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a b s t r a c t

We studied recovery of 21 perennial plant species along a severely disturbed aqueduct corridor in a
Larrea tridentata-Ambrosia dumosa plant alliance in the Mojave Desert 36 years after construction. The
97-m wide corridor contained a central dirt road and buried aqueduct pipeline. We established transects
at 0 m (road verge), 20 m and 40 m into the disturbance corridor, and at 100 m in undisturbed habitat
(the control). Although total numbers of shrubs per transect did not vary significantly with distance from
the verge, canopy cover of shrubs, species richness, and species diversity were higher in the control than
at the verge and other distances. Canopy cover of common shrubs (Ericameria nauseosa, Ambrosia salsola,
A. dumosa, L. tridentata, Grayia spinosa) and perennial grasses (Elymus elymoides, Poa secunda) also varied
significantly by location. Discriminant analysis clearly separated the four distances based on plant
composition. Patterns of recovery were bidirectional: secondary succession from the control into the
disturbance corridor and inhibition from the verge in the direction of the control. Time estimated for
species composition to resemble the control is dependent on location within the disturbance corridor
and could be centuries at the road verge. Our findings have applications to other deserts.

Published by Elsevier Ltd.
1. Introduction

The Mojave, Sonoran, and Chihuahuan deserts of North America
and the Monte Desert of South America have many similarities,
including several genera of trees, shrubs, and perennial grasses
(Turner et al., 1995; Roig et al., 2009; Baldwin et al., 2014). One
genus of shrubs (Larrea, family Zygophyllaceae) is represented by
four species, one in North America (creosote bush, Larrea tri-
dentata) and three in South America (Larrea divaricata, Larrea
cuneifolia, Larrea nitida) (Laport et al., 2012). L. tridentata is the
predominant and widespread shrub of North American deserts
(Turner et al., 1995) and Larrea spp. characterize the Monte Desert
in South America (Roig et al., 2009). Larrea spp. are part of many
simple and complex vegetation associations and communities (e.g.,
Berry), jweigand@blm.gov
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vation Commission, Fish and
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McAuliffe, 1988; Turner et al., 1995; Guevara et al., 2009). The de-
serts of North and South America also share some commonalities in
historic and current land uses and disturbance regimes: settle-
ments and urbanization, occupation of riparian areas, development
of agriculture, livestock grazing, extraction of wood, and fire (e.g.,
Gibbens et al., 2005; Lovich and Bainbridge, 1999; Guevara et al.,
2009; Villagra et al., 2009). Degradation and desertification from
the accumulation of anthropogenic land uses are widespread in
these New World deserts.

The recovery of disturbed lands has been an important topic in
ecology for the last century (Walker, 2012). Desert ecologists have
focused on identifying and describing anthropogenic disturbances,
succession and recovery of vegetation and soils, time required for
recovery, and whether recovery could be enhanced by remediation
(e.g., Lovich and Bainbridge, 1999; Weigand and Rodgers, 2009;
Guevara et al., 2009). In North America, vegetation alliances with
L. tridentata have received considerable attention. Severe distur-
bances result after vegetation and surface layers of soil are scraped
away, trenches are dug for pipelines, town sites are abandoned, or
fires have consumed vegetation. Several authors have described
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early stages of succession and noted that the Mojave Desert is slow
to recover after disturbance (Vasek, 1979/1980; Lathrop and
Archbold, 1980a, 1980b; Webb et al., 2009; Abella, 2010). Esti-
mates for perennial plant species to re-occupy disturbed areas
range from decades to centuries, depending on severity and extent
of disturbance, precipitation patterns, soil types, landforms, surfi-
cial geology, and other factors. Further, estimated times for recov-
ery depend onwhether the objective is to attain a desired perennial
plant density, biomass, canopy cover, or floristic composition
similar to adjacent, undisturbed lands. The longest times projected
for recovery are for floristic composition (Vasek et al., 1975a, 1979/
1980; Lathrop and Archbold, 1980b; Bolling and Walker, 2002;
Webb et al., 2009; Abella, 2010). Most studies of recovery have
involved examples of secondary succession; however, Vasek and
Lund (1980) described an example of primary succession at the
edges of a dry lake bed in the Mojave Desert.

Linear corridors of disturbance, specifically utility rights-of-way
for pipelines, aqueducts, and transmission lines, are special cases.
These rights-of-way, often hundreds of kilometers in length and
widespread throughout North American deserts, are narrow in
width and often have associated unpaved access roads. Ecologists
and botanists have documented plant succession and partial re-
covery from linear disturbances in the Mojave Desert (Vasek et al.,
1975a, 1975b; Kay, 1979, 1988; Lathrop and Archbold, 1980a, 1980b;
Abella et al., 2007).

We designed a study to determine the status of recovery of
perennial vegetation in a L. tridentata alliance along the second Los
Angeles aqueduct 36 years after construction. Construction of the
second Los Angeles aqueduct created a severe linear disturbance
traversing 219 km of Great Basin and Mojave deserts and the San
Gabriel Mountains (Kay, 1979, 1988; Baldwin et al., 2014). The
disturbance involved removing soil and vegetation sufficient to
bury the aqueduct pipe, construction of a dirt service road, breaking
up compaction after construction, and continuously maintaining
the road through the middle of the 97-m wide corridor (Kay, 1979,
1988). Few studies are available describing natural recovery of
vegetation for similar linear disturbances for the Mojave Desert
(Johnson et al., 1975; Lathrop and Archbold, 1980a; Abella et al.,
2007; Webb et al., 2009). Most studies (summarized in Webb
et al., 2009; Abella, 2010) on natural recovery of vegetation have
dealt with large and irregularly-shaped disturbances (towns, fires,
military maneuvers) or roads and are not necessarily applicable to
the unique characteristics of an aqueduct right-of-way corridor
with a maintained dirt road at the center.

Our objectives were to address topics that would provide basic
information on succession and the recovery process of perennial
plants in the L. tridentata-Ambrosia dumosa vegetation alliance
(Sawyer et al., 2009) under these types of disturbance scenarios and
to provide information for abbreviating the recovery process. Our
focus was not only on the two more common and well-known
species of shrubs but also on the other perennial species and
their potential inter- and intra-specific associations. Our questions
were: 1) Do perennial plants differ in total numbers, canopy cover,
or canopy types (live, dead, or a combination of live and dead)
within the disturbed right-of-way of the aqueduct corridor and
between the corridor and adjacent undisturbed vegetation? 2) Do
species composition, richness, and diversity vary with distance
from the disturbance at the road verge of the right-of-way? 3) Do
patterns of contagion within and between species exist? 4) Which
species serve as nurse shrubs for other perennials? and 5) How
much time might be required for perennial vegetation in the
disturbed right-of-way corridor to recover to conditions similar in
adjacent undisturbed habitat? These questions are important to
address because hundreds of square kilometers of Mojave, Sonoran,
and Great Basin deserts require restoration of degraded habitat
from solar and wind development and other activities (e.g.,
California Energy Commission, 2014) Similarly, habitats of rare and
threatened plant and animal species require restoration if the
species are to thrive, e.g., the Mohave ground squirrel (Xero-
spermophilus mohavensis), a species endemic to thewesternMojave
Desert, and Agassiz's desert tortoise (Gopherus agassizii) (California
Department of Fish and Wildlife (2015a), 2015b). Both species
require cover of shrubs to protect them from temperature extremes
and predators.

2. Methods

2.1. Site description

The site is a 1.17-km stretch of the second Los Angeles aqueduct
right-of-way in Kern County between 35� 330 3200 N,117� 580 2200 W,
1048 m (Fig. 1A). The topography is uniform and typical of large
stretches of aqueduct corridor and L. tridentata vegetation in the
Mojave Desert, is devoid of desert washes, and is on a broad alluvial
fan. Soils are from the DovecanyoneKoehn association on 2e8%
slopes and are characterized as alluvium derived from granite with
loamy sand, coarse sandy loam, gravelly coarse sandy loam
(depending on depth), and sand (U.S. Department of Agriculture,
Natural Resources Conservation Service [USDA NRCS], 2008). L.
tridentata is a canopy-emergent shrub in a L. tridentata-A. dumosa
alliance with 19 other species of perennial shrubs, grasses and
cactus (Table 1). The arid climate has an average annual precipita-
tion of ~150 mm with most precipitation occurring in fall and
winter months (USDA NRCS, 2008). We selected the site because
Kay (1979, 1988) documented and photographed site treatment
and recovery of perennial shrubs twice after construction, once in
1979 (Fig. 2A) and again in 1988 (Fig. 2B), and because the site is
typical of about 70% of the aqueduct corridor.

In 1968, the Department of Water and Power for the City of Los
Angeles (LADWP) bulldozed the right-of-way for the aqueduct and
removed all vegetation from the 97-m wide corridor. When
completed, the right-of-way corridor contained the aqueduct and
dirt service road in the center with adjacent disturbed land. In
1971e1972, after completion of the aqueduct, much of the con-
struction zone adjacent to the service road was ripped to a depth of
25 cm on 61-cm centers to reduce soil compaction and to facilitate
seedling growth of naturally colonizing shrubs (Kay, 1979, 1988,
Fig. 2A). Although a few parts of the aqueduct corridor were seeded
with A. dumosa, Ambrosia salsola, Atriplex canescens, Atriplex poly-
carpa, Ephedra nevadensis, L. tridentata, and Lepidospartum squa-
matum, the study sitewe selected had not been seeded. The LADWP
maintains the service road by grading, and a low berm is often
present at the road verge.

The study site and much of the aqueduct corridor in the Mojave
Desert are on public land administered by the U.S. Department of
the Interior, Bureau of Land Management (BLM). Livestock have
grazed the area since the 1870s (Wentworth, 1948; U.S. BLM, 1980).
Other nearby anthropogenic uses include the first Los Angeles
aqueduct, constructed between 1905 and 1913 (Nadeau, 1997).

2.2. Sample design for vegetation

The disturbance corridor at the sampling sitewas approximately
90 m wide with a 7-m wide graded dirt service road in the center.
We established fourteen 20-m� 1-m randomly selected transects
at each of four distances (0, 20, 40, and 100 m) parallel to the north
verge of the service road into undisturbed habitat for a total of 56
transects (Fig. 1B). The 0-m transects were next to the road berm
but not on it, were the closest to the buried aqueduct, and were
designated as “verge” sites. Transects at 20-m and 40-m distances
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were within the disturbed right-of-way and were termed the
midway and blade-edge distances, respectively. The distance from
the 0-m point and undisturbed vegetation was 45 m. The 100-m
transects comprised the undisturbed or control sites and were
55 m from the bladed edge of the disturbed corridor.

Between July and November of 2005, we collected data on dis-
tribution, species composition, and canopy cover of perennials by
Fig. 1. (A) Location of the study area in the second Los Angeles aqueduct corridor,
Mojave Desert, California, in relationship to other deserts with Larrea vegetation alli-
ances: the Mojave, Sonoran, and Chihuahuan deserts of North America and the Monte
Desert of South America. (B) Schematic of the second Los Angeles aqueduct corridor
with the buried pipe, service road, the four distances (0, 20, 40, and 100 m) from the
edge of the service road, and undisturbed land.
distance from the road verge. The SE corner of each transect was
located using a GeoExplorer 3 (Trimble Navigation Limited, Sun-
nyvale, California), and data were recorded in UTMs (NAD 83, Zone
11N) for a geographic information system (GIS) layer. A compass
and tape measure were used to mark transect corners. We then
measured locations of individual shrubs (using the single basal
stem) from the SE corner of the transect and converted data on
centers of shrubs to UTM coordinates. L. tridentata, which usually
has multiple stems, was measured from the center of the ring of
basal stems. Perennials were identified to species, and shrub can-
opies were placed in one of three classes: live (canopy >95% live
vegetation), dead (canopy entirely dead), or mosaic (canopy con-
sisting of live and dead components where the dead component is
>5% of total canopy cover). We also measured the greatest length
and width of each perennial species to calculate cover (m2) by
species, as well as total cover for each transect. We report cover as
percent cover, calculated for each species as cover divided by
transect area. Species richness (total number of species) and
Simpson's diversity index (D¼ 1�P

[ni(ni � 1)/N(N� 1)], where ni
is the number of the ith species and N is the number of all indi-
vidual plants on the transect [Pielou, 1969]) were calculated for
each transect. The number of shrub islands (�2 individual shrubs
with intersecting canopies) and the number and species of shrubs
composing the islands were recorded for each transect. We also
collected data on perennial shrubs and grasses serving as nurses
(Padilla and Pugnaire, 2006; Filazolla and Lortie, 2014) by recording
the number and species of seedlings and small shrubs growing
within the understory of each shrub or perennial grass. Plant names
and abbreviations followed Baldwin et al. (2014, Table 1).

2.3. Data analysis

We assigned potential life spans to the perennial species using
published data from the Mojave Desert, when available (Table 1;
Frenkel, 1970; Johnson et al., 1975; Vasek et al., 1975a, 1975b, 1979/
1980; Lathrop and Archbold, 1980a; Bowers et al., 1997; Lauenroth
and Adler, 2008). For two species (Acamptopappus sphaerocephalus,
Eriogonum fasciculatum), life span estimates varied and may have
been dependent on desert region, surficial geology, elevation, and
vegetation alliance. We also noted distributional affinities of each
species in the North and South American deserts (Benson and
Darrow, 1981; Turner et al., 1995; Baldwin et al., 2014).

We compared total number of shrubs and one species of cactus,
total shrub cover (live and dead canopies), total live canopy cover,
total dead canopy cover, and number of mosaic shrubs (defined as
having both live and dead canopies) by distance from the road
verge (0, 20, 40, and 100 m) using linear mixed-effects models
(with distance from the road verge as a fixed effect and transect
identification as a random effect) and post hoc Tukey's Honestly
Significant Difference (HSD) test. We used this method of analysis
to account for relatedness of measurements made on the same
transect. We similarly compared canopy cover (total canopy cover,
total live and dead canopy cover) by distance from the road verge
for four perennial grass species (Elymus elymoides, Poa secunda,
Stipa speciosa, Stipa hymenoides) using linear mixed-effects models.
We also compared live canopy cover for six individual shrub species
of interest (Ericameria nauseosa, A. salsola, A. dumosa, L. tridentata,
Ericameria cooperi, Grayia spinosa), species richness, Simpson's di-
versity index, number of shrub islands, number of shrubs per shrub
island, and species richness of shrub islands among the four dis-
tances from the road verge using linear mixed-effects models and
Tukey's HSD test.

To examine contagion patterns in the vegetation, we used a GIS
layer containing locations of each perennial shrub and grass species
to determine the nearest species with the “near proximity” tool in



Table 1
Abundance of perennial shrubs and grasses at each distance band at the second Los Angeles aqueduct site, westernMojave Desert, California. Estimated longevity (references in
Methods): SL¼ short-lived, ML¼mid-lived, LL¼ long-lived, VLL¼ very long-lived, and ?¼ longevity unknown or suspected from limited data. Life form: PG¼ perennial grass,
PS ¼ perennial shrub, and HPS ¼ herbaceous perennial shrub.

Species abbrev. Scientific name Estimated longevity Life form Desert affinitya Number of plants, all transects

0 m 20 m 40 m 100 m

ACSP Acamptopappus sphaerocephalus SL, ML PS Great Basin, Mojave, Sonoran 0 3 40 42
AMDU Ambrosia dumosa VLL PS Great Basin, Mojave, Sonoran 2 73 188 292
AMSA Ambrosia salsola SL PS Great Basin, Mojave, Sonoran 22 119 26 10
ATCA Atriplex canescens ML, LL PS Great Basin, Mojave, Sonoran, Chihuahuan 1 2 0 0
CYEC Cylindropuntia echinocarpa LL Cactus Great Basin, Mojave, Sonoran 0 0 0 1
ELEL Elymus elymoides SL? PG Great Basin, Mojave, Sonoran, Chihuahuan 29 3 1 0
ERCO Ericameria cooperi LL PS Great Basin, Mojave 6 12 61 136
ERNA Ericameria nauseosa LL PS Great Basin, Mojave, Chihuahuan 373 175 5 0
ERTE Ericameria teretifolia ? PS Great Basin, Mojave 0 3 1 0
ERFA Eriogonum fasciculatum SL, LL PS Great Basin, Mojave, Sonoran 0 0 0 1
GRSP Grayia spinosa LL PS Great Basin, Mojave, Sonoran 0 4 10 11
KRLA Krascheninnikovia lanata LL PS Great Basin, Mojave, Sonoran, Chihuahuan 0 0 0 8
LATR Larrea tridentata VLL PS Mojave, Sonoran, Chihuahuan 3 0 8 31
LESQ Lepidospartum squamatum SL? PS Mojave, Sonoran 0 1 0 0
LYAN Lycium andersonii VLL, LL PS Great Basin, Mojave, Sonoran, Chihuahuan 0 0 2 0
MILA Mirabilis laevis SL HPS Mojave, Sonoran 1 0 10 0
POSE Poa secunda ? PG Many desert plant communities, N.A., S.A. 0 0 1 53
STPA Stephanomeria pauciflora SL PS Great Basin, Mojave, Sonoran 40 37 1 15
STHY Stipa hymenoides LL? PG Many plant communities 5 2 6 0
STSP Stipa speciosa SL PG Many plant communities, N.A.,S.A. 4 3 4 4
TEST Tetradymia stenolepis SL PS Great Basin, Mojave 0 0 0 2
Otherb 3 11 8 32

a Not shown: several plant species have non-desert affinities.
b Other perennial plants were unidentifiable to species and were usually dead shrubs. N.A. ¼ elsewhere in North America; S.A ¼ South America.

Fig. 2. Two sets of photographs of the study area, each taken at a different location, within the Los Angeles aqueduct corridor, western Mojave Desert, California. (A) 1979, taken ~10
years after the right-of way was cleared of vegetation, the pipeline was buried, and the right-of-way was ripped to decompact the soil. Note the rarity of shrubs and the presence of
annuals in the furrows. (B) 1988, taken 19 years after construction. Although the furrows are still evident, shrubs (e.g., Ambrosia salsola) were present. (C) A re-photograph of (A),
taken in 2005, 26 years after (A) and 36 years after construction. (D) A re-photograph of (B), taken in 2006, taken 37 years after construction. In both (C) and (D), the cover of shrubs
has become well-established. Burgess Kay took photographs A and B (Kay, 1979, 1988); Dominic Oldershaw took C and D. In the 2005 and 2006 photographs, the service road is still
present but obscured by shrubs.
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ArcGIS Vers. 9.2 (ESRI, Redlands, California). We then constructed a
contingency table of the more common species (N ¼ 9) with the
species identity of the nearest perennial plant to examine conta-
gion patterns using chi-square statistics. Finally, we constructed a
contingency table to analyze associations between the more com-
mon nurse shrubs (N ¼ 8) and the perennial plants growing within
their understory, also using chi-square statistics.

We performed a discriminant function analysis to determine
whether the four distances represented distinct plant communities
based on species composition. For this analysis, we used frequency
counts of all perennial shrubs and perennial bunch grasses as
predictor variables to characterize each distance from the road
verge. We also compared the similarity of the perennial plant
community between distances with two additional metrics:
Sørensen's similarity index (Si) and BrayeCurtis index (BCi). These
indices provide a measure of similarity where 0 represents no
similarity between communities (i.e., distances) and 1 represents
identical communities.

For Sørensen's similarity index, we converted our dataset to
presence/absence data and calculated indices between sampling
distances: Si ¼ 2C/(2C þ A þ B) where i is a comparison between
distances, C is the number of species shared by two distances, A is
the number of species exclusive to distance A, and B is the number
of species exclusive to distance B. For the BrayeCurtis index, which
incorporates measures of relative abundance, we used the peren-
nial density data to first calculate a BrayeCurtis distance (BCd):
BCd ¼ Pn

i

�
�xij � xik

�
�=
Pn

i xij þ xikwhere d is a comparison between
distances, xij is the density of species i at distance j, xik is the density
of species i at distance k, and n is the total number of species (Pekas
and Schupp, 2013). We then calculated the BrayeCurtis index:
BCi ¼ 1 e BCd.. For these analyses, we combined perennial species
with different canopy states (live and dead).

We converted similarity indices to percent similarity by multi-
plying the index by 100. We then calculated a recovery rate by
assuming a constant linear relationship between time and recovery
and divided the percent recovery estimates by 36 years. For each
distance comparison, we used the recovery rates to estimate time
required to reach 100% recovery. We also compared the recovery
rates after 36 years to estimates of recovery calculated by two linear
models reported by Abella (2010): y ¼ 0.285x þ 38.6 and
y¼ 0.295xþ 44.7, where y is the predicted percent of recovery (i.e.,
percent similarity between disturbed and undisturbed samples)
and x is the time since disturbance. The former equation was
developed from ameta-analysis of 31 studies, each with one year of
data. The latter equation was developed with data collected by
Bolling and Walker (2000) from a series of abandoned roads in the
Mojave Desert.

Linear mixed-effects models were fitted in R v.2.11.1 (R
Development Core Team, 2010) using the nlme package (Pinheiro
and Bates, 2013) and Tukey's HSD tests were conducted with the
multcomp package (Hothorn et al., 2008). Similarity indices were
calculated using the vegdist function in the vegan package (Oksanen
et al., 2013). All other statistical tests were performed with SYSTAT
v.13 (SYSTAT Software, Inc., 2009) and considered significant at
P < 0.05.
3. Results

The photograph taken by Kay (1979) approximately 10 years
after construction indicates that few shrubs had colonized the
aqueduct corridor; nonewas evident in the foreground of the study
area (Fig. 2A). In a second photograph taken 19 years after con-
struction, A. salsolawas common in the fore- andmid-ground and L.
tridentata was occasional (Kay, 1988, Fig. 2B). At the time of our
study 36 years after construction in 2005, 16 species of perennial
shrubs, one species of cactus, and four species of perennial grasses
were present on all transects, including the control (Table 1, Fig. 2C
and D). The species found within the disturbance corridor were,
with several exceptions (E. nauseosa, Ericameria teretifolia, E. ely-
moides, Atriplex canescens, L. squamatum, Lycium andersonii, Mir-
abilis laevis; Table 1), the same species found on control transects
outside the disturbance corridor; all species were part of the local L.
tridentata-A. dumosa vegetation alliance. Within the study site, 11
species were long-lived, eight species were short-lived, and the
longevity of two species was unknown (Table 1). All species occur
in two or more North American deserts, and three of the grass
species occur in many plant communities, including those in South
America.

Within the study site, five species were present at all distances:
four shrubs (A. dumosa, A. salsola, Stephanomeria pauciflora, and E.
cooperi) and one perennial bunch grass (S. speciosa). The number of
species exclusive to each distance varied with distance to the road
verge: none on the 0-m transects; one species on the 20-m tran-
sects (L. squamatum); one species on the 40-m transects (Lycium
andersonii); and four species on the 100-m transects (Cylin-
dropuntia echinocarpa, E. fasciculatum, Krascheninnikovia lanata,
and Tetradymia stenolepis). G. spinosa and A. sphaerocephalus were
never observed on 0-m transects, P. secundawas never observed on
0-m or 20-m transects, Atriplex canescens was never observed on
40-m or 100-m transects, and E. nauseosa, E. elymoides and S.
hymenoideswere never observed on 100-m transects. Three species
of perennial grass (S. hymenoides, S. speciosa, E. elymoides) were
rare: each species composed <2% of the total number of individual
perennial species recorded. Six shrub species (E. fasciculatum, E.
teretifolia, K. lanata, L. squamatum, L. andersonii, T. stenolepis), one
cactus species (C. echinocarpa), and one herbaceous perennial plant
(Mirabilis laevis) comprised <1% of the total number of individual
perennial species recorded.
3.1. Numbers, distribution, and canopy cover of common species

The total number of shrubs and the single cactus (not including
grasses) per transect did not vary significantly with distance from
the road verge (F3,39 ¼ 1.94, P¼ 0.139). However, total live and dead
shrub cover varied with distance from the road verge (F3,39 ¼ 19.08,
P < 0.001). Tukey's HSD test revealed that total cover was greater at
100 m than all other distances (P < 0.007), greater at 20 m than
40 m (P¼ 0.001), and no differences existed between 0m and 20m
(P ¼ 0.144) or 0 m and 40 m (P ¼ 0.266). Overall, long-lived
perennial plants composed 42% of individuals and 75% of cover
within the disturbance corridor (Table 1). Of the long-lived species,
E. nauseosa composed 59% of individuals and 67% of cover.

Live canopy cover varied with distance from the road verge
(F3,39¼ 8.55, P< 0.001), with significantlymore cover at 100m than
other distances (P < 0.03). Dead canopy cover also varied with
distance from the road verge (F3,39 ¼ 13.89, P < 0.001), with more
dead cover at 100m or 20m than at 40m or 0m (P < 0.001). At 0 m,
dead shrubs formed 10.5% of the canopy cover, peaking at 20 m
with 34.2% of canopy cover, and declining to 23.6% and 25.2% at
40 m and 100 m distances, respectively (Table 2). Additionally, the
number of shrubs with mosaic canopies increased with increasing
distance from the road verge (F3,39 ¼ 31.75, P < 0.001), with
significantly more shrubs with mosaic canopies at 100 m than all
other distances (P < 0.001).

The cover of individual live shrub species also varied with dis-
tance to the road verge. Cover of live E. nauseosa decreased with



Table 2
Percent cover of live and dead perennial plants at distances of 0 m, 20 m, 40 m, and 100m from the road verge at the second Los Angeles aqueduct site, western Mojave Desert,
California.

Scientific name Mean (±SE) percent cover

0 m 0 m 20 m 20 m 40 m 40 m 100 m 100 m

Live Dead Live Dead Live Dead Live Dead

Acamptopappus sphaerocephalus 0 0 <0.1 (±0.1) <0.1 (±0.1) 3.7 (±1.2) 0.4 (±0.2) 1.3 (±0.6) 2.2 (±0.8)
Ambrosia dumosa <0.1 (±0.1) 0 3.4 (±1.3) 1.6 (±1.2) 5.5 (±1.8) 4.9 (±1.1) 11.9 (±1.8) 7.3 (±1.4)
Ambrosia salsola 2.1 (±1.1) <0.1 (±0.1) 15.9 (±4.0) 7.5 (±2.3) 2.8 (±1.1) 1.5 (±0.8) 0.7 (±0.4) 0.5 (±0.3)
Atriplex canescens <0.1 (±0.1) 0 <0.1 (±0.1) 0.1 (±0.1) 0 0 0 0
Cylindropuntia echinocarpa 0 0 0 0 0 0 0 <0.1 (±0.1)
Elymus elymoides 0.2 (±0.1) 0 <0.1 (±0.1) 0 <0.1 (±0.1) 0 0 0
Ericameria cooperi 0.2 (±0.2) 0 1.8 (±1.3) 0.1 (±0.1) 4.7 (±2.6) 1.2 (±0.6) 7.6 (±2.4) 5.2 (±1.4)
Ericameria nauseosa 40.4 (±4.3) 3.6 (±1.2) 17.2 (±4.1) 11.8 (±3.2) 1.1 (±0.9) 0.3 (±0.3) 0 0
Ericameria teretifolia 0 0 0.2 (±0.2) 0 0.4 (±0.4) 0 0 0
Eriogonum fasciculatum 0 0 0 0 0 0 0.1 (±0.1) 0.1 (±0.1)
Grayia spinosa 0 0 0.9 (±0.5) 0.1 (±0.1) 1.1 (±0.7) 0 3.2 (±1.6) 0.3 (±0.2)
Krascheninnikovia lanata 0 0 0 0 0 0 0.3 (±0.3) <0.1 (±0.1)
Larrea tridentata 0 1.5 (±1.0) 0 0 8.4 (±4.1) 0 34.3 (±7.9) 3.9 (±2.1)
Lepidospartum squamatum 0 0 0.1 (±0.1) 0 0 0 0 0
Lycium andersonii 0 0 0 0 0.3 (±0.3) <0.1 (±0.1) 0 0
Mirabilis laevis <0.1 (±0.1) 0 0 0 <0.1 (±0.1) 0.3 (±0.1) 0 0
Poa secunda 0 0 0 0 <0.1 (±0.1) 0 0.8 (±0.4) 0
Stephanomeria pauciflora 0.5 (±0.2) 0 1.1 (±0.7) 0 <0.1 (±0.1) 0 0.1 (±0.1) 0
Stipa hymenoides 0.2 (±0.1) 0 <0.1 (±0.1) 0 <0.1 (±0.1) <0.1 (±0.1) 0 0
Stipa speciosa <0.1 (±0.1) 0 0.1 (±0.1) 0 <0.1 (±0.1) 0 1.1 (±0.8) <0.1 (±0.1)
Tetradymia stenolepis 0 0 0 0 0 0 0.8 (±0.8) 0.2 (±0.5)
Other 0 <0.1 (±0.1) 0 0.1 (±0.1) 0 0.1 (±0.1) 0 0.9 (±0.5)
Total shrub and grass cover 43.3 (±4.0) 5.1 (±1.9) 40.7 (±3.5) 21.2 (±3.3) 28.1 (±5.0) 8.7 (±1.3) 61.9 (±7.2) 20.8 (±3.0)

K.H. Berry et al. / Journal of Arid Environments 124 (2016) 413e425418
increasing distance from the road (F3,39 ¼ 52.40, P < 0.001; Fig. 3A),
with significantly more cover at 0 m than all other distances
(P< 0.001) andmore cover at 20m than 40m (P< 0.001) and 100m
(P < 0.001). Cover of live A. salsola varied with distance to the road
verge (F3,39 ¼ 11.63, P < 0.001), with significantly more cover at
20 m than all other distances (P < 0.001; Fig. 3B). Patterns of
increased canopy cover with increasing distance from the road
verge were apparent for both live A. dumosa (F3,39 ¼ 14.67,
P < 0.001; Fig. 3C) and live L. tridentata (F3,39 ¼ 12.01, P < 0.001;
Fig. 3D). More live cover of A. dumosa occurred at 100 m than all
Fig. 3. Percent live cover of Ericameria nauseosa (A), Ambrosia salsola (B), Ambrosia dumosa (
blade edge (40 m) of the right-of-way, and in the undisturbed or control area (100 m) of t
other distances (P < 0.002) and cover was also greater at 40 m than
0m (P < 0.05). Live cover of L. tridentatawas absent at 0m and 20m
but was significantly greater at 100 m than all other distances
(P < 0.001). Similarly, cover of live E. cooperi was significantly
greater at 100 m (F3,39 ¼ 4.61, P ¼ 0.007) than 0 m and 20 m
(P < 0.02). Cover of live G. spinosa also increased with increasing
distance from the road verge (F3,39 ¼ 3.00, P ¼ 0.042), with
significantly more cover at 100 m than 0 m (P ¼ 0.025).

Cover of individual dead shrub species also showed corre-
sponding patterns across the disturbance corridor, reflecting
C), and Larrea tridentata (D) at the service road verge (0 m), midway (20 m) and at the
he second Los Angeles aqueduct corridor, western Mojave Desert, California.
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recovery and succession (Table 2). Dead E. nauseosa, for example,
composed 8.2% of cover for the species at 0 m vs. 40.6% at 20 m. By
100 m, neither live nor dead E. nauseosa were present on transects.
Dead A. salsola, in a pattern similar to E. nauseosa, formed 0.4% of
cover at 0 m vs 31.9% and 35.5% at 20-m and 40-m distances,
respectively. Only dead L. tridentata occurred at 0 m.

Total cover of the four species of perennial grasses varied
significantly by transect distance (F3,39 ¼ 4.32, P ¼ 0.010), with
greater cover at the 100-m distance than at 40 m or 20 m (P < 0.05;
Table 2). When evaluated by individual species of perennial grass,
cover of live and dead E. elymoides combined decreased with
increasing distance from the road (F3,39 ¼ 3.59, P < 0.022), and
cover was significantly greater at 0 m than all other distances
(P < 0.05). In contrast, cover of live and dead P. secunda increased
with increasing distance from the road (F3,39 ¼ 3.41, P ¼ 0.027),
with significantly greater cover at 100 m than all other distances
(P < 0.05). The live and dead cover for S. speciosa and S. hymenoides
did not vary significantly by distance, although S. speciosa cover
tended to be higher at the 100-m distance than at other distances
(F3,39 ¼ 2.06, P ¼ 0.12), and counts of S. hymenoides cover tended to
be highest at the verge and lowest at the 100-m distance
(F3,39 ¼ 2.77, P ¼ 0.055). The results did not change when only the
live bunch grasses were analyzed.
3.2. Species richness, diversity and composition

Indices of species richness and diversity varied with distance
from the road verge. Species richness increased with increasing
distance from the road verge (F3,39 ¼ 4.25, P ¼ 0.011), with signif-
icantly more species on 100-m transects (4.4 species per transect)
and 40-m transects (4.3 species per transect) than on 0-m transects
(2.9 species per transect; P < 0.02). Simpson's diversity index also
increased with increasing distance from the road verge
(F3,52 ¼ 4.32, P < 0.009), with significantly greater species diversity
at 100 m and 40 m than at 0 m (P < 0.021) and a trend for greater
diversity at 20 m than at 0 m (P ¼ 0.059).

Species composition differed significantly among the four dis-
tances based on perennial plant composition (Wilk's
Lambda ¼ 0.001, approximate F90, 63 ¼ 6.834, P < 0.001; Fig. 4) and
classified 100% of the transects to the correct distance. Transects at
Fig. 4. Scatterplots of discriminant analysis functions for perennial plant composition
at 0 m (road verge), 20 m, and 40 m distances within the disturbance corridor of the
second Los Angeles aqueduct, and at 100 m (control) on adjacent undisturbed habitat,
western Mojave Desert, California.
20 m and 40 mwere more similar in terms of species composition,
while transects at 100 m were most distinct (Fig. 4). Three
discriminant functions explained 87.6%, 7.1%, and 5.3% of the vari-
ation in the dataset, respectively. Function coefficients of each
perennial species with these three discriminant functions are
shown in Appendix A; species that were important in separating
the four distances were E. nauseosa, A. salsola, A. dumosa, L. tri-
dentata, E. cooperi, and E. elymoides.

The four distances from the road verge contained distinct
groupings or associations of plants. Even though the discriminant
analysis correctly classified all 56 transects, there was notable
overlap between 0-m, 20-m, and 40-m transects in species
composition (Table 2, Fig. 4). These results imply that reestablish-
ment of perennial plants has occurred along a transitional gradient
of disturbance from the road verge to the control, with control
transects representing the most distinct plant community (Fig. 4),
with the greatest species diversity and dominated by the long-lived
A. dumosa and L. tridentata. The lack of overlap in the discriminant
analysis between the control sites with the three disturbance dis-
tances shows that none of the distances within the disturbance
corridor has achieved the original species composition observed at
the control.

3.3. Shrub islands

Shrub islands reflected the common species present at the four
transect distances. At 0 m, most shrub islands consisted of only E.
nauseosa, followed in descending order by E. nauseosa and A. sal-
sola, E. nauseosa and S. pauciflora, and E. nauseosa and E. cooperi. At
20 m, E. nauseosa and A. salsola were again the most frequent
components of shrub islands, and A. dumosa appeared in low
numbers. At 40 m, A. dumosawas the predominant species and co-
occurred with E. cooperi, A. sphaerocephalus, and G. spinosa in shrub
islands. At 100 m, most shrub islands were composed of only A.
dumosa, followed by only E. cooperi, and combinations of A. dumosa
with E. cooperi, Acamptopappus spherocephalus, and L. tridentata.
Although species composition of shrub islands differed at the four
distances, the number of shrub islands per transect and the number
of shrubs per shrub island did not vary significantly with distance
from the road verge (F3,39 ¼ 2.78, P ¼ 0.054; F3,39 ¼ 0.01, P ¼ 0.999,
respectively). Number of species (1e4) composing a shrub island
also did not vary with distance from the road verge (F3,39 ¼ 1.73,
P ¼ 0.177).

3.4. Patterns of association: nearest neighbors and nurse plants

The nearest species analysis revealed that individual perennial
species varied in their patterns of associationwith other species. All
perennials showed strong positive associations with conspecifics
(Table 3). A. salsola showed negative associations with A. dumosa
and all heterospecifics, and E. nauseosa and S. pauciflora showed
negative associations with all heterospecifics except for the
perennial grass E. elymoides. In contrast, L. tridentata, A. dumosa, A.
spherocephalus, and the perennial bunch grasses E. elymoides and P.
secunda each showed positive associations with multiple hetero-
specifics (Table 3).

We evaluated the eight more common species of shrubs that
acted as nurse plants (Table 4: A. sphaerocephalus, A. dumosa,
A. salsola, E. cooperi, E. nauseosa, Grayia spinosa, L. tridentata, and
Stephanomeria pauciflora). Dead and live shrubs were equally as
likely to serve as nurse shrubs to other perennials (c2 ¼ 0.15, df¼ 1,
P¼ 0.701). Nurse plants occurred at all distances within the site and
composed 7.9% of all plants measured, in proportions that varied
little by distance: 9.0% at 0m, 8.0% at 20m, 8.3% at 40m, and 6.8% at
40 m (Appendix B). Nurse species differed by distance, with E.



Table 3
Summary of themost common perennial plant species with counts and Pearson residuals of their nearest perennial plant species occurring at the second Los Angeles aqueduct
site, western Mojave Desert, California. Pearson residuals were calculated as (Observed e Expected)/√Expected. *All Pearson residuals >2 indicated strong positive associ-
ations and a significant departure at the 95% level. **All Pearson residuals > e 2 indicated strong negative associations and a significant departure at the 95% level. Plant
abbreviations are given in Table 1.

Counts of nearest perennial plant species (standardized deviates)

Species ACSP AMDU AMSA ELEL ERCO ERNA LATR POSE STPA Total

ACSP 12 (6.35)* 31 (2.62)* 5 (�0.46) 1 (�0.61) 4 (�1.09) 0 (�4.45)** 1 (�0.20) 8 (3.67)* 2 (�1.01) 64
AMDU 28 (2.39)* 338 (15.37)* 21 (�3.82)** 4 (�2.69)** 47 (�0.80) 19 (�10.81)** 10 (0.20) 21 (0.66) 5 (�4.68)** 493
AMSA 6 (�0.11) 24 (�3.94)** 95 (19.27)* 4 (�0.42) 7 (�2.68)** 25 (�3.90)** 1 (�1.26) 2 (�1.73) 9 (�0.58) 173
ELEL 0 (�1.11) 3 (�2.28)** 1 (�1.25) 6 (5.10)* 1 (�1.38) 17 (2.00)* 2 (1.68) 0 (�1.12) 4 (1.27) 34
ERCO 6 (�0.30) 52 (�0.64) 5 (�3.05)** 1 (�1.88) 99 (17.65)* 7 (�6.69)** 4 (0.23) 9 (0.80) 4 (�2.27)** 187
ERNA 0 (�4.45)** 24 (�11.01)** 28 (�3.35)** 24 (2.14)* 9 (�6.46)** 429 (20.06)* 3 (�2.29)** 0 (�4.48)** 28 (�1.09) 545
LATR 2 (0.32) 17 (0.99) 0 (�2.05)** 2 (0.66) 6 (0.59) 5 (�2.33)** 10 (10.01)* 0 (�1.27) 2 (�0.47) 44
POSE 5 (2.22)* 17 (0.22) 3 (�0.92) 0 (�1.23) 6 (0.14) 0 (�4.05)** 0 (�1.00) 22 (14.34)* 0 (�1.83) 53
STPA 2 (�0.67) 5 (�4.21)** 3 (�1.87) 6 (2.20)* 1 (�2.74)** 18 (�1.77) 1 (�0.52) 0 (�1.80) 52 (19.72)* 88
Total 61 511 161 48 180 520 32 62 106 1681
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nauseosa composing 95% of nurse species at 0 m, compared with
51% at 20 m, and 3% at 40 m. In contrast at 40-m and 100-m dis-
tances, three speciesdA. dumosa, Ericameria cooperi and A.
sphaerocephalusdthat had minor or no presence at 0-m and 20-m
distances, composed 83% and 92% of nurses, respectively.

Shrub species differed in their ability to act as nurse shrubs for
particular species (Table 4). For example, E. nauseosa was an
important nurse shrub to other E. nauseosa, and A. salsola was an
important nurse shrub to other A. salsola, but the other nurse
shrubs were not important to their conspecifics. E. nauseosa acted
as a nurse shrub to six other species, two of whichwere congenerics
(E. cooperi, E. teretifolia), and four that were common in the 0-m and
20-m distances (E. elymoides, A. salsola, S. pauciflora, S. hymenoides).
However, the only significant positive relationships for E. nauseosa
were with other E. nauseosa and E. elymoides. E. cooperi, in contrast,
had significant positive nurse relationships with A. sphaer-
ocephalus, A. dumosa, G. spinosa, and K. lanata (Table 4). Some nurse
shrubs, e.g., A. sphaerocephalus, acted as nurse for species typically
at the 100-m distance, e.g., A. sphaerocephalus nursed A. dumosa, M.
laevis, and P. secunda. The role of L. tridentata as a nurse was mar-
ginal, and then only for A. dumosa.

About one-third of the plants observed to be nursed were
perennial grasses (35%, 65/186; Table 4). A different species of
shrub or array of shrubs served as nurse plants for each of the four
perennial grass species. Only two grass species had significant
positive relationships: E. elymoides was nursed only by E. nauseosa
and P. secunda was nursed by A. sphaerocephalus. Significant
negative relationships were also recorded: A. dumosa and E. cooperi
with E. elymoides and E. nauseosa with P. secunda.
3.5. Distance effects and recovery of perennial vegetation

The percent similarity between distances within the distur-
bance corridor and undisturbed perennial vegetation increased
with increasing distance from the road verge and center of the
disturbed area (Table 5). Likewise, the estimated time to 100% re-
covery was faster with increased distance (R100 in Table 5). The
Sørensen and BrayeCurtis indices showed similar patterns, but the
BrayeCurtis index was more conservative, especially at 0-m, with
an estimate of 600 years. The linear models from Abella (2010)
provided similar estimates of percent recovery after 36 years and
time to 100% recovery (Table 5).

We estimate that the time for composition of perennial plants to
return to values observed at the undisturbed control will be
dependent on location within disturbance corridor, and may
require from 176 to 600 years at the verge, versus 63e90 years at
the 40-m or blade edge portion of the corridor (Table 5). Recovery
at the blade edge will be much more rapid, because the 40-m
distance is only 5 m from undisturbed lands, compared with the
0-m distance, which is 45 m away. The 0-m distance at the road
verge is also in an area of frequent disturbance.
4. Discussion

4.1. Colonization and succession within the disturbance corridor

Colonization of the aqueduct corridor is bidirectional and has
occurred from two directions: from the control into the disturbance
corridor and from the verge of the central road into the disturbance
corridor. The three distances within the disturbance corridor
represent three different stages of colonization and secondary
succession that are still underway in a gradient between the road
and control. The first and more advanced stage, from the control
into the disturbance corridor, appears in the 40-m transects, 5 m
from the blade edge of the disturbance with the control and is an
example of secondary succession. Several long-lived species (e.g., A.
dumosa, E. cooperi, G. spinosa, L. tridentata) and at least one mid-
lived species, A. sphaerocephalus, are present, further decrease in
numbers and canopy cover at the 20-m, or are absent at the verge
(Tables 1 and 2). The single L. tridentata occurring at the verge is
dead. In this case, long-lived species are acting as pioneers and
colonizing the adjacent disturbed area, similar to Vasek's (1979/
1980) description of L. tridentata succession at a barrow pit. Spe-
cies diversity and richness, highest in the control, decreases pro-
gressively from the 40-m transects to the verge.

The second colonization and successional pattern, initiated at
the verge, extends across the disturbance corridor to the 40-m
transects. The road verge represents a continually disturbed
ruderal site. The successional pattern appears to be a variation of
the Connell and Slatyer (1977) inhibition model, in which early
occupant(s) somehow secure the site and exclude, inhibit, suppress
or modify the environment so that it subsequently is less suitable
for recruitment of late successional species. In our case, E. nauseosa,
a long-lived species, and A. salsola, S. pauciflora, and E. elymoides,
three short-lived species, dominate the verge (Tables 1 and 2). E.
nauseosa occurs in decreasing numbers in 20-m and 40-m transects
and is absent from the control. The proportions of live to dead cover
of E. nauseosa at the verge (11:1) decrease markedly (1.5:1) at 20 m,
a potential indicator that E. nauseosa has failed to thrive away from
the verge. In contrast, A. salsola and S. pauciflora peak in numbers
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Table 5
Average percent similarity (±SE) of perennial species composition between
disturbed (0, 20 and 40 m) and undisturbed transects (100 m) at the second Los
Angeles aqueduct study area, western Mojave Desert, California. Percent similarity
was estimated using two indices: Sørensen and BrayeCurtis. As a metric of recovery,
percent similarity was used to calculate the time (years) to 100% recovery (R100).
Two linear models provided by Abella (2010) were used to calculate additional es-
timates of percent similarity and R100.

Comparison between plots Similarity index

Sørensen BrayeCurtis

0e100
R100:

20.5 (±) 5.4
175.6

6.0 (±1.9)
600.0

20e100
R100:

31.7 (±4.0)
113.6

18.6 (±3.9)
193.6

40e100
R100:

57.6 (±) 4.2
62.5

40.0 (±4.8)
90.1

Abella 2010a

R100:
48.9
215

Abella 2010b

R100:
55.3
187

a Data from 31 studies, 1 year of data each, time since disturbance: 1e74 years.
b Data from Bolling and Walker (2000), time since disturbance: 5e88 years.
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and cover at the 20-m and 40-m transects and are present in low
numbers and cover values in the control. In addition to E. nauseosa,
E. elymoides is also absent from the control.

E. nauseosa appears to be a highly successful dominant at the
road edge in this part of the Mojave Desert, potentially influencing
the trajectory of succession, not only here but at the first Los
Angeles aqueduct corridor constructed between 1905 and 1913
(Lathrop and Archbold, 1980a). In the first Los Angeles aqueduct
corridor, E. nauseosa is entrenched and remains dominant along the
road verge and within the corridor after 100 years (Lathrop and
Archbold, 1980a; observations of authors). This deeply-rooted
species is widespread across North American deserts, and is
“particularly common on degraded range lands where is replaces
the more valuable perennial grasses” (Benson and Darrow, 1981). It
has limited value for livestock and is associated with poor range
management (Enloe et al., 2009). E. nauseosa is difficult to control
and herbicides have been used to manage it elsewhere (Enloe et al.,
2009).

The dominance of E. nauseosa at our site differs from results of
two other studies on recovery of vegetation along unpaved access
roads adjacent to transmission line corridors in the southern
Mojave Desert (Johnson et al., 1975; Vasek et al., 1975a). The
transmission lines and roads were 33 and 37 years old at the time of
the studies. In both studies, L. tridentata was the dominant peren-
nial shrub at the road edge. E. nauseosa was uncommon in the re-
gionwhere Johnson et al. (1975) and Vasek et al. (1975a) conducted
research (Baldwin et al., 2014). Johnson et al. (1975) also reported
that perennial shrubs showed a pronounced increase in density,
cover, biomass, and diversity along the verge of unpaved roads
compared to undisturbed controls, in contrast to our findings. We
found significantly higher densities, cover, and diversity of peren-
nials in the control plots.

4.2. Spatial patterns of perennial species and potential roles of
shrub islands and nurse plants

Spatial patterns of perennial shrubs and interspecific competi-
tion are topics of interest in arid and semi-arid environments (e.g.,
Fowler, 1986) and may play a role in succession and recovery of
damaged habitats (Padilla and Pugnaire, 2006). In our study, strong
patterns of contagion with conspecifics were evident for all species
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(Table 3). Without exception, the nearest neighbor of each species
wasmost likely to be one of its own, a result for Larrea and Ambrosia
noted previously by Phillips and MacMahon (1981). Positive but
less so were interspecific relationships between A. dumosa and A.
sphaerocephalus; between A. sphaerocephalus and P. secunda; be-
tween E. elymoides and E. nauseosa; and between S. pauciflora and E.
elymoides (Table 3). Both positive and negative relationships be-
tween A. sphaerocephalus and A. dumosa have been reported pre-
viously (Schenk and Mahall, 2002). Some species of shrubs and
grasses were less likely to be in close proximity and thus potentially
exhibited aversion: E. nauseosa vs A. dumosa, E. cooperi, P. secunda,
A. sphaerocephalus, and L. tridentata; A. dumosa vs S. pauciflora, A.
salsola, and E. elymoides; and E. cooperi vs A. salsola and S. pauciflora.
E. nauseosa appeared to have negative associations with other long-
lived species, while A. dumosa had negative associations with the
short-lived species. Many factors affect spatial distribution and
neighbors. In our study, spatial patterning and inter- and intra-
specific relationships may be related to location within the distur-
bance corridor and the undisturbed habitat. With the exception of
E. nauseosa at the verge, long-lived species were less likely to be
near short-lived species.

Over time, shrub islands contribute to nutrient cycling in soils
and development of islands of fertility. Shrub islands within the
disturbance corridor represent potential sites for development of
islands of fertility and thus may be an integral part of succession
and the recovery process (e.g., Schlesinger and Pilmanis, 1998;
Bolling and Walker, 2002; Titus et al., 2002). Shrub islands accu-
mulate litter, windborne sand, seeds, and mineral nutrients; and
provide protection for animal burrows (Walker et al., 2015), fragile
annual plants, and plants sensitive to grazing from domestic
livestock.

Nurse plants also may play important roles in recovery of
degraded lands. The concept of nurse plants is well-developed in
the literature for shrubs, trees, and cacti in the Mojave, Sonoran
and Chihuahuan deserts (e.g., Fowler, 1986; Padilla and Pugnaire,
2006). However, for many species, the mechanisms and resulting
advantages and disadvantages of growing under a nurse plant are
not known or understood and in some cases may be negative
(McAuliffe, 1988; Walker et al., 2001; Flores and Jurado, 2003;
Padilla and Pugnaire, 2006). The verge and 20-m transects
were dominated by E. nauseosa and A. salsola, species most likely
to nurse their own species but less likely to nurse other perennial
plant species (Table 5). The long-lived E. nauseosa appears to
have a self-perpetuating cycle, and where it dominates, low di-
versity of perennial plants is likely. When acting as a nurse plant
for other species, E. nauseosa generally nursed con-generics (E.
cooperi, E. teretifolia) and short-lived species (S. hymenoides, S.
pauciflora, A. salsola). In contrast, sites with A. dumosa and E.
cooperi were more likely to contain nurse plants that nursed
multiple species, including long-lived species (e.g., S. speciosa, A.
dumosa, G. spinosa, K. lanata, P. secunda). These sites had higher
species diversity.

4.3. Estimates of recovery

The first Los Angeles aqueduct, constructed in 1913, parallel to
and ~0.5 km downslope of our site, provides valuable insight on the
potential time span for recovery. Lathrop and Archbold (1980a)
measured recovery of perennial vegetation along the 1913 and
1970 aqueducts 65 and 8 years after construction, respectively.
Using biomass data from several sites, they estimated 57 years until
recovery for the rights-of-way and 61 years for the road edges.
However, they noted that time to pre-disturbance composition
would require at least three times that of biomass recovery (~180
years). Abella (2010) estimated similar lengths of time for recovery
to pre-disturbance composition of 215 and 187 years (Table 5).

Our recovery estimates were also higher or lower, depending on
the similarity index used to calculate recovery. For example, after
36 years, estimates from the Sørensen index at 0 m and 20 mwere
lower (20.5% and 31.7%, respectively) than the Abella models (48.9%
and 55.3%), at 40 m were above (57.6%). The estimates from the
BrayeCurtis indices were lower for all three distances (Table 5). The
Sørensen index may perform poorly in communities that contain
rare species (Pekas and Schupp, 2013), whereas the BrayeCurtis
index, which accounts for abundance species-by-species, may be
more realistic.

4.4. Factors affecting recovery times

The history of land uses are important considerations in esti-
mating recovery of vegetation. Herbivory, for example, can influ-
ence the rate or trajectory of succession by affecting, arresting or
delaying successional stages (Connell and Slatyer, 1977; Walker,
2012). At our study area, interactions between livestock and the
assemblage of perennial plant species continue to be an important
dynamic in the long-term capability for the disturbance corridor to
recover. The entire study area was grazed and has been grazed for
>100 years (Wentworth, 1948). In 1980, the U.S. BLM rated the
grazing allotment as in fair condition (U.S. BLM, 1980). Kay (1988)
reported excessive pressure from cattle grazing and effects on
palatable plants in the aqueduct corridor and adjacent lands, and
we made similar observations in August 2005. Cattle and sheep do
not browse on E. nauseosa, E. cooperi, E. teretifolia, L. tridentata, and
A. salsola (U.S. BLM, 1980; our observations). Instead, they favor
forbs, perennial grasses (S. hymenoides, S. speciosa, P. secunda), and
chenopod shrubs (G. spinosa, K. lanata, A. canescens), which have
high forage importance indices (U.S. BLM, 1980; Kay and Graves,
1983). Livestock grazing also can affect spatial distribution and
succession (e.g., Fowler, 1986) by suppressing establishment and
growth of palatable, long-lived species such as K. lanata, G. spinosa,
and P. secunda both in the undisturbed habitat and the disturbance
corridor and thus may retard recovery within the disturbance
corridor. Both K. lanata and G. spinosa are important forage plants
for the threatenedMohave ground squirrels (California Department
of Fish and Wildlife, 2015b).

Species palatable to livestock, in turn, may escape browsing in
shrub islands andwithin canopies of unpalatable species. E. cooperi,
for example, a species not consumed by livestock and that nursed
several species, may have protected other, smaller shrubs under its
canopy from grazing, thus contributing to perennial species di-
versity within the 40-m and the 100-m distance transects.

The combined effects of grazing and drought are likely to extend
the time required for recovery of the perennial vegetation (e.g.,
Verwijmeren et al., 2014). Increasing droughts and aridity, pre-
dicted for the American Southwest (Seager et al., 2007; Ault et al.,
2014), are additional stressors. Although many of the desert
shrubs are drought-tolerant, germination of seeds and growth of
plants will be negatively affected under a climate regime of lower
rainfall and warmer temperatures. We may expect to see elevated
mortality in perennial vegetation with increasing and longer
droughts (e.g., Turner, 1990; McAuliffe and Hamerlynck, 2010) and
a shift to species more tolerant of drier and hotter conditions.
However, at the study site, the current composition of perennial
species reflects a wide array of physical and biotic tolerances: most
of the species occur in both hot and cold deserts (Table 1). There-
fore, some of the species may be less vulnerable to prolonged
droughts than others, e.g., 13 shrub species have affinities in the
Sonoran Desert and may be more resilient to drier conditions.
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Other species, typical of the Mojave and Great Basin deserts, may
shift their distributions northward or upward in elevation over
time.

Active intervention may accelerate recovery of vegetation in
old disturbances. For example, at the second Los Angeles aque-
duct corridor, E. nauseosa is entrenched and probably inhibiting
recovery. Mechanical removal, girdling, or burning the undesir-
able shrub, followed by planting A. dumosa and L. tridentata along
the verge, and irrigating the new shrubs may hasten the trajec-
tory for recovery (Lathrop and Archbold, 1980a; Kay, 1988). The
result may be a shrub alliance that better approximates the
natural diversity and composition of the control sites. Herbicides
are another tool deserving of consideration (Enloe et al., 2009).
Seeding or planting long-lived species such as E. cooperi may also
shorten recovery time to achieve the plant composition typical of
adjacent, undisturbed lands. Additionally, the efficacy of using
dead shrubs or stems of dead shrubs (“vertical mulching”) as
nurses could be explored (Weigand and Rodgers, 2009). Livestock
grazing, if reduced or eliminated, may have a positive effect (Kay,
1979), if soil amendments are added and perennial grasses are
planted in the open spaces before shrubs can take hold (Gibbens
et al., 2005).

The time required for recovery after disturbance can be modu-
lated through initial planning, specifically by minimizing the
amount and severity of disturbance. Recovery time can be lessened
in L. tridentata-A. dumosa plant alliances if topsoil, islands of
fertility, and crowns of shrubs remain intact when a site is cleared
of vegetation (Schlesinger and Pilmanis, 1998; Bolling and Walker,
2002; Gibson et al., 2004). At sites where projects result in severe
disturbance, soil amendments and planting of long-lived species
and their nurses may accelerate recovery.
Species Function 1 Function 2 Function 3

ACSP live �1.31 �0.95 �0.61
ACSP dead 0.27 0.37 0.11
AMDU live 2.19 1.14 0.80
AMDU dead 0.10 �0.59 �0.71
AMSA live 0.06 0.91 �0.11
AMSA dead �0.07 0.14 �0.27
ATCA live �0.11 �0.15 0.38
ATCA dead �0.11 0.43 �0.34
CYEC dead �4.52 �0.92 �1.05
ELEL 0.04 �0.09 0.48
ERCO live 1.28 0.37 0.25
ERCO dead 0.32 �1.13 �0.95
ERFA live 0.91 0.05 0.05
ERNA live �0.16 0.06 0.70
ERNA dead �0.32 0.78 �0.49
ERTE live 0.24 �1.14 �0.77
GRSP live �1.26 �0.42 �0.60
GRSP dead �0.11 0.43 �0.34
KRLA live 4.81 0.84 0.96
KRLA dead 0.49 1.17 1.00
LATR live 2.45 0.34 0.13
LATR dead �0.03 �0.07 0.26
LESQ live �0.02 1.28 0.20
LYAN live �1.43 �0.21 �0.11
LYAN dead �1.43 �0.21 �0.11
MILA live 0.44 �0.25 �0.01
POSE 1.35 0.39 0.28
STHY �0.33 0.42 0.01
STPA live �0.29 0.07 0.63
STSP 2.04 0.16 0.30
TEST live 1.78 0.51 0.42
TEST dead 1.78 0.51 0.42
Other 1.34 0.21 0.37
5. Summary and implications for the future

At a severely disturbed site in theMojave Desert where recovery
had been underway for 36 years, we identified two types of suc-
cession: secondary succession from undisturbed land to within the
disturbance corridor and inhibition at the road verge.We estimated
that for the disturbed area the time for recovery to a composition of
perennial species similar to the adjacent undisturbed area may
require as long as 600 years, and potentially longer with climate
change and continued livestock grazing.

To learn more about the recovery process, we evaluated 21
species of shrubs, grasses, and one cactusdspecies common in
vegetation alliances of North American desertsdfor their respec-
tive roles. We found that several long- and short-lived species act
as pioneers, depending on proximity to the source, to undisturbed
land, or continued disturbances. We also examined nearest
neighbor associations and nurse relationships quantitatively for
several species. We learned that the nearest perennial plant spe-
cies were most likely to be of the same species and that each
species had positive relationships with one to three hetero-
specifics and potentially negative relationships with several other
species. We identified nurse roles for eight perennial shrubs, and
observed that of the eight shrub species examined, only three
nursed their own species. E. nauseosa, a long-lived species of
degraded environments, acted as nurse for more species than any
other species of nurse, and appears to inhibit recovery to pre-
disturbance perennial plant composition. The information we
compiled on inter- and intraspecific associations is preliminary
and could be followed in the field over time, replicated, and tested
experimentally as well. Responses may vary considerably from site
to site and by desert. Plants that act as nurses or receive the
benefits of nursing in one situation may be negatively affected in
another. In the meantime, data about pioneering roles of species,
inter- and intraspecific associations, successional stages, and re-
covery times can be applied to potentially truncating recovery
processes in damaged Larrea and other vegetation alliances in the
Mojave, Great Basin, Sonoran, and Chihuahuan deserts. The in-
formation is also likely to be of value in Larrea alliances in the
Monte Desert.
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Appendix B. Species of nurse plants and counts occurring at
each distance in the disturbance corridor and in the control
(100-m distance) at the second Los Angeles aqueduct study
site, western Mojave Desert, California. The proportion of each
nurse species comprising the total for each distance is shown.
Abbreviations are shown in Table 1.
Transect
distance

Perennial
species

Nurse plant? Proportion of
species that nurse

Proportion of
nurses at each
distance

Yes No Total Yes No

0 ERNA 39 346 385 0.10 0.90 0.95
AMSA 1 21 22 0.05 0.95 0.02
STPA 1 39 40 0.03 0.98 0.02
AMDU 0 2 2 0.00 1.00 0.00
ERCO 0 6 6 0.00 1.00 0.00

20 ERNA 18 160 178 0.10 0.90 0.51
AMSA 10 111 121 0.08 0.92 0.29
AMDU 4 69 73 0.05 0.95 0.11
ERCO 2 11 13 0.15 0.85 0.06
GRSP 1 3 4 0.25 0.75 0.03
ACSP 0 3 3 0.00 1.00 0.00
STPA 0 37 37 0.00 1.00 0.00
UNK 0 11 11 0.00 1.00 0.00

40 AMDU 11 177 188 0.06 0.94 0.38
ERCO 7 53 60 0.12 0.88 0.24
ACSP 6 35 41 0.15 0.85 0.21
AMSA 3 25 28 0.11 0.89 0.10
ERNA 1 4 5 0.20 0.80 0.03
LATR 1 7 8 0.13 0.88 0.03
GRSP 0 10 10 0.00 1.00 0.00
STPA 0 1 1 0.00 1.00 0.00
UNK 0 8 8 0.00 1.00 0.00

100 ERCO 17 120 137 0.12 0.88 0.44
AMDU 16 286 302 0.05 0.95 0.41
ACSP 3 32 35 0.09 0.91 0.08
AMSA 1 9 10 0.10 0.90 0.03
GRSP 1 10 11 0.09 0.91 0.03
UNK 1 32 33 0.03 0.97 0.03
LATR 0 31 31 0.00 1.00 0.00

STPA 0 15 15 0.00 1.00 0.00
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