methods

Study design

To evaluate how vegetation and soil character-
istics vary among three common microhabitat types
at our study site, in each of 4 years we sampled un-
der the canopies of Lupinus and Ericameria and in
shrub-free areas. In 1996 and 1997, we established
24 blocks throughout the site, each consisting of a
pair of Lupinus and Ericameria individuals and an
adjacent shrub-free zone. We sampled a different set
of 17 blocks in 1998, and 14 blocks in 2000. We used
blocks to control for the substantial spatial varia-
tion in soil characteristics that exist at our site (see
Lortie & Cushman 2007). In all years, we matched
shrubs within a block for size and separated them
from each other and any adjacent shrubs by 2m. We
randomly selected each associated shrub-free area of
dune, which consisted of a 1-m circular plot within
2 m of both shrubs. All three microhabitat types in a
block were matched for slope and aspect.

Density and cover of individual plant species

In March 1996, we determined the density and
percent cover of three plant species that were espe-
cially abundant in the three microhabitat types (i.e.
under Lupinus, under Ericameria and in shrub-free
patches). We randomly located a 0.03-m? sampling
ring in each microhabitat type (24 blocks, see above)
and counted the number of individual Claytonia,
Bromus and Vulpia plants within it and visually es-
timated percentage cover of these taxa.

At the same time, we also established a 625-m?
plot at the site and quantified percent cover of three
common moss species (Syntrichia, Didymodon and
Homalothecium) in the three microhabitat types.

Using the 0.03-m” sampling ring discussed above,
we visually estimated percentage cover of moss un-
der all Lupinus (n=16) and Ericameria (n=29)
canopies in the plot, as well as in randomly selected
shrub-free areas (n = 30). We pooled cover data for
all three moss species because they commonly co-
occur in complex mixtures.

Plant species richness and aboveground biomass

In April and May 1998 and 2000, we determined
the species richness of grasses and forbs within the
three microhabitats. We randomly placed a 0.05-m?
sampling ring in three non-overlapping areas be-
neath the canopy of each shrub and shrub-free area.
Within each ring, we recorded the presence of all
vascular plant species and pooled these data for the
three samples taken from each microhabitat type in
a block. In 2000, we also harvested all aboveground
biomass contained within the three sampling rings.
We then sorted all harvested biomass to species,
dried this material for 48 h at 60°C, and weighed it.

Litter biomass and soil nitrogen

In March 1996, we quantified litter accumula-
tion in each of the three microhabitat types. We
removed all plant litter from a randomly selected 75-
cm? area of soil surface, sieved the samples to re-
move soil particles (1-mm mesh size), and dried the
remaining material for 48 h at 60°C before weighing.

In February 1997 and 2000, we evaluated the
degree to which nitrogen pools varied among the
three microhabitat types. We collected 20 g of soil at
a depth of 5cm from randomly determined locations
under each shrub and in the shrub-free areas. We
then analysed 10 g of soil from each of these samples
for ammonium (NHJ) and nitrate (NO3 ) content
using standard KCI procedures (Binkley & Hart
1989; Binkley & Vitousek 1989). The resulting ex-
tracts were frozen and later analysed at the
University of California DANR Analytical La-
boratory (Davis). We dried unextracted soil
fractions at 60°C for 24 h, re-weighed samples to
determine soil moisture content, and adjusted nu-
trient values to control for differences in soil
moisture. In March 2000, we also quantified miner-
alization rates by incubating soil in breathable
polyethylene bags at room temperature for 30 days.
The difference in nitrogen content between initial
samples and those incubated for 1 month re-
presented an estimate of net mineralization rates.
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Spacing patterns of shrubs

In spring 1998, we established 10 18 m x18m
plots to analyse the intraspecific spacing patterns
exhibited by Ericameria and Lupinus at our dune
study site (five plots per species). Our focus was on
intraspecific patterns rather than interspecific ones
because the two species often occur in different areas
of the dune: Ericameria is more abundant in the
dune trough whereas Lupinus is more abundant on
the slopes of dune ridges. For all plots, we measured
the distance from each shrub to its nearest neigh-
bour of the same species. To correct for edge effects
(see Sinclair 1985; Krebs 1999), we used the true
nearest neighbour, whether it was located inside or
outside the plot. We also estimated the size of each
shrub by taking the average of two diameters — its
maximum diameter and the diameter perpendicular
to the maximum. These values were used to assess
the relationship between the combined size of
neighbouring shrub pairs and the distance separat-
ing them.

Statistical analyses

We analysed our data using the JMP 7 statis-
tical program (SAS Institute, Cary, NC, USA). We
performed five separate two-way MANOVAs, with
microhabitat type (under Lupinus, under Ericamer-
ia, and shrub-free areas) and block (24 in 1996, 17 in
1998, and 14 in 2000) as the grouping factors and the
following groups of response variables: (a) Clayto-
nia, Bromus and Vulpia cover and density in 1996;
(b) species richness of grasses and forbs in 1998, (c¢)
species richness and aboveground biomass of
grasses and forbs in 2000; (d) pools of ammonium
and nitrate in 1997; and (e) pools and mineralization
of ammonium and nitrate in 2000. For all MANO-
VAs with significant microhabitat terms, we
proceeded with “protected” two-way ANOVAs on
each response variable using the same grouping fac-
tors. As discussed by Scheiner (2001), this approach
is an effective method for addressing potential cor-
relations among multiple dependent variables (see
Alvarez & Cushman 2002; Cushman et al. 2004;
Cushman & Gaffney 2010). Because there was no
replication within block, we could not calculate
microhabitatxblock interaction terms in our
MANOVA and ANOVA analyses. Data from 1996
on leaf litter were analysed with a two-way ANOVA
(microhabitat and block as grouping factors) and
those for moss cover were evaluated with a one-way
ANOVA (microhabitat as grouping factor). We
treated block as a random effect, arcsine square-

root transformed all percentage data and log-trans-
formed all other variables to homogenize variances.
We performed Tukey—Kramer HSD multiple com-
parison tests (o =0.05) on all ANOVAs with
significant microhabitat main effects. This test cor-
rects for the number of pair-wise comparisons being
made within an ANOVA.

We evaluated the dispersion pattern of Erica-
meria and Lupinus in our 10 plots using Clark &
Evans’ (1954) nearest-neighbour index (R), which
ranges from 0 to 2.15. Index values that do not
depart significantly from 1 indicate a random
distribution, whereas those significantly less than 1
indicate clumped or aggregated distributions, and
values significantly more than 1 indicate uniform or
regular distributions. We evaluated the statistical
significance of all nearest-neighbour index values
(R) using the z transformation (see Clark & Evans
1954 and Krebs 1999 for details). We also performed
an ANCOVA to evaluate the relationship between
combined size of neighbouring shrub pairs and the
distance separating them, with shrub species as a
grouping factor, combined diameter as a covariate,
and distance separating neighbouring shrubs as the
response variable.

Results

Density and cover of individual plant species

Results from a two-way MANOVA revealed
that, collectively, cover and density of Claytonia,
Bromus and Vulpia varied significantly among mi-
crohabitat types in 1996 (F4g0 = 36.84, P<0.0001).
Subsequent protected ANOVAs showed that this
result was due to significant responses in all six
variables. As shown in Fig. 1, percent cover and
density of Claytonia varied significantly among
microhabitats  (fo46=74.49, P<0.0001 and
> 46 = 543.43, P<0.0001, respectively), with multi-
ple comparison tests showing that values were
higher under each of the two shrubs than in
the shrub-free area. The pattern for Bromus was
similar (F46=23.47, P<0.0001 and F;4¢="7.10,
P =0.002, respectively), with cover and density
being significantly higher under shrubs than in
shrub-free areas (Fig. 1). In contrast, cover and
density of Vulpia was highest in shrub-free areas,
followed by under Ericameria and then Lupinus
(Flg 1, F2,46 = 3038, P<0.0001 and F2”46 = 1543,
P<0.0001, respectively). A third type of pattern
was found for the mosses: percent cover again varied
significantly among microhabitats (F, 7, =10.19,
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Fig. 1. Percent cover and density (mean + 1 SE) of three
herbaceous plant species across three microhabitat types
(under Lupinus chamissonis, under Ericameria ericoides
and open dune) in a coastal dune ecosystem. Letters above
bars refer to results from multiple comparison tests.

P<0.0001), but was highest under Ericameria and
equally low under Lupinus and in shrub-free areas
(Fig. 2a).

Plant species richness and aboveground biomass

Results from our second and third MANOVAs
indicated that, collectively, species richness and
aboveground biomass of grasses and forbs varied
significantly among microhabitat types in 1998
(F4’62: 318, P= 0019) and 2000 (Fg’46:2.32,
P =0.035). However, subsequent ANOVAs re-
vealed that the responses of grasses and forbs were
very different. As shown in Fig. 3, species richness of
grasses in 1998 and 2000 did not vary significantly
among microhabitat types (£33, =0.67, P=0.52
and F,,6=0.02, P=0.98, respectively), and the
same was true in 2000 for aboveground grass bio-
mass (Fr6=1.85 P=0.18). In contrast, forb
species richness varied significantly among micro-
habitat types in 1998 and 2000 (F,3,=6.17,
P =0.005 and F;,=4.62, P=0.019, respectively)
and a similar trend was evident for aboveground
biomass in 2000 (£5 56 = 2.77, P = 0.081). In all three
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Fig. 2. Percent cover of three moss species and accumu-
lating litter biomass (mean =+ 1 SE) across three
microhabitat types (under Lupinus chamissonis, under
Ericameria ericoides and open dune) in a coastal dune
ecosystem. Letters above bars refer to results from multi-
ple comparison tests.

cases, forb richness and biomass were highest in the
open dune and equally low beneath the two shrub
species (Fig. 3).

Litter biomass and soil nitrogen

In this dune ecosystem, microhabitats beneath
shrub canopies were markedly different from the
open dune in amount of plant litter and soil nitro-
gen. A two-way ANOVA indicated that the amount
of accumulated plant litter in 1996 varied sig-
nificantly among microhabitat types (F5 6= 37.5,
P<0.0001), with litter being highest beneath Lupi-
nus, intermediate beneath Ericameria and least in
shrub-free areas (Fig. 2b).

Results from our fourth and fifth MANOVAs
indicated that, collectively, soil nitrogen pools in
1997, as well as nitrogen pools and mineralization
rates in 2000, varied significantly among micro-
habitat types (1997 — F4 g5 = 7.15, P<0.0001; 2000 —
Fg 46=8.43, P<0.0001). Further ANOVAs revealed
that ammonium and nitrate pools varied sig-
nificantly among microhabitat types in 1997
(F246=9.67, P=0.0003 and F,46=5.15, P=10.01,
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Fig. 3. Species richness in 2 years and aboveground dry
biomass in 1 year for grasses and forbs (mean + 1 SE)
across three microhabitats (under Lupinus chamissonis,
under Ericameria ericoides and open dune) in a coastal
dune ecosystem. Letters above bars refer to results from
multiple comparison tests.

respectively) and 2000 (£ 2 = 30.33, P<0.0001 and
F>56="1.07, P=10.004, respectively). In both years,
ammonium levels were equally large beneath the two
shrub species and significantly lower in the shrub-
free areas (Fig. 4a and b). The pattern for nitrate
pools varied between years, with levels being sig-
nificantly higher beneath Lupinus and equally low
beneath Ericameria and shrub-free areas in 1997
(Fig. 4a) and equally large beneath the two shrubs
and slightly lower in the open dune in 2000 (Fig. 4b).
Rates of ammonium mineralization in 2000 did not
vary among microhabitat types (Frn6=1.41,
P =0.262), whereas there were significant differences
for nitrate (F, 26 = 13.78, P<0.0001 Fig. 4c). Miner-
alization rates for nitrate were significantly higher
beneath Lupinus, followed by Ericameria and then
shrub-free areas.
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Fig.4. Ammonium and nitrate pools as well as miner-
alization rates (mean =+ 1 SE) across three microhabitat
types (under Lupinus chamissonis, under Ericameria eri-
coides and open dune) in 1997 and 2000. Letters above
bars refer to results from multiple comparison tests.

Spacing patterns of shrubs

Our dispersion analysis of Ericameria indicated
that values of Clark & Evans’ (1954) nearest-neigh-
bour index (R) were significantly above 1 in all
cases, indicating a uniform spacing pattern (Table
la). In contrast, the patterns for Lupinus were less
consistent. In two plots, index values were sig-
nificantly higher than 1 (indicating uniform
spacing), whereas values were not significantly dif-
ferent from 1 (random spacing pattern) in the
remaining three plots (Table 1b).

Linear regression analysis indicated that the
combined size of neighbouring shrub pairs for each
species was a good predictor of the distance separat-
ing them. The distance separating Lupinus pairs
increased significantly with increased shrub size
(Fig. 5a; y = 0.585+0.349x, F| 517 = 76.55, P<0.0001,
R>=0.261). A similar pattern was also observed for
Ericameria shrub pairs (Fig. 5b; y =0.814+0.317x,
F1’247 = 1374, P<00001, R2 = 0357) Although
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Table 1. Intraspecific dispersion patterns exhibited by Eri-
cameria ericoides (a) and Lupinus chamissonis (b) in a
coastal dune ecosystem. Results from nearest-neighbour
analyses are shown, with dispersion index values (R)
significantly more than 1.0 indicating over-dispersion
(uniformity) and insignificant values indicating random
dispersion. Standard error values are provided with mean
nearest-neighbour distances (NNDs).

Species  Plot  Density Mean NND (m) Rvalue P

(a) Ericameria ericoides

1 0.21 1.44 + 0.07 1.32 < 0.001
2 0.24 1.42 + 0.05 1.40 < 0.001
3 0.17 1.65 + 0.06 1.35 < 0.001
4 0.14 1.91 &+ 0.08 1.44 < 0.001
5 0.11 1.78 +£ 0.12 1.18 < 0.050
(b) Lupinus chamissonis

6 0.26 1.02 &+ 0.07 1.05 >0.40
7 0.30 1.01 £ 0.06 1.11 =0.05
8 0.22 1.26 &+ 0.08 1.18 <0.02
9 0.12 1.45+0.18 1.00 >0.70
10 0.14 1.19 £ 0.12 0.90 >0.70

neighbouring Ericameria plants were spaced
further apart than neighbouring Lupinus plants
(F1464=4.92, P=0.027), the two species did not
exhibit significantly different slopes in the distance—
diameter regression (Fj4es=0.44, P=0.508; see
Fig. 5).

Discussion

In this paper, we present data suggesting that
two dominant shrubs, Lupinus chamissonis and
Ericameria ericoides, are important ecosystem
engineers in a coastal hind dune in northern Cali-
fornia, as they greatly alter the vegetation and soil
nutrients found beneath their canopies. At the po-
pulation level, our data suggest that shrubs had a
facilitative effect (i.e. positive) on the cover and
density of the native forb Claytonia perfoliata and
the exotic grass Bromus diandrus (Fig. 1). In con-
trast, shrubs appeared to have negative effects on
the cover and density of the exotic grass Vulpia bro-
moides (Fig. 1). The two shrub species differed in
their influence on three native moss species, with
cover being highest under Ericameria and equally
low under Lupinus and in shrub-free areas (Fig. 2a).
At the community level, both shrub species were as-
sociated with reduced species richness and
aboveground biomass of forbs, while there was no
pattern for grasses (Fig. 3). At the ecosystem level,
more plant litter accumulated in areas beneath
shrubs (Fig. 2b) and, presumably because of this,
soils associated with both shrub species had higher

1A Lupinus

Nearest-Neighbor Distances (m)

0 1 2 3 4 5 6 7 8
Combined Diameter of Neighboring Shrubs (m)

Fig. 5. Nearest-neighbour distances plotted as a function
of the combined diameter of neighbouring (a) Lupinus
chamissonis and (b) Ericameria ericoides shrubs.

pools of ammonium and, to a lesser degree, nitrate
than the open dune (Fig. 4a and b). In addition,
rates of nitrate mineralization were faster beneath
the canopy of Lupinus, followed by Ericameria and
then the open dune (Fig. 4c). Lastly, at a larger spa-
tial scale, we found that these two shrub species —
and therefore their unique patterns of vegetation
and soil nutrients — were often distributed uniformly
throughout our dune site, with the distance separat-
ing neighbouring shrubs increasing as their
combined sizes increased (Fig. 5).

Given that the data presented in the paper are
non-experimental, we need to evaluate hypotheses
for why the vegetative and soil characteristics be-
neath shrubs were so markedly different from those
found in adjacent shrub-free areas. We hypothesize
that shrubs themselves are directly and indirectly
responsible for the patterns detected in our study,
and believe that the literature strongly supports this
conclusion. Shrubs are well known to create distinct
physical environments beneath their canopies that,
in turn, lead to pronounced changes in vegetation,
litter and soil characteristics (see Callaway 1995;
Pugnaire et al. 1996, 2004; Scholes & Archer 1997,
Holzapfel et al. 2006; Wright et al. 2006; Shachak
et al. 2008). An alternative interpretation of our re-
sults is that shrubs were more likely to become
established in patches with litter- and nitrogen-rich
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soils, and that the associated vegetation patterns
were the result of such higher nutrient levels. For
numerous reasons, this view seems extremely un-
likely. First, our previous work (McNeil &
Cushman 2005; Lortie & Cushman 2007) as well as
that of Barbour et al. (1973) has shown that high-
nutrient patches do not occur commonly at this
dune site, unless associated with established shrubs.
Second, nitrogen levels in the soil under the canopies
of young, newly established Lupinus and Ericameria
plants were no different from those found in shrub-
free arecas (J. C. Waller and J. H. Cushman, un-
published data), and the reverse would have been
expected if this alternative hypothesis were true.
Thus, we are confident that Lupinus and Ericameria
are the primary drivers of the biotic and abiotic
patterns detected in our dune system.

Perennial plants commonly create “islands of
fertility” beneath their canopies (Callaway 1995;
Alpert & Mooney 1996; Scholes & Archer 1997;
Reynolds et al. 1999; Pugnaire et al. 2004; Shachak
et al. 2008), and our data strongly suggest that Lu-
pinus and Ericameria both have such effects. We
hypothesize that higher litter quantity under shrubs
was a major factor causing the increased nitrogen
pools and mineralization rates. This probably oc-
curred via two pathways: shrubs deposited leaf litter
that accumulated beneath their canopies and shrubs
also acted as litter traps, collecting diverse assort-
ments of litter produced by adjacent plants in the
community. We also hypothesize that variation in
litter quality and quantity was responsible for the
observed differences between the two shrub species
in nitrate pools (Fig. 4a) and mineralization rates
(Fig. 4c). In both cases, values were significantly
higher under Lupinus than Ericameria. Presumably,
these differences occurred in part because Lupinus is
a nitrogen-fixer and thus produces nitrogen-rich lit-
ter (McNeil & Cushman 2005; also see Bentley &
Johnson 1991; Maron & Connors 1996; Pugnaire et
al. 1996, 2004; Shumway 2000). Lupinus litter should
decompose more rapidly than that of Ericameria
because rates of litter decomposition are known to
increase with nitrogen content (Aber & Melillo
1991; McNeil & Cushman 2005). In addition, Eri-
cameria produces tougher leaves that probably
contain more lignin, in addition to lower nitrogen
levels, which further slows decomposition rates
(Aber & Melillo 1991). Litter quantity may be just as
important as litter quality, and Lupinus deposits
more leaf litter than Ericameria (Fig. 2b), probably
because they produce larger leaves that have a
shorter retention time. Thus, differences in leaf size,
chemical composition and retention time all appear

to be critical characteristics that explain the species-
specific effects of shrubs on ecosystems.

We hypothesize that differences in light, water,
leaf litter and soil nitrogen were the major drivers of
the variation in percent cover and density for the
herbaceous dominants in our system. Claytonia is a
fast-growing, fleshy annual, and the moist, shady
conditions under shrubs provide an ideal location
for its growth and reproduction. For example, at
our study site, Waller (1998) found that Claytonia
was taller under shrubs then in shrub-free areas. The
success of Bromus under shrub canopies, especially
under Lupinus, is not surprising given that these
patches have increased nitrogen levels (Fig. 4),
which have been shown to promote its density and
growth (Callaway et al. 1991; Maron & Connors
1996). Our results for Vulpia suggest that this in-
vader is less tolerant of shade and/or less effective at
competing with other understorey species for the
nutrients that abound beneath shrub canopies. The
two shrub species appear to have dramatically dif-
ferent effects on the cover of mosses in our system
(Fig. 2a), which are not readily explained by light
and moisture levels (see Waller 1998). One possible
explanation for the lower cover of mosses under
Lupinus compared to Ericameria is that high nitrate
pools and mineralization rates (Fig. 5) inhibited the
success of mosses. Although this may be possible,
Titus (2009) found that moss cover was higher under
nitrogen-fixing species than in open areas in a non-
dune system. Another possibility is that the in-
creased amounts of litter accumulating under
Lupinus shrubs (Fig. 2b) adversely affected moss
cover.

Grasses and forbs exhibited markedly different
responses to shrubs in our dune system. Biomass
and species richness of grasses were both unaffected
by shrubs, whereas there was a negative effect on
these variables for forbs (Fig. 3). At least for bio-
mass, the absence of effects for grasses may have
been due to contrasting responses of the two most
dominant species, with density and cover of Bromus
being higher under shrubs, and that for Vulpia being
highest in shrub-free areas. In terms of forbs, in-
creased nitrogen levels beneath shrubs might reduce
their species richness by favouring rapidly growing
forb species that are able to capitalize on these re-
sources and competitively exclude slower-growing
forb taxa (Maron & Connors 1996; Jefferies &
Maron 1997; Collins et al. 1998). However, nitrogen
availability by itself appears insufficient to explain
our results, given that the richness reductions in
other systems were usually associated with increased
biomass production, which we did not find (Fig. 3c¢).
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A second factor that could explain our forb results is
litter accumulation, which has been shown to sup-
press germination, growth and/or plant species
richness (e.g. Knapp & Seastedt 1986; Foster &
Gross 1998; Suding & Goldberg 1999; Cavieres et al.
2007). Although this may occur in our system, we
suspect the most important factor is reduced light
levels under shrub canopies, which prevent forbs
from capitalizing on the increased nitrogen avail-
ability. Offering support for this view is work by
Maron & Connors (1996) in a coastal prairie ad-
jacent to our site, which demonstrated that
increased nitrogen supplies under Lupinus arboreus
had large effects on the plant community, but only
after the shrubs died and light levels increased.
Interactions among neighbouring plants may
influence the spatial distribution of shrubs in the
landscape, and therefore the distribution of their ef-
fects on vegetation and soil characteristics. Two
lines of evidence suggest that intraspecific competi-
tion among shrubs, particularly Ericameria, has
been sufficiently strong in the past to influence spa-
cing patterns at our site: shrubs often exhibited
uniform spatial distributions (Table 1), and the dis-
tance separating neighbouring shrubs increased with
increasing size of shrubs (Fig. 5). These data suggest
that the intensity of competition may increase with
increasing size of the adjacent individuals (see Phil-
lips & MacMahon 1981). However, regardless of
whether competition is driving these spatial patterns,
the distinctive vegetation and nitrogen availability
associated with shrubs are distributed in a fairly or-
derly fashion throughout the dune landscape.
Factors that influence the abundance or size of
shrubs in the landscape should have large impacts
on this system, given that shrubs create discrete
patches that differ markedly from the surrounding
matrix. Two factors are especially important in our
dune system. First, exclosure experiments have
revealed that herbivory by black-tailed deer (Odo-
coileus hemionus columbianus) and black-tailed
jackrabbits (Lepus californicus) reduced the size of
Lupinus and Ericameria, respectively (Warner &
Cushman 2002; McNeil & Cushman 2005; Hunt-
zinger et al. 2008). Second, the abundance and size
of both shrub species decreased along a well-
documented stress gradient that occurs along a
200-m stretch of dune at our site (Lortie & Cushman
2007). Specifically, the size and abundance of both
shrub species decreased at the more stressful end of
the gradient — areas that experienced higher wind
speeds, coarser soil, and lower soil moisture and
nitrate levels. Thus, herbivory and environmental
stress are two factors that reduce the influence of

shrubs in our dune system (i.e. they reduce the
amount of shrub-influenced dune in the landscape).

In conclusion, our data suggest that two shrub
species serve as ecosystem engineers in a coastal
dune system, having influences at multiple levels of
biological organization. The two shrubs frequently
varied in their effects on plant populations, com-
munities and ecosystems, thus highlighting the
species-specific impacts of different ecosystem en-
gineers. Shrubs had a complex mixture of positive
and negative effects on individual understorey plant
species and depressed species richness and biomass
of herbaceous dicots. Our data also support the
hypothesis that intraspecific competition has influ-
enced the spatial distributions of these shrubs, and
thus altered the distribution of their effects
throughout the landscape. Collectively, these find-
ing not only contribute to the growing literature on
the importance of shrubs in ecological systems but
also demonstrate the complexity and variability of
these impacts.
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