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diandrus) was facilitated both by aboveground shrub bio-
mass and by growing in soil taken from shrub patches. 
experimental removal of shrubs negatively affected spe-
cies most associated with shrubs and positively affected 
species most often found outside of shrubs. Counter to 
the stress-gradient hypothesis, the effects of shrubs on 
the physical environment and individual plant growth 
did not increase across the established stress gradient at 
this site. at the community level, shrub patches increased 
beta diversity, and contained greater rarified richness and 
exotic plant cover than shrub-free patches. shrub effects 
on rarified richness increased with environmental stress, 
but effects on exotic cover and beta diversity did not. 
Our study provides evidence for the community-level 
effects of shrubs as ecosystem engineers in this system, 
but shows that these effects do not necessarily become 
stronger in more stressful environments.

Keywords Coastal dunes · ecosystem engineers · exotic 
species · Facilitation · stress-gradient hypothesis

Introduction

Plants that strongly modify their local physical environ-
ment can be considered ecosystem engineers (Jones et al. 
1994; Badano et al. 2006; Cuddington et al. 2007). an eco-
system engineer can have positive effects on neighboring 
plants through alteration of the physical or biotic environ-
ment. the mechanisms by which plants act as ecosystem 
engineers are various and can range from mitigating distur-
bances such as herbivory (Callaway et al. 2005; Cushman 
et al. 2011), intense sunlight (Valiente-Banuet and ezcurra 
1991) or wind (Carlsson and Callaghan 1991), to increas-
ing the availability of soil resources (schlesinger et al. 
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1990; Pugnaire et al. 1996; shumway 2000; Cushman et al. 
2010).

the stress-gradient hypothesis (sgh) is the prevailing 
model for predicting how plants acting as ecosystem engi-
neers will affect neighboring plants (Bertness and Callaway 
1994). It predicts that facilitation will be most common 
in environments that are physically or biologically stress-
ful for plant growth. a mechanistic rationale for the sgh 
is that, as stress increases, the microenvironment produced 
by the engineering species stays relatively constant—thus 
the relative effect of the engineer is greater in an other-
wise stressful environment (Bertness and Callaway 1994; 
Badano and Cavieres 2006; maestre et al. 2009). mean-
while, some competitive effects of an engineering species 
on co-occurring plants might decrease towards the stress-
ful end of gradients (Pugnaire and luque 2001). Because 
the net interaction is determined by the balance of positive 
(environment modification) and negative (competitive) 
effects, both of the above mechanisms could contribute to 
more positive effects at high stress (Brooker et al. 2005). 
Despite many field tests of the sgh, evaluating this mecha-
nism is difficult because not all studies directly measure the 
physical effects of ecosystem engineers across gradients.

a recent meta-analysis of the sgh found strong support 
for its general predictions at the level of individual plant 
growth (he et al. 2013), but less research has addressed 
community-level effects (hacker and gaines 1997). eco-
system engineering shrubs and cushion plants often have 
distinct understory species associated with them, represent-
ing a source of beta diversity (Valiente-Banuet and Verdu 
2007; Cavieres and Badano 2009; Butterfield et al. 2013). 
this increase in beta diversity tends to be more pronounced 
in more stressful environments (Badano and Cavieres 
2006; Cavieres and Badano 2009; armas et al. 2011). at a 
smaller scale, the plant community within the ecosystem-
engineered patch often contains more individual plants and 
a greater number of species (Badano et al. 2006; Cavieres 
and Badano 2009). greater individual density within engi-
neered patches likely occurs when the engineering species 
alleviates stresses that limit survival and establishment 
(tewksbury and lloyd 2001; Badano et al. 2006; holzap-
fel et al. 2006; Forey et al. 2009). On the other hand, a 
few studies have also shown lower plant density and spe-
cies density within ecosystem engineering plants (gutiér-
rez et al. 1993; maron and Connors 1996; De Villiers et al. 
2001).

ecosystem engineers are also likely to play a role in 
exotic plant invasion in stressful environments (maron and 
Connors 1996; Badano et al. 2007; griffith 2010; Cush-
man et al. 2011). We might expect exotic plants to benefit 
more than natives from habitat amelioration by ecosys-
tem engineers if exotic plants have traits associated with 
greater competitive ability and lower stress tolerance than 

native species (holmgren and scheffer 2010). this trade-
off would give exotics an advantage in facilitated patches 
where growth and competition may be high and a disadvan-
tage in stressful environments away from facilitators (tiel-
börger and Kadmon 2000).

In this study, we investigate the ability of shrubs to act 
as ecosystem engineers and facilitate neighboring species 
across an abiotic stress gradient. We combine experimen-
tal and comparative approaches to evaluate the effects of 
shrubs on wind speed and soil conditions, and determine 
the consequences for individual plant growth and com-
munity composition. We test four hypotheses: (1) shrubs 
modify the physical environment in ways that facilitate 
the growth of individual plants; (2) communities in shrub 
patches have greater individual density, cover, and species 
richness; (3) shrub patches increase beta diversity and favor 
exotic species; and (4) the effects of shrubs in all these 
cases increase towards the stressful end of the gradient. By 
assessing the sgh at the community level, our study pro-
vides insight into the role of ecosystem-engineering plants 
in determining species diversity and exotic species invasion 
in stressful environments.

Study system

We conducted this study in a coastal hind-dune system 
located on Bodega head in sonoma County, Ca, usa 
(38°19′n, 123°3′W). this area is characterized by a medi-
terranean climate, strong northwest winds throughout the 
spring and summer, and fast-draining sandy soil low in 
nutrients and organic matter (Barbour 1973; mcneil and 
Cushman 2005; Cushman et al. 2010). as reported by lor-
tie and Cushman (2007), this site spans a roughly 250-m 
plant stress gradient driven by sand particle size and wind 
exposure (see Fig. s1 in the electronic supplementary 
information, esm). as one moves from the leeward end of 
the gradient to the nW, sand particle sizes increase and sur-
face wind speeds increase. moisture limitation is the likely 
mechanism of plant stress across this gradient because 
larger sand particles hold less water at field capacity and 
also because stronger surface winds increase evapotranspi-
ration (Jury and horton 2004). Indeed, lortie and Cush-
man (2007) reported lower soil field capacity at the high 
stress end of the gradient and changes in the plant commu-
nity consistent with a plant stress gradient: average plant 
size, perennial cover, native plant cover, and species rich-
ness all decreased to the nW or windward end of the gradi-
ent. nutrient limitation may also play a role, as lortie and 
Cushman (2007) also found lower nitrate pools at the more 
stressful end of the gradient. Importantly, the abundance 
of Bromus diandrus (Poaceae; hereafter referred to as Bro-
mus), a dominant non-native grass at this site, appeared to 
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be sensitive to this stress gradient and was significantly 
lower at the more stressful nW end of this site.

Ericameria ericoides (asteraceae; hereafter referred to 
as Ericameria) is a shrub endemic to coastal dunes in Cali-
fornia, with an average of 20–30 % canopy cover at this 
site (Cushman et al. 2010). many smaller plant species, 
including native and non-native annual forbs and grasses, 
often grow underneath the canopy of Ericameria. Previous 
research demonstrated that nitrogen pools, mineralization 
rates, and dry litter biomass were greater under Ericameria 
than in the open dune (Cushman et al. 2010). In addition, 
two plant species—the native forb Claytonia perfoliata and 
the invasive exotic grass B. diandrus—had greater cover 
and density underneath Ericameria canopies. In contrast, 
the biomass and richness of other species was greater in the 
open dune.

Methods

effects of Ericameria on the physical environment

We designed this study on the a priori assumption that sites 
located further away from the se end of the environmen-
tal gradient described above experience greater plant stress 
(lortie and Cushman 2007). For the remainder of the paper, 
we refer to position on the gradient in meters away from 
the low-stress, leeward end of the gradient—e.g., a gradi-
ent position of 100 m is 100 m towards the more stress-
ful windward end of the gradient than a position of 0 m. 
In order to measure the effects of shrubs across the gradi-
ent, we established 23 sampling transects 20 m long that 
ran perpendicular to the gradient and were spaced roughly 
every 10 m along the gradient (i.e., at positions 0–220 m 
along the gradient; Fig. s1 of the esm). We randomly 
selected two Ericameria shrubs intercepted by each tran-
sect (n = 46) and measured their maximum canopy heights. 
We paired each selected shrub with an adjacent shrub-free 
patch at a randomly selected compass heading 1 m away 
from the edge of the shrub’s canopy. If a shrub-free area we 
selected was within 1 m of an adjacent shrub canopy then 
the patch was relocated to the nearest shrub-free area.

to characterize the effects of shrubs on the soil environ-
ment, we collected a 500-ml sample of surface soil includ-
ing litter from each shrub and shrub-free patch. We dried 
samples at 60 °C for 48 h and then separated dried soil 
samples into seven distinct fractions: coarse organic matter 
(e.g., rabbit scat, twigs and leaves larger than 2 mm), very 
coarse sand (VCs; particles 2–1 mm), coarse sand (Cs; 
1–0.5 mm), medium sand (ms; 0.5–0.25 mm), fine sand 
(Fs; 0.25–0.1 mm), very fine sand (VFs; 0.1–0.05 mm), 
and silt and clay (<0.05 mm). after first sieving out coarse 
organic matter, we transferred samples to a set of nested 

sieves and shook each sample by hand for 2 min. We then 
weighed each soil fraction and calculated the amount 
of each as a proportion of the total sample weight. as an 
aggregate measure of sand texture, we calculated the geo-
metric mean particle diameter for each sample, follow-
ing shirazi and Boersma (1984). For a subset of 11 paired 
shrub and open samples, one on every other transect, we 
also measured the organic carbon content in sand fractions 
(i.e., not including coarse organic matter) to the nearest 
0.5 % with an organic carbon analyzer (skalar Primacs, 
salt lake City, ut, usa) at utah state university.

above- and belowground effects of Ericameria on Bromus

We established a field experiment in January 2011 to 
separate the above- and belowground effects of shrubs 
on individual plant growth. We chose to use the annual 
grass B. diandrus as a phytometer because it is the most 
prevalent exotic annual species at this site and because its 
abundance changes across the gradient (lortie and Cush-
man 2007). We selected 30 shrubs distributed along the 
length of the environmental gradient and paired each with 
an adjacent shrub-free area 50 cm away (we refer to each 
pair as a “block”). We filled four plastic pots (8.5 cm wide 
and 10 cm deep) with soil from underneath each shrub and 
shrub-free patch (8 pots total per block). We then rear-
ranged the pots in each block so that two pots containing 
soil from under the shrub were placed in the shrub-free area 
and two pots with soil from the shrub-free area were placed 
under the shrub. this produced four treatment-level com-
binations between soil origin and shrub protection: shrub 
soil within shrub, shrub soil outside of shrub, shrub-free-
soil within shrub, and shrub-free soil outside of shrub. We 
placed these pots in holes where soil had been collected so 
that soil levels in pots were flush with the natural soil level.

In January 2011, we transplanted a two-week-old bare 
root Bromus seedling into each of these 240 pots in the 
field (seedlings were grown from seed collected at the 
study site in the fall of 2010 and started in a greenhouse 
in store-bought potting soil). all other species germinating 
within these pots were removed. We harvested the above-
ground biomass of these plants in late april 2011 when 
vegetative parts began senescing and the spikelets looked 
mature. We dried the biomass of each plant at 60 °C for 
48 h and weighed it. as a measure of reproductive output, 
we also counted the number of spikelets on each plant upon 
harvesting.

species association with Ericameria and shrub-free 
patches

We sampled vegetation in 20 × 30 cm quadrats placed 
at randomly selected positions within each shrub and 
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shrub-free patch described in “effects of Ericameria on the 
physical environment” above. We used this small quadrat 
size so that we could fit sampling quadrats within shrub 
patches. Within quadrats, we counted individuals of each 
species, visually estimated the absolute percent cover, and 
then categorized it into one of the following classes: <1, 
1–5, 6–15, 16–25, 26–50, 51–75, and 76–100 %.

effects of Ericameria removal

In early march 2010, we haphazardly selected 70 Eri-
cameria shrubs, ensuring that they were more or less 
evenly distributed along the environmental gradient. We 
selected shrubs that were not used in the studies above. 
most selected shrubs were several meters away from each 
other (the nearest two shrubs were 2.8 m apart and only 
four shrubs were less than 4 m apart). Because the shrubs 
in this system are short and distances between shrubs are 
generally large, we believe proximity to neighboring shrubs 
had a minimal effect on the environment of shrub patches 
selected for this experiment. We marked the perimeter of 
each selected shrub canopy with pin flags and measured 
its position relative to the stressful end of the gradient. We 
assigned alternating removal and control treatment lev-
els to each shrub along the gradient. For shrubs assigned 
to removal, we cut all Ericameria stems to ground level 
and removed them from the plot, taking care not to disturb 
other plants growing within the perimeter of the shrub.

at peak biomass of the first year (april 2010), we har-
vested the aboveground biomass of all species (excluding 
Ericameria) found in a single 20 × 30 cm quadrat placed 
at a random position within each shrub or shrub-removed 
patch. We sorted biomass to species, dried material for 48 h 
at 60 °C, and weighed it. In the second year of the experi-
ment (april 2011), we followed the same procedure but 
sampled two 20 × 30 cm quadrats within each shrub that 
did not overlap with the previous year’s quadrats.

to quantify the effect of shrubs on wind, we measured 
wind speeds within experimental shrub patches (removals 
and controls) four different afternoons during the growing 
season between February 3rd and march 28th in 2011. We 
measured a 10-s average wind speed in m/s with a Kes-
trel® (nielsen-Kellerman, Boothwyn, Pa, usa) handheld 
anemometer placed 3 cm above the ground surface at the 
center of each shrub. We believed that wind speed at this 
height would have the most direct effect on the small plants 
we measured at this study site.

statistical analyses

We used a simple linear regression to analyze how shrub 
height changed across the stress gradient. We analyzed 
how mean particle size, coarse organic matter, and organic 

carbon in soil were affected by shrubs across the stress 
gradient using general linear models with position on the 
gradient, habitat (shrub patch and non-shrub patch), and 
their interaction as predictor terms. When a nonlinear 
effect of stress gradient position was evident, we assessed 
model fit with a quadratic effect of gradient position and 
tested whether this significantly improved model fit over 
a linear model. We compared models using F tests in the 
‘anova’ function in the statistical program r (r Core 
team 2013).

Because the overall wind speed was different on each 
day measured, we scaled these measurements by subtract-
ing each value from the day’s mean speed and then divid-
ing by the standard deviation of measurements on that day. 
We then analyzed the average standardized wind speeds in 
response to position on the gradient, shrub treatment (shrub 
removed, shrub intact), and their interaction.

We log-transformed final aboveground biomass of Bro-
mus in the transplant experiment and averaged this across 
the two focal plants within each of the four treatment com-
binations in each block. We analyzed average log biomass 
per plant in a model with fixed effects for position towards 
the stressful end of the gradient, shrub treatment, soil, 
and the two-way interactions between these factors. We 
assigned each block (i.e., each pair of open/shrub patches) 
as a random effect. Because the shrub treatment levels in 
each block were spatially clustered, we nested shrub treat-
ment within block as a random effect in the model. We 
fitted linear mixed effects models with the ‘lme’ function 
from the nlme package in r (Pinheiro et al. 2013). We ana-
lyzed log-transformed spikelet production per plant using 
the same model structure as above. We assessed the sig-
nificance of the main effects using F tests with the ‘anova’ 
function in r.

to assess whether plant species composition as meas-
ured by absolute cover varied across the gradient and 
between shrub and shrub-free patches, we used non-metric 
multidimensional scaling analysis (nmDs) with the func-
tion ‘metamDs’ in Vegan 2.0 (Oksanen et al. 2013). We 
used the ‘envfit’ function to test how position on the gradi-
ent and habitat type (shrub, shrub-free area) were associated 
with nmDs axes. We calculated Whittaker’s beta diversity 
between each pair of shrub and shrub-free patches as the 
cumulative richness within each pair of sampled patches 
divided by the average richness of these two individual 
patches (anderson et al. 2011). as another measure of beta 
diversity, we calculated the Bray–Curtis distance between 
each pair of patches, Djk =

∑
|xij − xik|/

∑
(xij + xik), 

where xij is the number of individuals of species i in shrub 
patch j and xik is the number of individuals of the same spe-
cies in the paired shrub-free patch k (Oksanen et al. 2013). 
We regressed these measures of beta diversity across posi-
tion on the stress gradient.
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We used separate generalized linear models to test how 
position on the gradient, habitat type (shrub, shrub-free 
area), and their interaction affected five community-level 
measures: (1) total plant density (individuals per quadrat), 
(2) absolute total plant cover, (3) species density (richness 
per quadrat), (4) rarified richness per quadrat, and (5) the 
ratio of exotic cover to native cover. For abundance and 
species density, we assessed the model fit with normal, 
Poisson, and negative binomial errors using either the 
‘lm,’ ‘glm,’ or ‘glm.nb’ functions in r, and used the error 
structure that best fitted these data. We computed rarefied 
richness per quadrat at the level of 15 individuals. We log 
transformed the ratio of exotic to native cover for analysis 
so that it would not be bounded between zero and one; on 
this scale, positive values indicate exotic cover greater than 
native cover.

We analyzed the effect of the shrub-removal experi-
ment on native and exotic biomass in 2010 and 2011. We 
included year (2010 or 2011), position on the gradient, 
shrub treatment (shrub removed or shrub intact) and the 
two-way interactions in these models. We used the ‘lme’ 
function from the nlme package for analysis and assigned 
shrubs as random effects to account for repeated sam-
pling (Pinheiro et al. 2013). We removed interactions with 
year when they did not improve model fit assessed with 
likelihood ratio tests. We also tested the hypothesis that 
the response of each species to shrub removal would be 
inversely related to that species’ association with shrubs. to 
do this, we performed a mann–Whitney test on the cover 
values of each species in shrub and shrub-free patches 
using the ‘wilcox’ function in r. We saved Z scores from 
each of these tests as a nonparametric measure of each spe-
cies’ association with shrubs. We then calculated Z scores 
in the same way for the difference in each species’ har-
vested biomass between the removal and control treatments 
in 2010 and 2011 in the experimental dataset. We regressed 
each species’ response to shrub removal (i.e., the experi-
mental Z score) against the strength of each species’ associ-
ation with shrubs in the associational dataset (i.e., the cover 
Z score). We used a linear mixed model with the cover Z 
score, year, and their interaction as fixed effects, and set 
species as a random effect.

Results

effects of Ericameria on the physical environment 
across the stress gradient

the height of Ericameria shrubs decreased significantly 
towards the more stressful end of the gradient (F1,44 = 13.0, 
p < 0.001, R2 = 0.21; Fig. 1a). Proportions of each parti-
cle size class averaged across all samples were 6 % VCs, 

47 % Cs, 31 % ms, 15 % Fs, 0.5 % VFs, and 0.1 % silt 
and clay. We excluded the silt and clay fraction from fur-
ther particle size calculations because it made up a minimal 
fraction of the soil mass. geometric mean particle diam-
eter across all samples was 0.53 mm and varied from 0.29 
to 0.90 mm. Particle size appeared to change nonlinearly 
across the gradient (Fig. 1b), and we found that a model 
with a quadratic effect of gradient position fitted the data 
significantly better than a model with no quadratic term 
(F2,86 = 22.7, p < 0.001). Overall, this model fitted the data 
well (F5,86 = 43.1, p < 0.001, R2 = 0.70) and showed that 
particle size decreased slightly as distance from the least 
stressful end increased and then increased rapidly towards 
the stressful end of the gradient (F2,86 = 88.4, p < 0.001). 
Particle size was also significantly greater within shrub 
habitats (F1,86 = 35.9, p < 0.001). however, we did not find 
an interaction between habitat type and gradient position 
(F2,86 = 1.4, p = 0.26).

Coarse organic matter varied significantly with gradient 
position, shrub habitat, and their interaction (F3,88 = 17.89, 
p < 0.001, R2 = 0.36; Fig. 1c). Coarse organic matter was 
2–3 times greater in shrub habitats (F1,88 = 39.1, p < 0.001) 
and decreased towards the stressful end of the gradient 
but not outside of shrubs (gradient × habitat interaction: 
F1,88 = 6.5, p = 0.012). Fine soil carbon appeared to peak 
in the middle of the gradient, and including a quadratic 
term for position on the gradient significantly improved 
the fit of the model over a linear model (F2,16 = 4.4, 
p = 0.03, Fig. s2 of the esm). this model explained a sig-
nificant proportion of the variation (F5,16 = 3.0, p = 0.04, 
R2 = 0.33). after accounting for the quadratic effect of 
gradient position, there was a trend for soil carbon to be 
greater in shrub patches (F1,16 = 4.1, p = 0.061), but there 
was no interaction between the shrub effect and gradient 
position (F2,16 = 0.2, p = 0.804).

shrub removal and position along the gradient sig-
nificantly affected wind speeds (F3,66 = 78.9, p < 0.001, 
R2 = 0.77; Fig. 1d). Wind speeds were one standard devi-
ation greater (1.4 m/s on the windiest day sampled) in 
patches where shrubs were removed than in intact shrubs 
(F1,66 = 169.1, p < 0.001). Wind speed also increased lin-
early towards the stressful end of the gradient (F1,66 = 66.2, 
p < 0.001), but there was no interaction between gradient 
position and shrub removal (F1,66 = 1.3, p = 0.25).

above- and belowground effects of Ericameria on Bromus

survival of Bromus in the transplant experiment was 
high—230 out of 240 transplants survived to the end of 
the spring. Final aboveground biomass per plant was sig-
nificantly greater when plants were grown in soil collected 
from under shrubs (F1,57 = 7.0, p = 0.011, Fig. 2). Bro-
mus plants were also significantly larger when grown under 
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shrub canopies than when grown in the open (F1,28 = 4.2, 
p = 0.049). however, there was no interaction between 
soil and canopy treatments (F1,57 = 0.001, p = 0.972). 
gradient position did not have a significant effect on final 
biomass (F1,28 = 0.9, p = 0.353) and did not interact 
with either soil (F1,57 = 0.3, p = 0.586) or canopy effects 
(F1,28 = 0.4, p = 0.542). average spikelet production per 
plant showed the same pattern—a significant effect of 
soil type (F1,57 = 5.8, p = 0.019), a trend towards a shrub 
canopy effect (F1,28 = 2.8, p = 0.105), and no interaction 
between the two (F1,57 = 0.02, p = 0.898). likewise, gra-
dient position did not have an effect on spikelet produc-
tion (F1,28 = 0.6, p = 0.444) and did not interact with soil 
(F1,57 = 0.3, p = 0.574) or canopy effects (F1,28 = 0.1, 
p = 0.730).

species association with Ericameria and shrub-free 
patches

nonmetric multidimensional scaling analysis of relative 
species cover reached a solution with a stress of 0.19. 

Fig. 1  shrub height (a), mean 
sand particle size (b), soil 
coarse organic matter (c), and 
wind speed across the environ-
mental stress gradient (d). In 
all panels, stress increases with 
position. In b and c, soil sam-
ples are from 46 shrub patches 
and 46 paired shrub-free 
patches. In d, wind speed was 
measured in 35 intact shrubs 
and 35 patches where shrubs 
were experimentally removed. 
separate regression lines are 
shown for shrub (solid) and 
shrub-free (dashed) environ-
ments

Fig. 2  Interaction plot showing final aboveground biomass of B. 
diandrus plants grown in soil from shrub and open patches. Plants 
were grown either under shrub canopies or in shrub-free patches. 
Plant biomass was log-transformed for analysis, and back-trans-
formed means ± se are shown
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shrub and shrub-free patches formed distinct clusters in 
the nmDs plot and were separated by the first nmDs axis 
[confirmed with permutation analysis in the ‘envfit’ func-
tion: R2 = 0.21, p < 0.001 (999 permutations); Fig. 3]. 
species associated with shrub patches included the exotic 
grass Bromus and the native annual forbs Pterostegia dry-
marioides and Claytonia perfoliata, while species associ-
ated with shrub-free patches included the native annual 
forbs Chorizanthe cuspidata and Cryptantha leiocarpa. 
the second nmDs axis was significantly related to posi-
tion on the gradient [‘envfit’ R2 = 0.35, p < 0.001 (999 
permutations)].

Plant density, total absolute cover, richness, and propor-
tion of exotic cover varied substantially across the gradient 
and between habitat types. a negative binomial regression 
model best fitted the plant density data (proportion of devi-
ance explained = 0.52). Plant density increased dramati-
cally towards the stressful end of the gradient outside of 
shrubs, but increased only gradually within shrub patches 
(significant gradient position × habitat type interaction 
term: table 1a; Fig. 4a). absolute cover increased towards 
the stressful end of the gradient underneath shrubs and in 
shrub-free patches (R2 = 0.13; table 1b; Fig. 4b). species 
density was fitted with a negative binomial model (propor-
tion of deviance explained = 0.16) and increased with stress 
in both habitats (table 1c; Fig. 4c). In contrast, rarefied 
richness at the level of 15 individuals decreased towards 
the stressful end of the gradient in shrub-free patches more 
rapidly than under shrubs (R2 = 0.41; table 1d; Fig. 4d). 
Calculating rarified richness at 10 or 20 individuals per 
quadrat did not qualitatively change the results. most plots 
had a negative log ratio of exotic to native cover, indicat-
ing more native cover than exotic cover (Fig. 4e). ten plots 
had no exotic cover and so the log ratio was undefined. 
We assigned these plots the smallest positive value for 
exotic cover observed. the ratio of exotic to native cover 
was significantly greater within shrub patches but did not 
change with stress (R2 = 0.10; table 1e). Whittaker’s beta 
diversity between shrub and shrub-free patches decreased 
towards the stressful side of the gradient, indicating that the 
species compositions in the habitats became more similar 
with stress (F1,44 = 13.3, p < 0.001, R2 = 0.21; Fig. 5f). 
however, the Bray–Curtis distance between plot pairs cal-
culated from the individual density of each species showed 
no significant relationship with position on the gradient 
(F1,44 = 1.1, p = 0.30, R2 = 0.002; Fig. s3 of the esm).

effects of Ericameria removal

shrub removals had 40 % less exotic biomass than controls 
(table 2; Fig. 5a, b), and exotic biomass decreased towards 
the higher-stress end of the gradient in 2010 but not in 
2011 (position × year interaction: table 2). We found no 

significant effect of shrub removal on overall native bio-
mass (Fig. 5c, d). native biomass decreased significantly 
towards the more stressful end of the gradient, and biomass 
was significantly lower overall in 2011 than in 2010 (year 
effect: table 2).

Individual species’ responses to shrub removal were sig-
nificantly predicted by the strength of each species’ asso-
ciation with shrubs in the comparative study (F1,39 = 44.3, 
p < 0.001; Fig. 6). removal effects were also more strongly 
related to association strength in the second year (associa-
tion strength × year interaction; F1, 38 = 6.0, p = 0.019).

Discussion

generally ecosystem engineers are expected to have posi-
tive effects on species diversity and invasion in stress-
ful environments (hacker and gaines 1997; Bruno et al. 
2003). While many studies of plant communities confirm 
that positive effects on individual plants increase with envi-
ronmental stress (he et al. 2013), only a handful of studies 
have tested how community-level effects change with envi-
ronmental stress (Cavieres and Badano 2009; armas et al. 
2011). We used a comparative study and a paired removal 
experiment to test if ecosystem-engineering shrubs increase 
beta diversity, abundance, species density, and exotic spe-
cies invasion more in stressful conditions than in less 
stressful conditions. While we found strong evidence of the 

Chorizanthe

Pterostegia

Bromus

Claytonia

Cryptantha

Vulpia

Fig. 3  nonmetric multidimensional scaling analysis (nmDs) 
on absolute percent cover of species in 46 shrub and 46 shrub-free 
patches. Positions of six common plant species are shown with 
arrows and labeled with genera names. each arrow points in the 
direction of increasing stress on the gradient
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importance of ecosystem engineering on this plant commu-
nity, the effects did not always increase towards the more 
stressful end of the environmental gradient in this coastal 
dune system.

shrubs in this coastal dune engineer the local ecosys-
tem by changing particle size distribution, increasing soil 
organic matter, and reducing local wind speeds (Figs. 1 and 
s2 of the esm). the strong effects of shrubs on wind and 
organic matter support our first hypothesis and are largely 
consistent with other research showing the importance of 
shrubs in creating spatial heterogeneity in soil (schles-
inger et al. 1990; alpert and mooney 1996; Pugnaire et al. 
1996; shumway 2000). We expected that soils under shrubs 
would have greater proportions of wind-blown fine sand 
and silt (gutiérrez et al. 1993; Zhao et al. 2007), but instead 
found significantly higher coarse sand fractions under-
neath shrubs than in shrub-free patches (Fig. 1b). larger 
grained sands do not hold as much moisture or nutrients as 

fine sand (lortie and Cushman 2007), so this could have a 
negative effect on plants in shrub patches. While this effect 
was unexpected, greater particle size under shrubs has been 
reported in at least one other study (sankey et al. 2012).

In general we found support for our use of position 
towards the nW on the gradient as a measure of stress, as 
wind speed and sand particle size were generally greater as 
distance to the nW side of the gradient increased (Fig. 1). 
however, soil properties did not change linearly across 
the gradient: particle size did not increase across the less 
stressful half of the gradient (0–100 m) and then increased 
dramatically across the more stressful half (100–220 m; 
Fig. 1b). moreover, fine soil carbon actually peaked near 
the middle of the gradient (Fig. s1 of the esm). this indi-
cates that, at the low stress end of the site, position on the 
gradient may not have been as useful an indicator of soil 
stress. however, in general, we note that the wind speeds 
and particle size distributions are consistent with the nW 

Table 1  significance of main effects of gradient position, habitat, and their interaction on individual density, cover, richness, rarefied richness 
(at the level of 15 individuals), and proportion of exotic cover in 92 shrub and open patches

negative binomial models were fitted for density and species richness per quadrat, and generalized linear models with normal errors were fit-
ted for cover, rarefied richness, and proportion of exotic cover. P values are from chi-square tests of the change in residual deviance for negative 
binomial models and F tests for glms

(a) Density per quadrat df Deviation dfresid residual deviation P(>X2)

Position 1 84.8 90 129 <0.001

habitat 1 11.7 89 118 <0.001

Position × habitat 1 14.6 88 103 <0.001

null 91 214

(b) Cover per quadrat df ss ssm F P(>F)

Position 1 7,970 7,970 9.9 0.002

habitat 1 3,105 3,015 3.8 0.053

Position × habitat 1 2,086 2,086 2.6 0.112

residual 88 71,171 809

(c) richness per quadrat df Dev dfresid resid Dev P(>X2)

Position 1 16.5 90 106 <0.001

habitat 1 1.6 89 104 0.212

Position × habitat 1 1.2 88 103 0.271

null 91 122

(d) rarefied richness df ss ssm F Pr(>F)

Position 1 31.6 31.6 25.3 <0.001

habitat 1 20.7 20.7 16.5 <0.001

Position × habitat 1 8.6 8.6 6.8 0.011

residual 63 78.7

(e) Proportion exotic df ss ssm F Pr(>F)

Position 1 2.9 2.9 2.5 0.118

habitat 1 10.3 10.3 8.9 0.004

Position × habitat 1 2.1 2.1 1.8 0.180

residual 88 102.5 1.2
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end of the gradient being more stressful for plant growth, 
so we believe that our use of this site as a linear stress gra-
dient is still valid.

Counter to our hypothesis that the effects of shrubs on 
the physical environment would be greater at the more 
stressful end of the gradient, the effects of shrubs on sand 
particle size and wind did not increase towards the more 
stressful end of the environmental gradient (Fig. 1a–c). In 
fact, the positive effect of shrubs on coarse organic mat-
ter became weaker at the more stressful end of the gradi-
ent. One possible explanation for this result is that shrubs 
become shorter towards the more stressful end of the 

gradient (Fig. 1a), which could reduce their effects on the 
physical environment. Further research could examine 
whether this supports the hypothesis that facilitating plants 
will have diminishing effects in the most stressful envi-
ronments as their growth becomes limited (holmgren and 
scheffer 2010).

We found support for our hypothesis that the physical 
effects of shrubs would facilitate the growth of other spe-
cies: Bromus plants grew larger and produced more flowers 
when transplanted under shrub canopies or when planted 
in soil collected from under shrubs (Fig. 3). surprisingly, 
Bromus grown in shrub-free patches showed only small 

Fig. 4  Plant density (a), abso-
lute percent cover (b), species 
density (c), rarefied species 
richness (d), and log ratio 
exotic:native species cover (e) 
in 46 pairs of shrub and shrub-
free patches across the stress 
gradient. Beta-diversity between 
pairs of shrub and shrub-free 
patches (f). regression lines are 
shown when either habitat or 
gradient position was a signifi-
cant predictor of the response 
variable. Individual density and 
species density data were fitted 
with negative binomial models. 
In b, values for total cover 
can exceed 100 % because of 
overlapping plant canopies. In 
e, the ratio of exotic to native 
cover is log-transformed so that 
positive numbers show patches 
where exotic cover was greater 
than native cover

a b

c d

e f
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decreases in growth towards the stressful end of the gra-
dient, and—counter to the stress-gradient hypothesis—we 
did not find a habitat × gradient interaction effect on Bro-
mus facilitation. the strong effect of soil on Bromus growth 
was likely due to increased soil organic matter, which can 
increase water-holding capacity and nutrient availability 
in dune soils (Kutiel and Danin 1987; alpert and mooney 
1996; Bonanomi et al. 2008). Positive aboveground effects 
of shrubs on Bromus could be due to shelter from direct 
solar radiation (Valiente-Banuet and ezcurra 1991) and a 
decrease in wind speeds (Carlsson and Callaghan 1991; 
lortie and Cushman 2007).

We found strong evidence that facilitative effects of 
shrubs extended beyond Bromus to many other species: 
the species most associated with shrub patches were also 
those that were most reduced by shrub removal (Fig. 6). We 
also found that overall exotic biomass was greater in intact 
shrub patches than in removed shrubs (Fig. 5c, d). Inter-
estingly, we also saw a year effect in our removal experi-
ment: about twice as much biomass per plot was harvested 
in the first year of the experiment (2010) as in the next 

Fig. 5  aboveground biomass 
for exotic (a, b) and native (c, 
d) species in sampling quadrats 
from within 35 shrub removal 
patches and 35 control shrub 
patches across the environmen-
tal stress gradient. Biomass was 
collected from separate quadrats 
in each patch in spring of 2010 
(a, c) and spring of 2011 (b, d). 
regression lines are shown to 
assist in visualizing the shrub 
removal effect, and do not 
necessarily indicate significance 
of the gradient effect (see text 
for details). note the log scale 
on the y axis

Table 2  significance of main effects of gradient position, shrub 
removal treatment, year, and gradient by shrub removal interaction 
are shown for native and exotic aboveground biomass (log-trans-
formed grams per quadrat) harvested from shrub removal and control 
plots

separate linear mixed models were fitted for native and exotic spe-
cies. We only report interactions between year and position or year 
and treatment that significantly improved model fit based on likeli-
hood ratio tests

df F P(>F)

(a) native species

 Position 1.66 12.5 0.001

 treatment 1.66 0.9 0.356

 year 1.69 11.1 0.001

 Position × treatment 1.66 0.0 0.889

(b) exotic species

 Position 1.66 0.6 0.439

 treatment 1.66 14.7 0.003

 year 1.68 10.5 0.002

 Position × treatment 1.66 0.0 0.942

 Position × year 1.68 4.1 0.046



1287Oecologia (2014) 175:1277–1290 

1 3

year (Fig. 5). records from a weather station 1 km away 
showed that this site received nearly 50 % more rainfall 
between January and april (the active growing season) in 
the first year of the study than in the second. While there 
was no year × treatment effect, we believe that this sup-
ports the idea that moisture deficit is an important source 
of stress in this environment. the finding that many spe-
cies’ abundances were reduced following the removal of 
only the aboveground shrub parts demonstrates that soil 
effects alone are not entirely responsible for facilitation. 
While much work on shrubs as ecosystem engineers has 
focused on soil effects (schlesinger et al. 1990; alpert and 
mooney 1996; Bonanomi et al. 2008), our work adds to the 
evidence that aboveground effects of shrub canopies can be 
important as well (holzapfel and mahall 1999).

at the patch scale, we found that plant density was actu-
ally lower underneath shrubs than in shrub-free patches 
(Fig. 4a), but total absolute cover was more or less equal 
(Fig. 4b). this finding was somewhat unexpected and goes 
against our second hypothesis. most other studies of eco-
system-engineering plants report greater density within 
engineers (Facelli and temby 2002; Badano et al. 2006; 
holzapfel et al. 2006). Only a few studies have shown 
lower plant density and species density within engineers 
(gutiérrez et al. 1993; De Villiers et al. 2001; Cushman 
et al. 2010). lower density within shrubs could result if 
facilitation increases growth but also increases competition 

within shrub patches (tielbörger and Kadmon 2000). In 
this model, plants within shrubs are larger, so fewer indi-
viduals can survive in the same amount of space. Plants 
outside of shrubs are smaller, and because of this many 
more of them occupy the same amount of space. this pat-
tern makes sense considering the stress involved at this site: 
outside of shrubs, wind may reduce the ability of plants 
to grow tall and shade out their neighbors. In contrast, we 
predict that in environments where facilitation acts mainly 
to increase plant establishment and survival, we should see 
greater density within engineering plants—for instance, 
higher plant density is observed in cushion plants in the 
high andes because cushion plants facilitate recruitment 
and survival (Badano et al. 2007).

species density was also greater outside of shrubs, and 
this increased towards the stressful end of the gradient 
(Fig. 4c)—again the opposite of what has been reported by 
most other studies, and counter to our second hypothesis 
(tewksbury and lloyd 2001; Badano et al. 2006; holzap-
fel et al. 2006; Forey et al. 2009). however, effects of 
shrubs on species density appear to have been driven by 
the changes in individual density discussed above (gotelli 
and Colwell 2001). rarified richness showed the opposite 
pattern and actually did support our second hypothesis 
(Fig. 5d). It is possible that richness is greater within shrub 
patches because both stress-tolerant and stress-intolerant 
species can coexist within shrub patches, whereas only 
stress-tolerant species can persist in shrub-free areas. most 
species found in shrub-free patches at our site were occa-
sionally sampled underneath shrubs, whereas some spe-
cies found underneath shrubs were never found in shrub-
free patches. We suspect that spatial heterogeneity in light, 
wind, and soil conditions could be greater within shrub 
patches and that this could have promoted higher species 
diversity within shrubs (Pugnaire et al. 1996).

although the effects of shrubs were positive for many 
species and for rarified richness, a number of species were 
more abundant outside of shrubs and increased in abun-
dance following shrub removal (Fig. 6). these species may 
be excluded from shrub patches by reduced light (alpert 
and mooney 1996), or by competition among the species 
within shrub patches (tielbörger and Kadmon 2000). sup-
porting this, we note that the species negatively associated 
with shrubs were often smaller annual forbs, while taller 
forbs and grasses often benefited from shrubs. this sup-
ports the notion that functional traits underlie patterns of 
species response to facilitation or ecosystem engineering 
by plants (schöb et al. 2012).

species-specific facilitation by shrubs resulted in shrub 
patches harboring a distinct species assemblage from 
shrub-free patches (Fig. 3), supporting in part our hypoth-
esis that ecosystem engineers would increase beta diver-
sity. not only did patterns of species abundances in shrub 

Fig. 6  effect of shrub removal on aboveground biomass of species in 
years one and two regressed over the strength of each species’ spatial 
association with shrubs across the gradient. negative scores on the y 
axis represent a negative response to shrub removal, whereas posi-
tive scores on the x axis represent a positive spatial association with 
shrubs. Points for six common species are labeled with genera names
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patches differ from those in shrub-free patches, but syn-
thetic community analysis also showed that shrub patches 
increased native species richness across the entire site 
(see supporting Information a1 and Fig. s4 in the esm), 
a result similar to those seen in other recent studies of 
ecosystem-engineering plants (Valiente-Banuet and Verdu 
2007; Cavieres and Badano 2009; Butterfield et al. 2013).

While shrubs did have significant effects on beta diversity, 
we did not find strong support for our hypothesis that shrub 
effects would increase beta diversity more towards the more 
stressful end of the gradient. Whittaker’s beta diversity, the 
proportion of species unique to either shrub or shrub-free 
patches, decreased towards the stressful end of the gradi-
ent, indicating that shrub and shrub-free patches were actu-
ally more similar at the more stressful end of the gradient 
(Fig. 4f). We hypothesize that this pattern results from two 
mechanisms. First, shrub patches themselves become smaller 
towards the high-stress end of the gradient and may therefore 
have a weaker effect on community composition. second, 
this pattern could be driven by the increase in species and 
individual density towards the stressful end of the gradient 
(Fig. 4c). the high density within quadrats at the stressful 
end of the gradient could make it increasingly probable that 
sample quadrats would share the same species, thereby low-
ering beta diversity (anderson et al. 2011). Indeed, when we 
considered the Bray–Curtis distance—which includes infor-
mation on species abundance—as a measure of beta diver-
sity, we saw no significant decrease in beta diversity across 
the gradient (Fig. s3 of the esm).

We found partial support for another component of our 
third hypothesis (that facilitation would benefit exotic spe-
cies more than natives). exotic cover as a proportion of 
total cover was significantly greater within shrubs (Fig. 4e), 
and shrub removal had a negative effect on patch-scale 
exotic biomass and little effect on native biomass (Fig. 5a, 
b). shrub removal also reduced the biomass of the domi-
nant exotic annual grasses Bromus and Vulpia (Fig. 6). 
however, we did not find that shrub patches contributed 
to overall exotic richness at this site (see Online resource 
a1 and Fig. s4b of the esm). also, while shrubs facili-
tated exotic species, the effect did not increase across the 
stress gradient (Fig. 4e). even at the high-stress end of 
the gradient, many exotic species were able to persist out-
side of shrubs. Overall, our study adds to evidence that 
shrubs and other ecosystem engineers can be hotspots for 
exotic species invasion (maron and Connors 1996; Badano 
et al. 2007; griffith 2010; Cushman et al. 2011), but not 
that this effect is necessarily stronger in more stressful 
environments.

Despite the support for the sgh at the individual level 
(he et al. 2013), the implications of positive interactions 
for overall community characteristics such as species rich-
ness and invasion by exotic species remain complex (Bruno 

et al. 2003; Badano et al. 2006). Our study shows that, 
while ecosystem engineers do indeed have large commu-
nity-level effects, the directions of many of these effects 
were different from those observed in other plant com-
munities. We found striking species-specific responses 
of understory plants to shrubs—many species were either 
directly or indirectly inhibited rather than facilitated by 
shrubs. Our field experiment assessing the effects of shrub 
removal for almost every plant species in the community 
adds rigor to this conclusion. lastly, we found strong sup-
port for the hypothesis that a native ecosystem engineer has 
important facilitative effects on dominant exotic species. 
this contributes to growing evidence that native species do 
not always suppress exotic invasion and can in fact facili-
tate exotic plant invasion in many environments.
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