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The good with the bad: when ecological restoration
facilitates native and non-native species
Scott R. Abella1,2 , Lindsay P. Chiquoine1

Organisms interact with each other along a spectrum ranging from competition to facilitation. A theme in restoration ecology
is tipping the balance of these interactions to favor desired species and site conditions, exemplified by restoring fertile islands
and their nurse plant effects to encourage plant recruitment. We tested the effectiveness of outplanting nursery-grown native
perennials and vertical mulching (placing dead plant material upright in soil) for stimulating annual plant recruitment in
a disturbed Mojave Desert shrubland in Joshua Tree National Park, California, U.S.A. Over 9 years, differences in annual
species richness and cover between interspaces and below outplants and vertical mulch varied among years, potentially via
inter-annual fluctuations in precipitation or maturation of restoration sites. In the ninth year, which was the wettest, both native
and non-native cover averaged 3× higher below outplants than in interspaces. Overall among years at the microsite scale,
non-native annual plants more consistently exploited environments provided by outplants and vertical mulch structures than
did native annuals. However, these restoration structures were important for native annual diversity. At the 40-m2 plot scale,
disturbed plots that received outplanting supported greater richness of native annual species than disturbed unrestored plots.
By facilitating both non-native and native plants, reestablishing fertile islands to restore dryland ecosystems is a conundrum
for restoration. Treatments reducing non-native plants may need to accompany fertile island restoration to tip the balance of
facilitative plant interactions in favor of native species.
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Implications for Practice

• Outplanting native perennials can facilitate recruitment
of both native and non-native annual plants, creating a
tradeoff for using outplanting to restore fertile islands.

• Placing vertical mulch in the soil can be used to produce
effects on annual plant communities that are intermediate
between those of outplants and interspaces.

• Restoring structure required by native species but that
also benefits non-natives is a conundrum. Fertile island
restoration should be accompanied by consideration of
potential facilitative effects to non-native plants.

• Reducing non-native annuals could enable native annuals
to more fully utilize the facilitative benefits provided by
restored fertile islands.

Introduction

Interactions among and between native and non-native species
range from competitive to facilitative (Holmgren et al. 1997;
Holzapfel & Mahall 1999; Rodríguez-Buriticá & Miriti 2009).
One of restoration ecology’s goals is tipping the balance of
competitive–facilitative interactions to favor native species
(El-Bana et al. 2003; Steers & Allen 2010; Cordell et al. 2016).
In drylands, reestablishing fertile islands to facilitate desirable
biota is often considered a first step in restoration (Hulvey et al.
2017). Fertile islands structure the spatial heterogeneity in many
drylands and are defined as spatial concentrations of resources

and/or biological activity below the canopies of perennial
plants (Mudrak et al. 2014). Relative to interspaces between
perennial plants, increased biological activity in fertile islands
can be triggered by several mechanisms. These include shading
and ameliorated microclimates below perennial plants, greater
soil moisture, concentrated soil nutrients, trapping of seeds,
and animal–plant interactions (El-Bana et al. 2003; Schnei-
der & Allen 2012; Li et al. 2014). Nurse plant effects often
accompany fertile islands, whereby the fertile island-forming
perennial serves as a “nurse” facilitating the recruitment and
growth of other plant species. Nurse plants often benefit
annual plants, creating spatial heterogeneity between inter-
spaces and fertile islands (Abella & Smith 2013). Although
perennial–annual plant relationships can change among years
differing in rainfall, site conditions, and species of plants,
fertile islands are generally fundamental to plant recruitment
and diversity in drylands (Brooks 1999; El-Bana et al. 2003;
Craig et al. 2010).
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Facilitating native and non-native species

Outplanting nursery-grown seedlings is a main method
for restoring perennial plants to potentially reestablish fertile
islands to degraded drylands. Although seeding and outplanting
both have advantages and disadvantages, outplanting is often
more reliable than seeding for reestablishing perennial plants
to priority sites in drylands (e.g. Commander et al. 2013; Li
et al. 2014; Rathore et al. 2015). This is because outplanting
bypasses the need for germination and survival of vulnerable
young seedlings at restoration sites subject to limited and unpre-
dictable precipitation. To achieve outplant survival, treatments
such as irrigation and initially protecting plants from herbivory
are often needed (Scoles-Sciulla et al. 2014).

Although the ability to establish perennials through out-
planting and the importance of fertile islands in natural desert
ecosystems are appreciated, little research has tracked whether
outplants in restoration are actually accompanied by the for-
mation of nurse plant effects facilitating annuals as in undis-
turbed reference ecosystems. Annual plants are key components
of desert ecosystems, driving ecological processes as diverse as
soil nutrient cycles and food web dynamics during intense peri-
ods of biological activity (Facelli & Temby 2002; Vamstad &
Rotenberry 2010). Annual plant communities in many contem-
porary drylands now have a component of non-native species,
creating uncertainty for which annual plant groups might benefit
from nurse plant effects (Rodríguez-Buriticá & Miriti 2009).

Do restoring live or dead perennial plants facilitate annual
plant communities, and if so, are native or non-native annu-
als the beneficiaries? We examined this question by comparing
annual plant communities over a 9-year period among restora-
tion treatments including outplanting and vertical mulch con-
sisting of dead plant material (e.g. branches) placed upright
in the ground. By being cheaper and not requiring survival of
a plant, vertical mulch is sometimes used as a surrogate to
outplanting (Bainbridge 1996). We tested the following null
hypotheses at two spatial scales: (1) at the microsite scale,
there is no difference in species richness and cover of native
and non-native annual species among restored perennial plant
structures (outplants and vertical mulch) relative to interspaces
and naturally established perennials in undisturbed reference
ecosystems; and (2) annual plant measures do not differ at the
plot scale (40 m2) among disturbed plots receiving or not receiv-
ing outplanting and vertical mulch and compared with undis-
turbed reference plots. Findings contribute to a broad topic in
restoration ecology of improving understanding of tradeoffs in
ecological responses to restoration, and how these tradeoffs
might be managed to favor native species.

Methods

Study Area

We performed this study in Joshua Tree National Park, Cali-
fornia, U.S.A., in the southern Mojave Desert. The study area
was along Keys View Road, with elevations ranging from 1,292
to 1,542 m on a broad alluvial fan. Soils were derived from
granitic and gneissic rocks and classified as Torripsamments
and Haplargids of the Morongo, Jumborox, and Pinecity series

(Houdeshell et al. 2013). Vegetation physiognomy of mature
sites consisted of desert shrubland, with the tallest plants
being Yucca brevifolia (Joshua tree), with a variety of smaller
shrubs, perennial grasses such as Pleuraphis rigida (big galleta
grass), and perennial forbs. Depending on weather any given
year, suites of annual forbs and grasses inhabited interspaces
and below perennial plants. Typifying contemporary Mojave
Desert ecosystems, the ephemeral plants included mixtures of
native and non-native species, with predominant non-natives
including the annual grasses Bromus rubens (red brome), Bro-
mus tectorum (cheatgrass), and Schismus spp. (Mediterranean
grass), and the annual forb Erodium cicutarium (redstem stork’s
bill; Schneider & Allen 2012). In addition to competing with
native annuals, non-native annuals augment fuel loads that
sustain unnaturally severe fires, threatening mature shrublands
(Rao et al. 2010). Livestock grazing was not permitted, but
numerous mammal and invertebrate herbivores inhabit the
area (Vamstad & Rotenberry 2010). A weather station 20 km
northeast of the study area in Twentynine Palms, California, at
an elevation of 604 m (lower than the study area), reported the
following 1935 through 2017 averages: 11 cm/year of precipi-
tation (range: 1–31 cm/year), January daily low temperature of
2.5∘C, and July daily high temperature of 40.6∘C (Fig. S1, Sup-
porting Information; Western Regional Climate Center, Reno,
Nevada, U.S.A.).

Restoration Activities

Along a 6-km section of Keys View Road, 60 sites (each
100–150 m2) were disturbed by road maintenance activities in
2007–2008 to widen, resurface, and provide concrete berms
(20 cm high) for the road (Fig. 1). The disturbed sites were
adjacent to the resurfaced road, which was completed by 2008.
Disturbances were created via heavy equipment work areas and
where the old road infrastructure was removed. Disturbed sites
were denuded and re-contoured when restoration commenced.
A restoration treatment of planting 800 native perennial plants
was implemented at the sites in February 2008 by the National
Park Service. The nine species used were common in the study
area’s mature shrublands (Table S1). Seed for these plants was
locally collected (within 8 km of the restoration sites), and the
seedlings were grown for a year in the park nursery. Seedlings
were grown in tall pots (15 cm in diameter× 40 cm tall) filled
with a 2:1:2 sand:organic mulch:perlite mixture. Planting at a
density averaging 1 plant/10 m2 was done by hand using shov-
els. Plants were given 8 L of water when planted and 8 L/month
in a monthly watering for the first 2 years, after which water-
ing was discontinued. To deter mammalian herbivory, each out-
plant was enclosed in a 1-m-tall wire mesh cage (5 mm open-
ings) buried and affixed to the ground using rebar. Cages were
removed after 2011 after outplants had established. Vertical
mulch was created in spring 2008 by collecting dead plant
material (branches and stems, which were not differentiated
by species) from mature shrublands and placing the material
upright in the soil at a density averaging 1 piece/4 m2 (Fig. 1).
Vertical mulch was intended to partially provide functions of liv-
ing plants such as shading, concentrating materials, promoting
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native annuals, and visually restoring areas to limit further dis-
turbance (Bainbridge 1996).

Data Collection and Analysis

Along the road corridor from the pool of 60 disturbed sites, we
randomly selected six sites each of the following four treat-
ments: unrestored (control), vertical mulch only, outplanting
only, and vertical mulch+ outplanting (Fig. 2). In the center
of each site parallel to the road, we established a 2-m× 20-m
plot, sized to fit within the rectangular-shaped sites. In April
or the first week of May at the peak of winter annual plant
biomass in 2009–2011 (1–3 growing seasons after restoration)
and 2017 (ninth growing season after restoration), we measured
the annual plant community within disturbed plots at two spa-
tial scales. These scales were microsites (below perennial plants
or vertical mulch and in interspaces) and whole plots (40 m2).
At the microsite scale in a 0.5-m× 0.5-m (0.25 m2) quadrat
centered on each outplant within plots, we categorized the
areal percent cover of each annual species using cover classes:
1= 0–1%, 2= 1–2%, 3= 2–5%, 4= 5–10%, 5= 10–25%,
6= 25–50%, 7= 50–75%, 8= 75–95%, and 9=>95% (mod-
ified from Peet et al. [1998]). We selected this quadrat size to
fit snugly around the canopy of typical outplants. Outplants
were individually tagged. We sampled the same individuals
each year, except that we sampled only individuals with vis-
ible, live foliage to ensure they were alive. On average, 3.7
outplants (range 2–7) were available to sample per plot. On
plots with vertical mulch, we collected the same data as for
outplants for five vertical mulch structures (with a 0.25-m2

quadrat centered on each structure) within each plot, system-
atically selecting structures closest to the center of the plot at
2, 5, 9, 13, and 17 m along the 20-m plot axis. On each dis-
turbed plot, we sampled an interspace (≥1 m from the canopy
edge of a live perennial plant or vertical mulch structure) nearest
to 3, 7, 11, 15, and 19 m (five interspaces total per plot) using a
0.25-m2 quadrat.

To scale up cover from the microsite to the 40-m2 plot
scale, we calculated the proportion of the plot area that each
microsite (perennial plant, vertical mulch, or interspace) occu-
pied and multiplied this proportion by the average cover an
annual species had in the microsites. We also surveyed entire
plots for species not already recorded in microsites and used the
same cover classes as for microsites to categorize cover of these
species at the plot scale.

Using randomly selected geographic coordinates, we fur-
ther selected six roadside sites containing undisturbed, mature
shrubland to serve as undisturbed reference sites. We sampled
these sites using the same size of plots at the same time and
years (2009, 2010, 2011, and 2017) as the disturbed plots. We
measured the annual plant community using the same cover
classes in five, 0.25-m2 quadrats centered along the same coor-
dinates (3, 7, 11, 15, and 19 m) as for interspace sampling in
the disturbed plots. Owing to the greater and more continu-
ous shrub cover on undisturbed plots, we measured the pro-
portion of quadrat areas covered by perennials and interspaces
and scaled cover of annual plants to the 40-m2 plot scale using

this proportion of perennial cover and corresponding area of
interspaces. Using the same methods as for disturbed plots,
we surveyed entire areas of undisturbed plots for species not
already recorded in quadrats and categorized cover of these
species. In 2017, we additionally measured annuals within
undisturbed perennial plant microsites with the same cover
classes used throughout the study within five 0.5-m× 0.5-m
(0.25 m2) quadrats per undisturbed plot. These quadrats were
centered on the largest perennial plant nearest the plot centerline
at 2, 5, 9, 13, and 17 m along the 20-m plot axis.

In 2017, we were only able to sample a randomly selected
three of the six plots of each of the four treatment types on
disturbed sites (including disturbed/unrestored controls), which
included 23 outplants in total on plots. To keep the total num-
ber of outplants sampled nearly constant per year (38–45 out-
plants), we collected an additional microsite data set in 2017
for 21 off-plot outplants that were also along the roadsides
and nearest (usually within 50 m) to plots. We sampled annu-
als below these outplants and in a paired interspace (≥1 m from
the canopy edge of an outplant) using the same methods as
for on-plot outplants. We also randomly selected three of the
six undisturbed, reference plots for sampling in 2017. Taxo-
nomic nomenclature followed Natural Resources Conservation
Service (2018).

We conducted statistical analyses at two spatial scales: the
40-m2 plot scale and microsite scale. The response variables
included species richness (per 40 m2 for the plot scale and
per 0.25 m2 for the microsite scale) and cover of native and
non-native annual plants (scaled to 40 m2 at the plot scale and
average percent cover by microsite at the microsite scale). For
the plot scale, we analyzed each response variable using a
mixed-model, repeated measures analysis of variance including
treatments (disturbed/unrestored, vertical mulch, outplanting,
vertical mulch+ outplanting, and undisturbed/unrestored) and
years (2009, 2010, 2011, and 2017) as fixed effects and plot
as a random effect. We performed a sensitivity analysis for
potential influences of sampling only three of six plots per
treatment in 2017 by conducting analyses with only the three
replicate plots sampled all years compared to the full data set.
Conclusions did not qualitatively differ, so we report results
using all available data.

For the microsite scale, we used the three whole-plot treat-
ments that included a restoration action (vertical mulch, out-
planting, and vertical mulch+ outplanting) as a framework to
compare the vertical mulch, outplant, and interspace microsites
within whole plots. To test a null hypothesis of no difference
between or among microsites, separately for each whole-plot
treatment and response variable, we performed a mixed-model,
split-plot, repeated measures analysis of variance including plot
as a random effect and year, microsite nested within plot, and
the year×microsite interaction as fixed effects. To accommo-
date the random effects, we used PROC GLIMMIX in SAS 9.3
for whole-plot and microsite analyses (SAS Institute 2009).

For overall models significant at p < 0.10 for the plot and
microsite analyses, we compared means at the appropriate inter-
action or main effect using Tukey–Kramer adjustments for mul-
tiple comparisons at p < 0.10. We set p at 0.10 for all statistical
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Figure 1. Example sites from a restoration project along Keys View Road, Joshua Tree National Park, California, U.S.A. Top: paired photos of a 2-m× 20-m
outplanting plot in 2010 (2 years after restoration) and 2017. Middle: examples in 2017 of a vertical mulch+ outplanting plot (left photo) and development of
a large Eriogonum fasciculatum (California buckwheat; deep greenish flowering plant extending over the road berm on the right side of the plot) outplanted
9 years earlier (right photo). Bottom: examples in 2017 of the abundant non-native annuals Schismus spp., Bromus rubens (red brome), and Bromus tectorum
(cheatgrass) below a shrub canopy on a vertical mulch and outplanting plot (left photo) and view of an undisturbed reference ecosystem (right photo). Photos
by E.C. Engel (top left) and S.R. Abella (all others).

analyses as a compromise between Type I and Type II errors.
For our null hypothesis, falsely inferring that restoration does
not affect non-native plants, when it actually does, would be as
much of a concern as would falsely inferring restoration effects.
For the additional microsite data collected in 2017, we com-
pared means of each of the four response variables between
outplant/interspace and undisturbed perennial/interspace pairs
using paired t tests set at p< 0.10.

Results

Plot Scale

At the 40-m2 plot scale, disturbance and restoration treatments
significantly influenced native annual species richness, whereas
non-native annual species cover was influenced by interactions
between disturbance and year (Table S2, Fig. 3). Species rich-
ness of native annuals in disturbed plots receiving outplanting
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Figure 2. Layout of one example replicate illustrating treatments to study
the effects of vertical mulch and outplanting on soils disturbed by road
construction, Joshua Tree National Park, California, U.S.A. Within whole
plots, the species richness and cover of annual plants were measured in
microsites (e.g. below outplants, in interspaces) sampled with 0.25-m2

quadrats centered on microsites. Annuals were also measured at the 40-m2

plot scale.

was higher than in disturbed unrestored plots, but lower than
in undisturbed reference plots. The cover of non-native annuals
was at least 3× greater in undisturbed reference plots than in any
disturbed plot (with or without restoration) from 2009 to 2011
(1–3 years after restoration). In 2017 (9 years after restoration),
however, cover did not differ among treatments.

Microsite Scale

At the microsite scale around individual vertical mulch struc-
tures, outplants, and interspaces, the species richness and cover
of non-native and native annuals varied through year×microsite
interactions or main effects across years (Table S3). Restora-
tion treatments frequently had influences on both non-native and
native richness and individual species that changed through time
(Fig. 4A–C, Table S4). For example, 2–3 years after restora-
tion in 2010–2011, native richness was often lower in ver-
tical mulch and outplant microsites compared to interspaces.
However, 9 years after restoration in 2017, native richness
was higher below outplants than in interspaces within ver-
tical mulch+ outplanting plots. Vertical mulch and outplants
generally increased non-native cover above that of interspaces
(Fig. 4D–F). Native species cover was lower and less respon-
sive to treatments than non-native cover, but did display a
year×microsite interaction where cover patterns below out-
plants shifted through time (Fig. 4E).

The additional microsites sampled in 2017 supported results
of microsite effects from restoration plots and provided compar-
isons between microsites in undisturbed reference ecosystems
and microsites in restoration sites (Fig. 5). Species richness of
native annuals was not higher below perennial plants compared
to interspaces in undisturbed sites, but was 38% higher below
outplants compared to interspaces in restoration sites. Cover for
both non-native and native annual species was nearly identical
between below-perennial and interspace microsites in undis-
turbed sites. At restoration sites, however, cover for both species

groups was over 3× greater below outplants compared to in
interspaces.

Discussion

Climate Interactions With Restoration

Some authors have hypothesized that nurse plant effects are
strongest in dry years, presumably because benefits provided by
nurses, such as shading, are most needed by beneficiary plants
when precipitation is sparse (e.g. Tielbörger & Kadmon 2000;
Facelli & Temby 2002). However, data have not consistently
supported that hypothesis (Tielbörger & Kadmon 2000; Abella
& Smith 2013). In fact, some species might best exploit the
nutrient-rich soils of fertile islands in wet years when moisture
is less limiting (Brooks 1999). Data in our study would also
not unequivocally support a hypothesis that nurse plant effects
are strongest in dry years. If anything, annual plant cover was
highest below outplants (relative to interspaces) in the moistest
years of 2010 and 2017 for both non-native and native species
(Fig. S1). Species richness was generally similar or lower below
outplants and vertical mulch compared to interspaces early in
the study (2009–2011), but tended to be highest below outplants
and vertical mulch by 2017. This ninth year of the study was the
wettest, but outplants and vertical mulch structures were also
oldest by then. Further monitoring is needed across wet and dry
years to pinpoint if or how precipitation any given year interacts
with outplant and restoration age.

Restoration Effect Across Spatial Scales

The effects of outplanting and vertical mulch on annuals were
generally stronger at a local spatial scale (i.e. near and below
outplanted individuals or emplaced vertical mulch) than at
the 40-m2 plot scale. To have a large effect on annuals at the
plot scale, it would seem that outplanting or vertical mulch
would need to either: (1) occur at a high density so that their
localized effects comprise a large proportion of the plot area
to more greatly influence the plot as a whole, (2) influence
plants in interspaces which occupy most of the plot area, or
(3) trigger the establishment of naturally recruiting perennials
that convert interspaces to fertile islands or hotspots of annual
plant recruitment. Given the high survival of outplants and
persistence of vertical mulch, the first mechanism would seem
to be the most certain—but also the most expensive—way
to influence annuals at the plot scale. The second mechanism
seems to conflict with the fundamental premise of fertile
island formation. By definition, fertile islands form below the
canopies of perennial plants, not in interspaces (Mudrak et al.
2014). As a result, we may not expect outplanting to increase
annual plants in interspaces, and in fact, outplanting could
reduce annuals in interspaces if the outplants harvest water
and nutrients from them (Thompson et al. 2005). It is possible,
however, that outplanting and vertical mulch could increase
annuals in interspaces in as yet poorly understood ways, such
as somehow changing wind patterns or animal utilization
that could influence seed dispersal and plant establishment.
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Figure 3. Species richness and cover at the whole-plot scale (40 m2) for non-native and native annual plants during a 9-year study period on soils disturbed
by road construction and receiving outplanting or vertical mulch restoration treatments, Joshua Tree National Park, California, U.S.A. Values are means and
error bars stand for +1 SE. Data are shown at the appropriate level of statistical resolution according to the main effects of year or treatment or the
year× treatment interaction. No factors were significant for native annuals (d), so data are displayed across the year–treatment combination for descriptive
purposes. Within a panel or inset graph, means without shared letters differ at p< 0.1 (Tukey–Kramer adjustments for multiple comparisons). The associated
analysis of variance statistics are in Table S2.

The third mechanism seems plausible, but would be contin-
gent on the recruitment and persistence of perennial species
that influence annuals. In deserts and specifically in Joshua
Tree National Park, cohorts of seedlings of perennial species
often appear then die within a few years, meaning that the
establishment of persistent perennial cover that can influence
annuals might only occur every few decades (Miriti et al. 2007).
Although we observed some natural establishment of perennial
species such as Sphaeralcea ambigua (desert globemallow),
perennial cover on restoration plots continued to be mostly
supplied by outplants throughout the study, perhaps because
dry conditions limited natural recruitment of perennials.

Potential Influences of Time and Composite Outplanting
Effects

How long it takes fertile islands to form and nurse plant
effects to appear is largely uncertain in natural ecosystems and
those undergoing restoration. In our study, nurse plant effects
appeared within the first year below outplants. Whether this
fast expression of nurse plant effects during restoration resulted
from outplants quickly ameliorating microclimates, trapping
seeds, enhancing soil fertility or other mechanisms of fertile
island formation is unclear, as are the possible legacy influences
of planting and plant care activities. In one of the few studies of

fertile island development below outplants, Rathore et al. (2015)
found that numerous soil properties differed below 7-year-old
shrub outplants compared to interspaces in the Thar Desert in
India. In that study, outplants had been grown in the greenhouse
in soil from the site and cages were not needed to protect out-
plants, so these differences likely represent “pure” effects of
shrubs and suggest that fertile islands formed within 7 years.

Our study likely represents the composite influence of an
outplanting treatment including excavating soil to house a plant
and nursery soil around its roots, installing a protective cage,
and irrigating for the first 2 years. Nurse plant effects remained
evident in 2017, after cages were removed, irrigation had been
stopped for 7 years, and the central stem of many outplants
had expanded to cover (and thereby exclude annuals from) the
original area of planted nursery soil. These observations suggest
that although we cannot rule out the potential legacy influences
of the outplanting treatment on observed nurse plant effects,
we can hypothesize that the 2017 results represent “pure”
nurse plant effects provided by outplants or at least sustained
nurse-plant-like effects. Future experiments could partition the
potential influences of composite outplanting treatments by
having several different controls, such as installing only cages
and nursery soil or concurrently irrigating both outplants and
interspaces. Such information could help identify tradeoffs in
planting and stewardship practices including considerations
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Figure 4. Variation in non-native and native species richness and cover for annual plants among microsites (interspace, vertical mulch, and outplant) within
whole-plot restoration treatments during a 9-year study on disturbed soils in Joshua Tree National Park, California, U.S.A. Values are means and error bars
stand for +1 SE. Data are shown at the appropriate levels of statistical resolution depending on whether year×microsite or main effects of year and microsite
were significant in overall models. Insets show comparisons across microsites when main effects (year and microsite) were significant. Within a panel or inset
separately for non-native and native species, means without shared letters differ at p< 0.1 (Tukey–Kramer adjustments for multiple comparisons). The
associated analysis of variance statistics are in Table S3.

such as cost, survival rates of outplants, and influences on nurse
plant effects.

Intermediate Effects of Vertical Mulch and Longevity

In general, annual plant species richness and cover near vertical
mulch were intermediate between those around interspaces
and outplants. This raises a question as to whether vertical
mulch provides only some of the benefits of live nurse plants,
a question not yet resolved in the literature by experiments
seeking to partition fertile island effects into physical and biotic
influences of perennial plants. After 3 years, artificial plants
(plastic shrub-like structures) emplaced in the Negev Desert
in Israel did not display organic matter-enriched soils like live
shrubs did, but neither artificial plants nor live shrubs served
as nurse plants (Berg & Steinberger 2012). In the Arabian
Desert of the United Arab Emirates, dead shrubs and grasses
better facilitated annual plants than did live shrubs and grasses
(El-Keblawy et al. 2016). In the Mojave Desert, Holzapfel &
Mahall (1999) found that killing a shrub that had formed an

existing fertile island and affixing the dead shrub canopy back
on the fertile soil resulted in effects to annual plants equivalent
to below live shrubs. However, killing a shrub and not placing
the dead canopy back on the fertile soil reduced annual plants
compared to below live shrubs. Combined with our results
of placing dead plant material in an interspace, these studies
highlight that much is yet to be learned regarding the relative
importance of soil fertility, perennial plant canopies, and other
potential mechanisms driving nurse plant effects.

In addition to potentially enhancing plant recruitment, verti-
cal mulch is suggested to curtail soil erosion and provide visual
restoration to limit further disturbance (Bainbridge 1996). How-
ever, it is unclear how long vertical mulch may persist to provide
these benefits or whether tradeoffs with non-native plants exist.
During fieldwork, we noted that some vertical mulch struc-
tures had broken or fallen over, but many structures persisted
and remained upright after 9 years. The longevity of properly
anchored vertical mulch may thus hinge on wood decomposition
rates. In the arid (18 cm of precipitation/year) South African
Karoo, dead shrubs lying on the ground lost 50% of their dry
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Figure 5. Mean species richness and cover of annual plants compared
between interspaces paired with either below perennial plants in
undisturbed reference ecosystems or below outplants after restoration,
Joshua Tree National Park, California, U.S.A. Data are for 2017,
representing 9-year-old outplants. Error bars stand for +1 SE. Within a
panel separately for non-native and native species, paired means with the
same symbol differ at p< 0.1 (paired t test, 20 degrees of freedom for each
test). The undisturbed category represents average values below individual
perennial plants in undisturbed, reference sites. The outplant category
represents average values below individual outplants in disturbed sites
receiving restoration outplanting.

weight in 9–18 years (Milton & Dean 1996). In the U.S. Sono-
ran Desert (10 cm/year precipitation), 10–50 cm long pieces of
Fouquieria splendens (ocotillo) wood lost half their weight after
30 years and would completely disintegrate within an estimated
114 years (Ebert & Ebert 2006). These studies and our observa-
tions suggest that vertical mulch can provide visual restoration
benefits for at least decades, but a concern is that vertical mulch
generally benefited non-native plants more than natives.

Should Fertile Islands Be Restored and Can They Facilitate
Native Species?

In earlier studies (Abella et al. 2011, 2012; Abella & Smith
2013), we began questioning the restoration of fertile islands as
the dominant initial goal in much of desert restoration, due to the
apparent paradox of restoring the same structure of undisturbed
drylands pervasively infested by non-native plants. These con-
cerns were based on studying perennial–annual plant relation-
ships in undisturbed reference sites. Results from restoration
treatments in the present study reinforce these concerns. Our

study’s main finding was that restoring perennial plants facili-
tated the recruitment of native annuals in some circumstances,
but benefited non-native annuals more consistently. This conun-
drum raises questions about restoring fertile islands without fur-
ther treatments to favor native species.

To address this conundrum, we suggest pursuing two com-
plementary approaches: (1) shifting focus to restoring peren-
nial species that do not necessarily form fertile islands, and (2)
pairing restoring fertile island-forming species with treatments
to reduce non-native species. Although most native perennial
species facilitate non-native annuals in North American hot
deserts, a small subset of native perennials have neutral or even
competitive effects on non-native annuals (Brooks 2009; Abella
et al. 2011). These perennials appear to have relatively short
average life spans (less than a few decades), frequently colo-
nize disturbed sites, and may have combinations of traits averse
to forming well-developed fertile islands and nurse plant effects
(Abella et al. 2011, 2012). Sphaeralcea ambigua and Beb-
bia juncea (sweetbush) exemplify these sorts of native peren-
nial species and have supported the fewest non-native annuals
in reference ecosystems and invasibility experiments (Brooks
2009; Abella & Smith 2013). Further exploring the restora-
tion potential of these types of perennial species is warranted
because they could provide restoration with functional bene-
fits (e.g. covering soils, providing forage for wildlife), with-
out facilitating non-native plants. But precisely because they
may not serve as nurse plants, a shortcoming could be lack
of facilitation of native plants. This drawback likely renders
non-fertile island-forming species only a partial solution for
desert restoration. Limited research on the success of her-
bicide and other treatments at reducing non-native annuals
in naturally established desert shrublands (e.g. Brooks 2000;
Schutzenhofer & Valone 2006; Steers & Allen 2010) sug-
gests that the second option—pairing outplanting with treat-
ments to reduce non-native annuals—warrants further study
for ensuring that native species are the beneficiaries of restored
fertile islands.
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Figure S1. Growing season precipitation (November through April) for winter annual plants, shown according to hydrological year 

expressed as the percent of the long-term average of 5.38 cm/year for November through April.  Years represent January through 

April of that calendar year plus November-December precipitation of the previous calendar year.  Dots symbolize sampling years after 

the completion of restoration activities in 2008.  Precipitation records are from the Twentynine Palms, California weather station at an 

elevation of 604 meters (Western Regional Climate Center, Reno, Nevada, U.S.A.).  This is lower than elevations of 1,300-1,500 m at 

our study sites 20 km southwest of Twentynine Palms along Keys View Road in Joshua Tree National Park, California, U.S.A.       

 

 



Table S1. Native perennial species outplanted on plots during a roadside restoration project in Joshua Tree National Park, California, 

U.S.A. 

 

Scientific name Common name Lifeform Family 

Achnatherum speciosum  desert needlegrass grass Poaceae 

Atriplex canescens fourwing saltbush shrub Chenopodiaceae 

Ephedra nevadensis  Nevada jointfir shrub Ephedraceae 

Eriogonum fasciculatum  Eastern Mojave buckwheat shrub Polygonaceae 

Hymenoclea salsola  cheesebush shrub Asteraceae 

Lycium andersonii  Anderson thornbush shrub Solanaceae 

Lycium cooperi  peach thorn shrub Solanaceae 

Pleuraphis rigida  big galleta grass Poaceae 

Salazaria mexicana  Mexican bladdersage shrub Lamiaceae 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Statistical results for effects of restoration treatments on annual plants at the 40-m2, whole-plot scale in Joshua Tree 

National Park, California, U.S.A.  Results are for repeated measures analysis of variance including year (2009, 2010, 2011, or 2017) 

and treatment (vertical mulching, outplanting, vertical mulching + outplanting, disturbed and unrestored, or undisturbed reference).  P-

values that are < 0.1 are noted in bold at the appropriate level of statistical resolution for interactions or main effects.  These statistical 

results correspond with comparisons of means in Fig. 3 of the paper.  Degrees of freedom (numerator, denominator) are as follows: 

year (Y; 3, 59), treatment (T; 4, 25), and year × treatment (Y × M; 12, 59). 

  

 Year (Y) Treatment (T) Y × T Y T Y × T 

Figure 3a –––––––––– F-statistic ––––––––– –––––––– P-value –––––––– 

Non-native species/40 m2 24.05 0.72 0.76 <0.001 0.585 0.690 

Figure 3b       

Native species/40 m2 6.96 9.84 1.08 <0.001 <0.001 0.394 

Figure 3c       

Non-native species cover 13.35 12.89 3.19 <0.001 <0.001 0.002 

Figure 3d       

Native species cover 1.97 1.07 1.20 0.128 0.394 0.303 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Statistical results for effects of restoration treatments on annual plants at the microsite scale in Joshua Tree National Park, 

California, U.S.A.  Results are for repeated measures analysis of variance including year (2009, 2010, 2011, or 2017) and microsite 

(vertical mulch, outplant, or interspace) for the whole-plot restoration treatments of vertical mulch (comparing vertical mulch versus 

interspace microsites), outplant (comparing outplant versus interspace microsites), and vertical mulch + outplant (comparing vertical 

mulch, outplant, and interspace microsites).  P-values that are < 0.1 are noted in bold at the appropriate level of statistical resolution 

for interactions or main effects.  These statistical results correspond with comparisons of means in Fig. 4 of the paper.  Degrees of 

freedom (numerator, denominator) are as follows: Fig. 4a,d within vertical mulch whole-plot treatment:  year (3, 192), microsite (1, 

10), Y × M (3, 192); Fig. 4b,e within outplant whole-plot treatment:  year (3, 197), microsite (1, 10), Y × M (3, 197), and Fig. 4c,f 

within vertical mulch + outplant whole-plot treatment:  year (3, 267), microsite (2, 15), Y × M (6, 267). 

  

 Year (Y) Microsite (M) Y × M Y M Y × M 

Figure 4a,d vertical mulch treatment –––––––––– F-statistic ––––––––– –––––––– P-value –––––––– 

Non-native species/0.25 m2 13.39 0.25 2.59 <0.001 0.629 0.054 

Native species/0.25 m2 24.31 0.51 4.07 <0.001 0.490 0.008 

Non-native species cover 6.46 3.86 0.32 <0.001 0.078 0.812 

Native species cover 5.28 0.00 1.43 0.002 0.992 0.235 

Figure 4b,e outplant treatment       

Non-native species/0.25 m2 18.05 0.04 2.54 <0.001 0.852 0.058 

Native species/0.25 m2 3.04 2.65 9.51 0.030 0.135 <0.001 

Non-native species cover 3.63 35.57 2.68 0.014 <0.001 0.048 

Native species cover 1.64 0.79 4.24 0.183 0.394 0.006 

Figure 4c,f vertical mulch + outplant       

Non-native species/0.25 m2 19.66 0.08 2.07 <0.001 0.920 0.057 

Native species/0.25 m2 4.05 0.90 7.66 0.008 0.428 <0.001 

Non-native species cover 14.76 3.56 1.54 <0.001 0.054 0.165 

Native species cover 2.78 0.31 1.32 0.042 0.740 0.245 

 

 

 



Table S4. Ratio of percent cover of annual species below outplants (OP), vertical mulch (VM), and natural perennial plants (in 

undisturbed reference sites [UND]) relative to in interspaces (INT).  Data are average ratios by species among years during a 

restoration project in Joshua Tree National Park, California, U.S.A.  The symbol (–) signifies that a species was absent from 

interspaces and hence no ratio was calculated.  The symbol (<) indicates that a species occurred only in interspaces. 

 

 2009 2009 2010 2010 2011 2011 2017 2017 2017 

 OP:INT VM:INT OP:INT VM:INT OP:INT VM:INT OP:INT VM:INT UND:INT 

Non–native          

Bromus spp. 2.6 1.0 4.6 1.7 2.6 1.6 4.1 2.5 3.6 

Erodium cicutarium  0.8 1.1 0.3 0.6 0.8 3.8 2.0 0.8 0.4 

Schismus arabicus  0.7 0.5 – – – – 2.2 0.5 0.8 

Schismus barbatus – – 0.8 0.8 < 5.6 – – – 

Sisymbrium altissimum  – – < 0.7 < 0.5 0.7 0.9 < 

Sisymbrium irio  – – – – – – 5.0 2.4 0.5 

Sisymbrium orientale  < < – – – – – – – 

Native          

Ambrosia acanthicarpa  0.3 1.0 0.7 1.3 0.3 1.0 5.4 2.1 < 

Amsinckia tessellata  2.6 0.7 9.0 1.2 2.6 0.2 5.0 1.3 1.7 

Anisocoma acaulis  < 0.5 – – – – – – – 

Antheropeas wallacei  < < < < < < 1.4 0.5 < 

Centrostegia thurberi  – – – – < < – – – 

Chaenactis carphoclinia  – – 0.1 0.3 – – 2.8 2.3 3.7 

Chaenactis fremontii  < 1.5 0.8 0.3 – – 1.7 0.5 < 

Chaenactis spp. 0.5 0.9 – – < < – – – 

Chaenactis stevioides  – – – – < 0.2 0.7 0.2 < 

Chorizanthe brevicornu  – – – – < < – – – 

Cryptantha circumscissa < < – – – – 0.6 0.6 < 

Cryptantha pterocarya  3.3 < < 0.8 < < – – – 

Cryptantha spp. < < – – < < < < < 

Draba cuneifolia  – – < < – – – – – 



Eriastrum diffusum  – – < 2.5 < 0.2 2.0 0.6 0.5 

Eriogonum deflexum  < < – – – – 1.2 0.5 < 

Gilia sinuata  – – – – – – 1.5 0.6 < 

Gilia spp. 0.8 0.7 0.4 0.3 0.5 0.3 2.1 < < 

Layia glandulosa  1.2 0.5 1.1 0.5 < < – – – 

Lepidium lasiocarpum – – < < < < 0.8 0.3 8.9 

Leptosiphon aureus  < < < < 0.1 0.5 0.1 0.1 0.4 

Malacothrix glabrata  1.5 2.0 2.0 1.5 < < 1.6 0.6 9.9 

Mentzelia albicaulis  < < 0.1 0.4 < < 4.8 2.1 15.7 

Oxytheca trilobata  – – < < – – – – – 

Pectocarya heterocarpa – – < < – – 0.1 < < 

Pectocarya setosa 5.0 < – – < < – – – 

Phacelia fremontii  < < < < – – – – – 

Phacelia vallis–mortae < < – – – – – – – 

Plantago patagonica  – – < < – – < < < 

Salvia columbariae  – – – – < < – – – 
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