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Abstract 

 

 
With ecological restoration, land managers seek to reestablish desirable ecosystem 

processes and services to degraded landscapes, commonly by adding plants. The outcome of 

restoration practices is not solely determined by the methods; rather, the outcome is dependent 

on a web of interacting ecosystem factors. I explore some of the biotic and abiotic factors that 

influence plant survival and thus restoration outcomes in the Sonoran Desert. In the first 

section, I investigate the management, ecology, and competitive interactions of buffelgrass 

(Pennisetum ciliare; an invasive, drought tolerant bunchgrass) with a) a review of treatment 

methods and b) a greenhouse competition experiment. I found buffelgrass to be highly 

competitive against native grasses due to its plasticity, where it can create self-reinforcing 

feedback loops through its use of resources. Buffelgrass was found to require multiple treatment 

strategies used in tandem to increase treatment efficacy. Fortunately, my results also show that 

active restoration through seeding native drought tolerant species after buffelgrass treatment 

shows potential to suppress buffelgrass regrowth. In the second section, I examine how soil 

and site preparation interact with restoration practices to determine vegetation communities on  

a disturbed pipeline corridor. Five years after the pipeline was restored, I found that the seeded 

and unseeded plant communities converged in terms of plant cover, species richness, but not 

species. Additionally, I found that the soil treatment/manipulation and soil organisms had major 

implications for the plant communities, regardless of seeding practices. I hope that this research 

helps inform restoration solutions that incorporate the complexities, feedbacks, and non- 

linearities of dryland ecosystems. 
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INTRODUCTION 

 
 
 

With ecological restoration, land managers seek to reestablish desirable ecosystem processes 

and services in degraded landscapes. This is commonly achieved by adding plants to a 

degraded site to help managers reach their restoration goals (e.g. reduce soil erosion, provide 

wildlife habitat,  increase water infiltration, provide forage, enhance recreation opportunities, 

etc.). Although restoring sites has the potential to be a powerful tool to address increased 

anthropogenic pressure, ecological restoration as a practice has struggled to achieve desired 

results (Hobbs 2007, Kettenring & Adams 2011, Higgs et al. 2014, Suding et al. 2015). The field 

is in need of research that clarifies which plants will provide desired ecosystem processes and 

services as well as describes how to get desired plants to survive at the restoration site in the 

context climate change. 

The outcome of restoration practices on plant communities is not solely determined by the 

methods; rather, the outcome is dependent on a web of ecosystem factors. A plant’s ability to 

survive at a restoration site is determined by biotic and abiotic variables that can form complex 

interactions and feedback loops. Biotic factors that influence plant survival include competition 

or facilitation with other plants, herbivory/carnivory, and interactions with soil organisms. Abiotic 

factors include climate/precipitation, soil physical properties, and topography. 

Dryland ecosystems are characterized by unique abiotic ecosystem factors due to limited 

resources such as infrequent and irregular precipitation, poor soil fertility, and heat (Schwinning 

& Sala 2004, Jenerette et al. 2012, Pointing & Belnap 2012); which can make it difficult for 

dryland ecosystems to recover from disturbances. Compounding these constrains are predicted 

climate change trends towards warming and drying in dryland systems (Garfin et al. 2014) as 
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well as increased rainfall variability (Thornton et al. 2014). There has been a call to generate 

practical restoration solutions that can incorporate the complexities, feedbacks, and non- 

linearities of dryland ecosystems (Cabin 2007; Aronson et al. 2013). 

This dissertation explores biotic and abiotic factors that influence restoration outcomes in a 

dryland ecosystem. I explore two primary themes on how restoration can be more successful in 

dryland environments: 1) examining the impacts of competition with invasive species on plant 

communities, and 2) the influence of the soil environment and precipitation patterns on plant 

communities at a restoration site. My intent is to provide valuable ecological insights that can 

assist restoration ecologists and land managers in promoting more successful restoration 

outcomes. 

Invasive plants can contribute to a loss of ecosystem services and biodiversity, making 

invasive species control an ongoing concern in restoration ecology (D’Antonio & Chambers 

2006). However, successfully controlling invasive species remains  an elusive challenge 

because previously invaded systems are typically reinvaded within two years of treatment 

(Pearson et al. 2016) and native plant populations often struggle to recover following treatment 

(Reid et al. 2009; Kettenring & Adams 2011). In the first section of this dissertation, I explore the 

management, ecology, and competitive mechanisms of buffelgrass, a drought tolerant 

bunchgrass that is invasive in drylands throughout the world. Buffelgrass was shown to be 

challenging to treat long-term, capable of creating self-reinforcing feedback loops through its  

use of resources,  and highly competitive against native species due to its plasticity. Fortunately, 

I found that active restoration through seeding native drought tolerant species after buffelgrass 

treatment shows potential to suppress buffelgrass regrows as well as re-establish ecosystem 

services. 

Due to unpredictable precipitation and poor resource availability, degraded dryland 

ecosystems tend to be either slow to or unable to recover naturally; in some instances, even 
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with restoration, sites are unable recover ecosystem processes and services (Abella & 

Newton 2009; Bestelmeyer et al. 2015). Dryland ecosystems are also subjected to 

accelerated rates of disturbance such as urban development, energy infrastructure 

expansion, agriculture activities, and overgrazing (Reynolds et al. 2007). In the second 

section of this dissertation, I explore the ways in which soil properties/organisms and 

precipitation patterns may interact with seeding and natural recruitment of plants to 

influence the vegetation community of a highly disturbed restoration site. I found that soil 

treatment/manipulation and soil organism composition interacted strongly with plant 

communities and can allowed for high level of natural recruitment in both seed and 

unseeded restoration treatments. Further, I found that seeded and unseeded treatment 

vegetation communities converged over time in terms of functional species groups, but 

not individual species and that the previous year’s precipitation influences the resulting 

species richness and community of the restored site. 
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removal þ additional treatments, herbicide þ additional treatments, and herbicide þ manual 
removal. We found that treatments that used multiple techniques in tandem along with follow- 
up treatments were the most effective at controlling P. ciliare. Fewer than one-third of the 
studies reported impacts of management on native species, and the most commonly studied 
treatment (herbicide, N = 130) showed detrimental impacts on native plant communities. 
However, the average time between treatment and outcome measurement was only 15 mo; 
we suggest the need for more long-term studies of treatment efficacy and secondary impacts 
of treatment on the ecosystem. Finally, we conducted a second literature review on P. ciliare 

biology and traits for mechanisms that allows P. ciliare to alter the invaded environment to 
facilitate a competitive advantage over native species. We found evidence of self-reinforcing 
feedbacks of invasion being generated by P. ciliare through its interactions with water 
availability, nutrient cycling, and disturbance regimes. We developed a conceptual model of 
P. ciliare based on these feedback loops and offer management considerations based on its 
invasion dynamics and biology. 

Abstract 

Buffelgrass [Pennisetum ciliare (L.) Link] is a drought-tolerant invasive grass that is a threat to 
native biodiversity in the drylands of the Americas and Australia. Despite efforts from land 
managers to control P. ciliare, management approaches tend to have mixed success, treatment 
results can be poorly communicated among entities, and there are few long-term controlled 
studies. In this literature review, we synthesize data from both peer-reviewed and “gray” 
literature on the efficacy of management techniques to control P. ciliare and the secondary 
impacts to native plant communities. Our search resulted in 42 unique sources containing   
a total of 229 studies that we categorized into 10 treatment types, which included herbicide, 
seeding, manual removal, fire, grazing, biocontrol, fire þ additional treatments, manual 
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Introduction 

Invasive species are a primary cause of loss of biodiversity on a global scale (Vitousek et al. 1997). 
Despite the enormous resources invested annually to combat weeds, controlling or treating 
invasive species generally has poor success (D’Antonio and Meyerson 2002). A meta-analysis 
by Kettenring and Adams (2011) shows that weed management rarely results in increased native 
species biodiversity and treated sites tend to be reinvaded by exotics. This is due to a limited 
persistence of treatments, lack of active and follow-up restoration strategies (e.g., seeding), 
and treatment strategies that do not consider the physiology of the target species. Further, inva- 
sion biology is widely considered to be suffering from a “knowing-doing” gap—land managers 
use their own experience rather than information generated by the scientific community 
(Matzek et al. 2014). Managers are clearly in need of information that can guide more successful 
weed control strategies in the field, and researchers would benefit from syntheses of existing 
work in order to identify research priorities. This is particularly relevant for invaded systems 
that are underrepresented in the applied management literature. For example, peer-reviewed 
research that quantifies the level of success of invasive species treatments in desert ecosystems 
are among the most underrepresented (Kettenring and Adams 2011). 

Common methods of treating invasive species include manual removal, herbicide treatment, 
and prescribed fire. However, some methods can promote further invasion, especially if man - 
agement methods do not take the specific traits and adaptations of the invader into account 
(D’Antonio and Meyerson 2002). If the invasion is in its late stages and the invasive species 
has largely displaced native species, the invasive species may take over some ecosystem services 
(e.g., maintaining soil stability; Zavaleta et al. 2001), imprint legacy impacts (Evans et al. 2001), 
and deplete seedbanks of native species and thus their ability to reestablish naturally after treat- 
ment of invasive species. Due to these factors, active restoration strategies should be coupled 

https://www.cambridge.org/inp
https://doi.org/10.1017/inp.2019.28
mailto:Hlfarrell@email.arizona.edu
mailto:Hlfarrell@email.arizona.edu
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with invasive species treatment to increase successful outcomes, 
but such treatments are often not included (D’Antonio and 
Meyerson 2002). A site will be less susceptible to invasion (or 
reinvasion after treatment) if there are species present that use 

resources in a similar way as the invader; land managers can 
assemble a plant community that would be resistant to invasion 
by seeding the site to restore it after treatment (Funk et al. 2008). 

Buffelgrass [Pennisetum ciliare (L.) Link] is a warm-season, 
drought-tolerant perennial bunchgrass originating from southern 
Africa, parts of the Middle East, and India (Tix 2000) that was 
introduced as forage grass to drylands throughout the Americas 
and Australia in the 19th and 20th centuries (Marshall et al. 
2012). Originally introduced for its hardiness to heavy grazing 
and drought, P. ciliare has rapidly invaded beyond its intended 
extent and is now considered a major threat to ecosystem biodiver- 
sity (Olsson et al. 2012; Marshall et al. 2012; Stevens and Falk 
2009). Further, climate change predictions favor the expansion 
of P. ciliare’s range and distribution (Martin et al. 2015). 
Pennisetum ciliare is an insidious invader due to its ability to 
directly outcompete native species for resources (Bracamonte 

et al. 2017; Castellanos et al. 2016; Stevens and Fehmi 2011), trans- 
port fire into ecosystems not adapted to it (McDonald and 

McPherson 2011), spread rapidly into otherwise poorly productive 
sites (Van Devender and Dimmitt 2006), and reduce biodiversity 
across trophic levels (e.g., Jackson 2005). It remains a complicated 
social and economic challenge, because it is still being sold and 
used as a forage grass for range improvement and as a reclamation 
species in some regions; meanwhile, land managers in adjacent 
regions are interested in controlling its presence and spread 
(Bhattarai et al. 2008; Brenner 2010; Marshall et al. 2011; Tix 
2000). For example, in an interview of land managers from 
southern Arizona regarding their attitudes toward P. ciliare con- 
trol, managers from city, county, and federal agencies and private 
landowners recognize P. ciliare as a threat to local biodiversity 
as well as infrastructure due to the increased risk of fire associated 
with P. ciliare (Brenner and Franklin 2017; Lien and Baldwin 
2019). Obstacles for effective P. ciliare treatment include poor 
strategic planning, poor long-term treatment success, lack of 
financial resources, and lack of cooperation among entities (Lien 
and Baldwin 2019). 

Pennisetum ciliare is difficult to treat due to its opportunistic 
germination and seedbank longevity (Bracamonte et al. 2017; 
Marshall et al. 2012; Tinoco-Ojanguren et al. 2016; Ward et al. 
2006; Winkworth 1971); the speed at which it colonizes new  
sites (Olsson et al. 2012; Van Devender and Dimmitt 2006); and 
its capacity to grow in steep, rocky, and rural environments  
(Olsson et al. 2012). Although land managers in some regions  
are attempting to control P. ciliare, there seem to be little research 
and few recorded case studies of permanent eradication without 
ongoing maintenance (e.g., Rutman and Dickson 2002). Common 
approaches for treating P. ciliare are manual removal with hand 
tools and herbicide treatment. These approaches are considered 
“top-down” invasive treatment strategies, because they address the 
symptoms rather than the cause of the invasion (i.e., the com- 
petitive traits of the invader; Falk et al. 2006). In their application 
of restoration theory to P. ciliare control, Stevens and Falk (2009) 
conclude that using “bottom-up” strategies (e.g., active revegeta- 
tion, biological control, and limiting site disturbance) that work 
against the competitive advantages and traits of P. ciliare in 
tandem with top-down strategies (e.g., herbicide) will result in 
more effective and long-term control. Sites invaded by P. ciliare 
are also often situated in areas regularly exposed to disturbances 

such as wildfire, urban infrastructure, and livestock grazing (De 
La Barrera 2008; Miller et al. 2010; Tix 2000). 

Pennisetum ciliare treatment approaches tend to be site specific, 
are developed in situ, have poor long-term success, can enhance 
invasion (e.g., Jernigan et al. 2016), and are often poorly commu- 
nicated among entities. Therefore, there is a need for a systematic 
review on the outcomes of various P. ciliare treatment methods and 
land management techniques to understand best practices and 
opportunities. Review papers can be a powerful tool for weed man- 
agement, because they identify overarching environmental and 
treatment variables and extract  emerging  patterns  that  would 
be valuable for land managers (e.g., Gornish et al. 2018; James  
et al. 2015). The aim of this review paper is to coalesce evidence 
scattered throughout published papers and  gray  literature  on  
the efficacy of various P. ciliare treatment methods as well as 
the secondary effects of treatment on native species. We also 
develop a conceptual model showing P. ciliare’s specific competi- 
tive traits that will provide a base for selecting bottom-up appro- 
priate restoration strategies. Our objectives were to: (1) quantify 
the effectiveness of various treatment and management strategies 
for controlling P. ciliare; (2) quantify the impact of various 
P. ciliare treatment strategies on native species and the capacity 
of native species to regenerate after treatment; and (3) explore 
mechanisms that might determine successful P. ciliare control 
strategies from a bottom-up perspective by investigating P. ciliare 
traits and adaptations to develop a conceptual model that would 
easily relay trait-based treatment strategies to land managers. 

 
Methods 

Literature Review 

For the P. ciliare treatment portion of this review, we queried 
peer-reviewed literature databases (Web of Science and Google 
Scholar) as well as a general search engine (Google) using all 
synonyms for P. ciliare (Cenchrus ciliaris, Pennisetum ciliaris, buffel- 
grass, buffel grass) in conjunction with treatment and management 
strategy key words (restoration, treatment, management, control, 
herbicide, seeding, fire). Because we wanted to capture the treatment 
results land managers were finding on the ground, we included gray 
literature such as government and nonprofit reports, conference 
proceedings, unpublished studies, and literature with qualitative out- 
comes. All unpublished studies are accessible online (even if the 
details were accessed in personal communication). In total, we found 
42 different sources (including 13 gray literature and 29 peer- 
reviewed reports), containing 229 unique studies, as most papers 
included multiple treatments (Supplementary Table S1). 

For the second portion of this review, we queried peer-reviewed 
literature databases (Web of Science and Google Scholar) for litera- 
ture that documents P. ciliare traits that result in an altered environ- 
ment or competitive advantage against native species. Thirty-eight 
sources were used (Supplementary Table S2). From the results of 
the literature review, we created a table that categorized P. ciliare’s 
impacts on its environment into water availability, nutrient cycling, 
or disturbance regime (Supplementary Table S2). We recorded the 
tested or hypothesized (as stated by the original authors) mechanisms 
that allow P. ciliare to outcompete native species. The results of this 
search were used to develop a conceptual model. 

 

Data Interpretation and Analysis 

Response variables used in the P. ciliare treatment studies included 
percent cover, density, biomass, tiller counts, and height. We felt 
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Table 1. Results of the chi-square test of independence of treatment impact on Pennisetum ciliare and native species.a
 

 

 
 

Treatment category 

Impact 

P-value 

on P. 

N 

ciliare abundance 

Effect FDR 

Impact 

P-value 

on native 

N 

plant abundance 

Effect FDR 

Biocontrol 0.102 6 − 0.181 NA 0 NA NA 

Fertilizer 0.285 14 þ 0.415 NA 3 − NA 

Fire 0.033 20 þ 0.077 0.011 16 − 0.038 
Fire with Additional Treatments 0.01 18 − 0.038 0.197 9 þ 0.315 

Grazing 1 6 þ 1 NA 4 − NA 
Herbicide Alone <0.001 130 − 0.016 0.655 7 − 0.745 
Herbicide with Additional Treatments 0.003 14 − 0.024 0.012 14 þ 0.038 
Herbicide with Manual Removal Follow-Up 0.034 7 − 0.077 0.606 6 0 0.745 
Manual Removal Alone or with Additional Treatments 0.705 8 − 0.752 NA 4 0 NA 

Seeding 0.367 7 0 0.489 0.102 7 þ 0.181 

aP-values in bold are P < 0.05. The effect columns show whether the treatment reduced (−), increased ( ), or had a neutral (0) effect on the abundance of P. ciliare or native 
species. Due to the high number of tests, the False Discovery Rate (FDR) correction was applied (Benjamini  and Hochberg 1995) and the FDR-corrected P-values were separated 

into a column. 

 
that coalescing these different response variables was appro- 
priate, because P. ciliare height, tiller count, and percent cover 
demography data collected in southern Arizona, USA, were signifi- 
cantly positively correlated (ESG, unpublished data; P < 0.05; 
Supplementary Table S3). If the study contained repeated mea- 
surements, we used only the last recorded measurement (i.e., most 
distant  in time from the treatment). Because some  sources were 
qualitative (e.g., gray literature), and some lacked the information 
needed (e.g., no control) for typical statistical analyses, we opted to 
make this a review paper that categorizes treatment impacts  rather 
than use raw numbers as one would do in a meta-analysis. The 
result of each study was assigned a treatment effect of “reduced,” 
“neutral,” or “enhanced” depending on how the treatment 
impacted (1) P. ciliare and (2) the extant native plant species, 
if recorded (n = 68). For example, if statistical analysis was 
conducted in the paper or report (n = 190), the stated significant 
differences were used to assign treatment effects (reduced, neutral, 
enhanced). If the study was qualitative in nature (n = 25), the 
treatment effect category was assigned based on the language of 
the land manager (e.g., “three consecutive years of treating with 
glyphosate eliminated the P. ciliaris”). In some cases, studies did 
not report control conditions (n = 14); for these studies we 
assigned treatment effects (reduced, neutral, enhanced) based on  
a departure from an expected variation in P. ciliare response. To 
do this, we used studies that had multiple years of P. ciliare control 
data (n = 4) to calculate the average percent change in P. ciliare 

from nontreated plots to develop an average variation we might 
expect to see across years. This average across years was calculated 
as 16%, which we used as a threshold for categorization of the 
studies  that did not have  controls. In studies without controls,  if 
P. ciliare response to a treatment increased more than 16% between 
the first measurement and the last measurement of treatment, the 
study was marked as “enhanced.” If P. ciliare response to a treat- 
ment decreased more than 16% between the first measurement and 
the last measurement of treatment, the study was marked as 
“reduced.” If P. ciliare response to a treatment did not vary more 
than 16% between the first measurement and the last measurement 
of treatment, the study was marked as “neutral.” 

Many of the studies were a unique set of combined treatments; 
in cases in which there were fewer than five individual studies for a 
unique P. ciliare treatment, we lumped like treatments into treat- 
ment categories for the purposes of statistical testing. We used five 
studies as a threshold, because five is the generally accepted sample 
size required for a chi-square test of independence (Dattalo 2008). 
We categorized each of the 229 studies into 10 treatment categories 

(Table 1). We ran a chi-square test of independence on each 
treatment effect (reduced, neutral, or increased) for P. ciliare 
and native species separately (20 total chi-square test  runs;  
Table 1). Because we ran twenty chi-square tests, we opted to 
include the false discovery rate corrected P-values to compare with 
the original P-values and reduce the occurrence of false-positive 
test outcomes (Table 1; McDonald 2009). 

The literature search resulted in 42 unique sources containing 
a total of 229 studies. Twenty-six sources with 164 studies were 
conducted in the United States (Arizona, Hawaii, Texas), nine 
sources with 32 studies were conducted in Australia (Northern 
Territory, Queensland, Western Australia), four sources with 
16 studies were conducted in Mexico  (Sonora),  one  source  
with 6 studies was conducted in India (Jodhpur), and one source 
with 5 studies was conducted in Pakistan (Islamabad). The systems 
the papers included were arid/semiarid coastal grasslands (4 sources; 
33 studies), desert scrub (14 sources; 38 studies), savanna woodland 
(8 sources; 15 studies), semiarid shrub and grassland (8 sources;  
42 studies), and greenhouse conditions (6 sources; 79 studies). Of 
the field studies, 88 were conducted on sites that had been invaded 
with P. ciliare, while 61 were conducted on sites that had been cleared 
and planted with P. ciliare. Of the 229 total studies, 29% reported 
the impact of the treatment on native species as well as P. ciliare 
(Supplementary Table S1). On average, the studies treated P. ciliare 
between one and two times (e.g., applied herbicide once or twice) and 
collected data on the outcomes of P. ciliare treatment an average of 
15 mo after the final treatment occurred. 

A single source (Bovey et al. 1984) contained 160 studies on 
herbicide treatment using various active ingredients, so for the 
general treatment category analysis, we opted to use only the rec- 
ommended application rate (n = 63 from Bovey et al. [1984]) to 
avoid a single study overwhelming the entire category. Because 
herbicide was the most-studied treatment category, we also con- 
ducted an analysis on the active ingredients that comprise the 
herbicide treatments, using all herbicide rates from all herbicide 
treatment studies (n = 239 herbicide studies using all application 
rates; Supplementary Table S4). We performed a chi-square 
analysis on the impact to P. ciliare of the nine herbicide active 
ingredients that had an adequate sample size (nine total chi-square 
test runs; Table 2). There was not an adequate sample size to test 
the effects of any of the herbicide active ingredients on native 
species. 

All statistical analysis was completed in rStudio (R Core 
Development Team (2017) R v. 3.4.3. https://cran.r-project.org/ 
bin/windows/base/old/3.4.3. Accessed: 11 30, 2017.). 
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Table 2. Results of the chi-square test of independence of treatment 

impact on Pennisetum ciliare.a 
 

 
 

Herbicide 

Impact on 

P-value 

P. ciliare 

N 

abundance 

Effect 

2,4,5-T 0.004 20 0 

2,4-D <0.001 21 0 

3,6-DPA 0.29 20 0 
Clethodim NA 2 NA 

Dicamba 0.002 21 0 
Dimethenamid-P NA 4 NA 

Fluazifop 0.7 7 − 
Glyphosate <0.001 26 − 
Hexazinone <0.001 20 − 
Imazapic NA 3 NA 

Imazapyr <0.001 6 − 
Imazethapyr NA 4 − 
Nicosulfuron NA 2 NA 

Picloram 0.33 22 − 
Quizalofop-ethyl NA 4 NA 

Tebuthiuron NA 4 NA 

Tebuthiuron 0.17 20 − 

aSample size was insufficient to test the impact of herbicide on native species for 

any of the active ingredients. P-values in bold are P < 0.05. All active ingredients 
either reduced (−) or had a neutral (0) effect on the abundance of P. ciliare. 

 

Results and Discussion 

Impacts of Treatment 

The treatment categories we analyzed were Biocontrol; Fertilizer; 
Fire; Fire with Additional Treatments; Grazing; Herbicide Alone; 
Herbicide with Additional Treatments; Herbicide with Manual 
Removal Follow-Up; Manual Removal Alone or with Additional 
Treatments; and Seeding (Table 1). If a series of treatments occurred 
in a single study, the study was categorized by the first treatment to 
occur (e.g., fire and herbicide application would be categorized as Fire 
with Additional Treatments, but herbicide and then fire application 
would be categorized as Herbicide with Additional Treatments). 
Biocontrol included the application of insects and fungi. Fertilizer 
included the application of nitrogen and phosphorous. Fire included 
both prescribed burns and (accidental) wildfire. Fire with Additional 
Treatments included prescribed burns or wildfire followed by seed- 
ing, manual removal, livestock grazing, or herbicide treatment. 
Grazing was by cattle or manual defoliation by clipping. Herbicide 
Alone included several herbicide types (Table 2). Herbicide with 
Additional Treatments included herbicide followed by seeding, 
transplanting, mulching, and/or irrigating seeded or transplanted 
plants. Manual Removal was done in all instances by pulling the plant 
out using tools such as digging bars and picks. Manual Removal 
Alone and Manual Removal with Additional Treatments were 
lumped for the chi-square test due to low sample size and included 
manual removal followed by thatching (piling biomass) or fertiliza- 
tion. Seeding included different timing of seeding as well as seeding 
following shrub removal. Treatment details including timing, 
frequency, and description for each study are included in the 
Supplementary Table S1. 

Fire significantly increased the abundance of P. ciliare and 
significantly decreased the abundance of native species (Table 1; 
Figure 1). Fire with Additional Treatments significantly reduced 
the abundance of P. ciliare (Table 1; Figure 1). Herbicide Alone, 
Herbicide with Additional Treatments, and Herbicide with 
Manual Removal Follow-Up significantly reduced P. ciliare abun- 
dance (Table 1; Figure 1). Herbicide with Additional Treatments 
significantly enhanced the abundance of native species (Table 1; 
Figure 1). Studies conducted in wildlands invaded with P. ciliare 

included all treatment categories except Biocontrol; studies con- 
ducted in pastures intentionally planted with P. ciliare included 
the treatment categories Biocontrol, Herbicide with Additional 
Treatments, Herbicide Alone, Fire with Additional Treatments,  
Grazing, Fertilizer, and Fire (Figure 2). 

 

Impacts of Herbicides 

Herbicide Alone was the most frequently studied treatment 
(Table 1). There were 10 unique sources on the use of herbicide 
treatment alone containing 239 studies when all herbicide rates 
studied were incorporated (Figure 3; Supplementary Table S1). 
Pennisetum ciliare life stage at which the herbicides were applied 
varied  and  included:  pre-emergent  herbicide  application  in   a 
greenhouse setting (n = 32), seedling/immature herbicide applica- 
tion in a greenhouse setting (less than 150 d old; n = 131), and 
herbicide application aimed at mature and immature plants in a 
field  setting  (n = 76).  Average  herbicide  application  rate 
was 
1.5 kg ha−1. Data were collected an average of 7 mo after the last 
herbicide application. In 228 of the 239 studies, herbicide was 
applied once. Supplementary Table S4 details application methods, 
application rates, timing, system, and herbicide brand used. 

Active ingredients of herbicides used in the herbicide treatment 
category were: 2,4,5-T (n = 20), 2,4-D (n = 21), 3,6-DPA (n = 
20), 
clethodim (n = 2), dicamba (n = 21), dimethenamid-P (n = 4), 
fluazifop (n = 7), glyphosate (n = 26), hexazinone (n = 20), 
imazapic (n = 3), imazapyr (n = 6), imazethapyr (n = 4), 
nicosulfuron (n = 2), picloram (n = 22), quizalofop-ethyl (n = 4), 
tebuthiuron (n = 4), triclopyr (n = 20), and some combination of 
herbicide active ingre- dients (n = 13) (Table 2). Of the eleven active 
ingredients that had an adequate sample size to test, three active 
ingredients significantly 
reduced P. ciliare (glyphosate, hexazinone, and imazapyr) and three 
active ingredients were significantly neutral (no effects) (Table 2; 
Figure 3). 

 

Land Management Implications 

This review highlights the value of integrating multiple P. ciliare 
control treatments for greater efficacy. All treatments performed 
in isolation (e.g., Herbicide Alone) were less effective than those 
applied in tandem with additional treatments (Figure 1). The 
utility of an integrated pest management approach in which several 
mutually supportive treatments are used to target invasives has been 
shown to be particularly effective in many studies (Davies and Sheley 
2011; DiTomaso 2000; James et al. 2015). Treatments performed in 
isolation often occur as a single treatment over a time period, whereas 
multiple treatment types across time allow a manager to eradicate 
several generations and different cohorts with multiple treatments 
(e.g., fire destroys all adult individuals but follow-up manual removal 
could be used to eradicate new seedlings coming up over the next 
2 years; Gornish et al. 2018). We found that that fire followed by addi- 
tional treatments such as follow-up herbicide application, manual 
removal, or seeding resulted in much greater P. ciliare control while 
enhancing native species establishment compared with fire without 
additional restoration (Figure 1; Daehler and Goergen 2005; Mayeux 
and Hamilton 1983; Rutman and Dickson 2002). Additionally, 
herbicide treatment followed by seeding or transplanting native 
plants has been shown to result in both highly effective P. ciliare 
treatment and successfully reestablished natives (Figure 1; e.g., 
Daehler and Goergen 2005; Dixon et al. 2002; James et al. 2015; 
Tjelmeland et al. 2008). 

Pennisetum ciliare clearly responds positively to disturbances 
such as fire, grazing, and soil movement (Figure 1; Brenner and 
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Herbicide with Manual Removal Follow−Up 

Biocontrol 

Herbicide with Additional Treatments 

Manual Removal with Additional Treatments 

Herbicide Alone 

Fire with Additional Treatments P. ciliare 

Native 

Manual Removal Alone 

Seeding Alone 

Grazing 

Fertilizer 

Fire 

 

−1.0 −0.5 0.0 0.5 1.0 

Reduces Abundance <−−−− −−−−> Increases Abundance 

 
Figure 1. Mean ± SE of Pennisetum ciliare treatment efficacy based on 229 studies, each of which have been assigned “reduces” (−1), “neutral” (0), or “increases” (1) for how the 

treatment category impacts the abundance of P. ciliare (shown in gold) and native species (shown in grey). Mean abundances are shown by the vertical black bars; SE values are  

shown by the surrounding color. Treatment means to the right of zero (the blue dotted line) tend to increase the abundance of the indicated species; treatment means to the left of 

zero tend of decrease the abundance of the indicated species. Missing SE bars (i.e., “Herbicide with Manual Removal Follow-Up” and “Manual Removal Alone”) indicate no 

variation in response categories. The Biocontrol treatment category had no studies on native species. 

 
 

 

 
Figure 2. Mean ± SE of Pennisetum ciliare treatment impacts the abundance of P. ciliare (shown in gold) and native species (shown in grey), separated by (A) studies conducted in 

wildlands invaded by P. ciliare (N = 88) and (B) studies conducted in pastures intentionally planted with P. ciliare (N = 61). Mean abundances are shown by the vertical black 

bars; SE values are shown by the colored bar. Treatment means to the right of zero (the blue dotted line) tend to increase the abundance of the indicated species; treatment 
means to 

the left of zero tend of reduce the abundance of the indicated species. Missing SE bars (i.e., “Herbicide with Additional Treatments” in Planted Pastures) indicate no variation in 

response categories. Only treatment categories with three or more studies are shown in order to show a measure of spread (Supplementary Table S5). 
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Triclopyr 

 

Tebuthiuron 
 

Picloram 

 

Imazapyr 

 

Hexazinone 
 

Glyphosate 

 

Fluazifop 

 

Dicamba 

 

3, 6−DPA 

 

2,4,5−T 
 

2,4−D 
 

−1.00 −0.75 −0.50 −0.25 0.00 

Herbicide Reduces Abundance of Pennisetum ciliare <−−−− 

Figure 3. Mean ± SE of impact of herbicide active ingredients  on Pennisetum ciliare abundance. Figure shows herbicides with sample sizes >4. Each study was assigned “reduces” 

(−1), “neutral” (0), or “increases” (1) for how the herbicide impacts P. ciliare abundance. Mean herbicide impacts closer to 0 (blue dotted line) indicate the impact was neutral and 
thus the herbicide is ineffective at treating P. ciliare; mean impacts closer to −1 indicate the herbicide is effective at reducing the abundance of P. ciliare. Sample size was inad- 

equate to test the impact of herbicides on native species. 

 

Kanda 2013; Burquez-Montijo et al. 2002; Butler and Fairfax 2003; 
De La Barrera 2008; Fensham et al. 2013; Jackson 2004; Mayeux 
and Hamilton 1983; McIvor 2003; Miller et al. 2010; Van 
Devender and Dimmitt 2006). Despite this, manual removal 
through digging and manually pulling out P. ciliare remains a 
common treatment method in some regions.  For  example,  in the 
Sonoran Desert of North America, volunteer groups in the 
Tucson metropolitan area report dedicating more than 7,000 h 
annually to P. ciliare eradication efforts within parks and government 
land, primarily employing manual removal (K Franklin, personal 
communication, 2017). To address unintended consequences follow- 
ing land management that disturbs the ground, such as manual 
removal, fire, or development, practitioners could include active 
restoration in their control tool kit. Our review indicates that disturb- 
ance could present an opportunity to enhance control by including 
additional management methods such as seeding with a suite of 
native species to suppress the expected regrowth of P. ciliare. Sites 
can be protected from invasion or reinvasion by selecting plant 
species to use for revegetation that will competitively exclude the 
invasives by filling all resource niches (e.g., how and when water  
is used by a plant). We therefore recommend selecting candidate 
restoration species that have similar functional traits (e.g., root depth 
or establishment timing as a proxy for plant access to water resour- 
ces) as the invader as well as the use of a seed mix that has a wide 
diversity of functional traits (Funk et al. 2008). 

Daehler and Goergen (2005) found the most effective P. ciliare 
treatment combination (measured 4 yr after the final treatment) to 
be burning of P. ciliare monocultures followed first by herbicide or 
manual removal of resprouts and then by seeding native species 
with supplemental irrigation. This suite of strategies suggests that 
(1) P. ciliare requires multiple iterations of control, because its seeds 
remain viable in the soil for several years (Winkworth 1971); 

and (2) when working with a P. ciliare monoculture, where the 
source of native seeds is limited, seeding is highly effective, 
because it allows the site to continue to provide ecosystem services 
(rather  than  bare  ground)  and  helps  to  competitively  exclude 

P. ciliare reestablishment. These conclusions are reflected in the 
literature: Pyke et al. (2013) conducted a meta-analysis on the 

impacts of seeding after fire on rangelands in the western United 
States and found that seeding (particularly  with species that tend 

to establish at high rates) reduced the abundance of invasive species. 
The efficacy of invasive species treatment will depend on the 

extent to which the site is invaded and the time since invasion 
(Falk et al. 2006; Zavaleta et al. 2001). In sites with a comparatively 
intact suite of native desert scrub species, Abella et al. (2013) found 
there to be adequate native seed source remaining the soil seedbank 
for natural revegetation, and Woods et al. (2012) found that active 
revegetation after herbicide treatment yielded no effect on P. ciliare 
control. This suggests that sites with low levels of P. ciliare invasion 
may not require active revegetation after treatment. Alternatively, a 
highly invaded site with few remnant native species may require 
active revegetation due to inadequate native seed sources, altered 
soil nutrients, and an altered water budget inhibiting natural reveg- 
etation of natives (Castellanos et al. 2016; Eilts and Huxman 2013; 
Fensham et al. 2013; Hinojo-Hinojo et al. 2016). Although active 
restoration appears to be critical for effective P. ciliare control in 
many cases, it is not a silver bullet. Often, planted or seeded species 
do not persist in the long term (e.g., Drayton and Primack 2012), 

and this technique will likely need follow-up management for long- 
term success. Further, ongoing land-use and grazing management 

need to be considered at any treatment site. Lyons et al. (2013) 
found that managed, moderate grazing allows native species to 
return after P. ciliare treatment, but that overgrazing results in 
depletion of native grasses and forbs. 
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Although most of the invasive species control literature has 
focused on the efficacy of management for target weeds, impacts 
of treatment on native plants and ecosystem processes (e.g., soil 
stability, soil microbes, biogeochemical cycles) need to be addressed 
to facilitate long-term eradication and continued ecosystem services 
(Flory and Clay 2009; Funk et al. 2013; Zabaloy et al. 2008; Zavaleta 
et al. 2001). The effect of a treatment on the native plant community 
is important, because it can drive the maintenance of ecosystem 
services such as soil stability and food web interactions (Diaz et al. 
2013, Zavaleta et al. 2001) and it can also determine the ability of 
the site to resist reinvasion (Funk et al. 2008). Invasive species 
treatment methods such as herbicide application have been shown 
to negatively impact native plant communities, resulting in available 
physical space and resources that can intensify the original invasion 
(Crone et al. 2009; Rinella et al. 2009; Sheley et al. 2006). Rinella et al. 
(2009) suggest that herbicide application may be appropriate in sit- 
uations with either small patches of invasives or monocultures of 
invasives, but when substantial populations of native species are 
interspersed among the invasive species, herbicide application may 
cause more harm than good. In our review, long- and short-term 
effects of herbicide treatments on native species were almost com- 
pletely ignored (63/249 studies reported treatment impacts on native 
species, only 7 herbicide studies reported the impacts on native spe- 
cies; Supplementary Table S1). Lack of reported information on the 
impacts of herbicide treatments on native plant communities is 
common in the invasive species research  literature  (Kettenring  
and Adams 2011). 

This review highlights discrepancies between research priorities 
in the scientific community and what land managers and govern- 
ment agencies are experiencing on the ground, a common theme in 
invasive species research and management (Downey et al. 2017; 
Kettenring and Adams 2011; Matzek et al. 2014; Waldén and 
Lindborg 2018). Government and land manager reports were 
more likely to value the use of multiple strategies in tandem and 
to emphasize the need for repetitive and successive treatment 
seasons for successful eradication (Siegel et al. 2017; Hunter 
2012; Scheuring 2016; USDA Forest Service 2014; Tu et al. 2002; 
Tix 2000). Conversely, we found that most studies in the literature 
only conducted 1 to 2 treatments and that the average period 
reported between treatment and measurement was 15 mo, which 
is inadequate to measure long-term success of P. ciliare manage- 
ment. Many of the herbicide treatment studies were greenhouse 
based or were conducted in a planted P. ciliare field where mea- 
surements occurred 1 to 3 mo after herbicide application. While 
this approach demonstrates the effectiveness of herbicides’ active 
ingredients, it fails to incorporate the complexities land managers 
deal with, such as access to treatment sites and unintended effects 
on  native  species.  An  issue  that  remains  unaddressed  is  that 
P. ciliare continues to be sold and planted as a rangeland improvement 
grass in Mexico, the United States, and Australia, providing a contin- 
ued source of invasion (Burquez-Montijo et al. 2002; Franklin et al. 
2006; Friedel et al. 2011; Marshall et al. 2012). Grechi et al. (2014) 
created a decision framework to help manage P. ciliare in areas where 
it is considered an economically valuable forage species and suggested 
that managers may have to prioritize either forage production or bio- 
diversity to make decisions about treatment. 

 
Treatment Differences among Land-Use Categories 

Although traditional reviews and meta-analyses couple all ecosys- 
tem types to synthesize overarching patterns (Gurevitch et al. 
2001), it is important to recognize that P. ciliare treatments 

 
conducted in different ecosystems and with different land-use 
histories will yield different results. For example, planted P. ciliare 
pastures will have historic and ongoing disturbances that funda- 
mentally alter the conditions, including differences in native seed- 
bank, native existing vegetation, soil/landscape conditions, grazing 
pressures, and the P. ciliare seed input. To help managers with 
decision making, we used the results of our analysis to examine 
differences in treatment impacts found in studies conducted in 
pastures intentionally planted with P. ciliare versus wildlands 
invaded by P. ciliare (Figure 3). Where there was overlap in 
treatments among land-use categories, many of the treatments 
resulted in similar impacts, though of different magnitude. One 
interesting exception is that Fire with  Additional  Treatments 
was more successful for treating P. ciliare–invaded systems than 
P. ciliare–planted pastures (Figure 3; Supplementary Table S5). 
Additional treatments for the invaded systems included seeding, 
follow-up herbicide application, and follow-up manual removal. 
Additional treatments for the planted pastures included grazing 
and follow-up herbicide. The differences between the two land- 
use categories could be more a function of different priorities in 
what is being studied/observed  rather than differences due to   
the treatments themselves. Details on ecosystem type (e.g., desert 
scrub vs. semiarid grassland vs. woodland; annual precipitation) 
and specific treatments (e.g., number and timing of treatments) 
for each are found in Supplementary Table S1. 

 

Competition Mechanisms and Restoration Opportunities 

Our review found that the strategies most often studied by the 
scientific community and employed by  land  mangers  tend  to 
be top-down in nature (e.g., herbicide and manual removal;  
Table 1). To design an effective treatment strategy that is bottom-
up in tandem with a top-down approach (e.g., seeding with native 
species after treatment), we should understand the traits and 
adaptations that make P. ciliare a successful invader (Stevens and 
Falk 2009). To address this need, we explored the literature for 
ways in which P. ciliare alters its environment to give itself a 
competitive advantage and suppress native species. We created a 
conceptual model to display the mechanisms that give P. ciliare 
a competitive advantage and suggest restoration opportunities 
based on P. ciliare traits and our treatment efficacy review results 
(Figure 4). Evidence (Supplementary Table S2) shows that P. ciliare 
impacts its environment by altering water availability, nutrient 
cycling, and disturbance regimes, creating a self-reinforcing feed- 
back loop of invasion (Figure 4). Pennisetum ciliare is an example 
of a species that can tolerate low water conditions through water- 
conservation  strategies better than native species, a trend that  
has been noted for invasive species in inherently low-resource 
environments such as drylands (Funk and Vitousek 2007). For 
example, P. ciliare has lower water requirements for germination 
than native species (Ward et al. 2006), its growth responds to 
smaller precipitation events when native species remain dormant, 
reduces available soil water content, and causes dehydration symp- 
toms in neighboring vegetation (Castellanos et al. 2016; Eilts and 
Huxman 2013; Stevens and Fehmi 2009), and it will establish 
into native vegetation that is weakened by drought (Cavaye 
1991), culminating in a self-reinforcing feedback loop of invasion 
through the mechanisms and traits of how P. ciliare uses water 
resources (Figure 4). 

This conceptual model is intended to be used by land managers 
to asses potential restoration opportunities based on the traits and 
adaptations of P. ciliare. Due to the ways in which P. ciliare inhibits 
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Figure 4. Conceptual model of Pennisetum ciliare traits and adaptations that result in altered water availability (blue), nutrient cycling (green), and disturbance regimes (orange), 

enabling it to outcompete native species. Opportunities for intervention and restoration are directly tied to the ways in which P. ciliare creates self-reinforcing feedback loops and 

inhibits the establishment and survival of native species. The information presented in this conceptual model is based on a literature review of how P. ciliare impacts its 

environment. A table of sources used to generate the material presented in this conceptual model can be found in Supplementary Table S4. 
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native species, land managers may be more successful intervening 
with active restoration options to halt P. ciliare’s feedback loop of 
invasion and initiate permanent eradication and successful regen- 
eration of native species. The ways in which P. ciliare impacts water 
availability, nutrient cycling, and disturbance could play out in 
management decisions through selection of restoration candidate 
species that are competitive with P. ciliare given the altered envi- 
ronmental factors. Traits of candidate restoration species that 
might prove to be competitive with P. ciliare include: species that 
establish in low water conditions (Ward et al. 2006), species that 
establish quickly after disturbance (Miller et al. 2010; Tinoco- 
Ojanguren et al. 2016), species that can tolerate periods of drought 
(Cavaye 1991; Eilts and Huxman 2013; Halvorson 2003), fire- 
tolerant species (Burquez-Montijo et al. 2002; De La Barrera 
2008; McIvor 2003), and species that tolerate P. ciliare allelopathy 
(Fulbright and Fulbright 1990) (Figure 3). This line of research 
could prove fruitful. 

 
Future Directions 

Considering that most of the studies in our review did not include 
a monitoring time that is ecologically relevant (average of 15 mo 
from last treatment), we see a need for extended studies that    can 
show the long-term impacts of treatments on P. ciliare 
populations, native plant communities, and the above- and below- 
ground ecosystems. Further, most studies in our review were 
examining treatments applied only once or twice, whereas the 
gray literature from government agencies and land managers  
emphasizes the need to apply multiple iterations of treatments over 
several years for P. ciliare control (e.g., Siegel et al. 2017; Hunter 
2012; Scheuring 2016; USDA Forest Service 2014; Tu et al. 2002; 
Tix 2000). This suggests the need for rigorous research that follows 
manager-driven treatment protocols wherein years of iterations of 
treatment occur. 

Glaringly absent from both the scientific literature and land 
manager reports are the impacts of various treatments on native 
species (for herbicide treatments in particular). The effect the 
treatment has on the native species must be considered when 
planning an effective treatment protocol (Flory and Clay 2009). 
Monitoring the change in invasive species populations and the 
results of treatment is critical to an effective invasive species man- 
agement program (Kettenring and Adams 2011; Lyons et al. 2008; 
Maxwell et al. 2009). When the site is highly invaded and few native 
species remain, reseeding the treated site with species that use 
space and resource niches typically occupied by P. ciliare may help 
keep the site free of P. ciliare without copious iterations of upkeep 
(Funk et al. 2008). Research on candidate restoration species that 
can protect a site from invasion or reinvasion of P. ciliare as well as 
species that are fire resistant or regenerate well after fire may be a 
useful line of research. 

Finally, we wish to acknowledge that P. ciliare treatment occurs 
within the context of the social, economic, and political environ- 
ments, which vary over time and by geographic region. This is 
beyond the scope of our review; however, there are multiple excel- 
lent resources in the literature that discuss the human dimension 
and social challenges around controlling P. ciliare (please see: 
Brenner 2010, 2011; Brenner and Franklin 2017; Franklin et al. 
2006; Friedel et al. 2011; Grechi et al. 2014; Lien and Baldwin 
2019; Marshall et al. 2011, 2012). Additionally, we feel that a fruit- 
ful line of study would be to employ the tools of social science 
by distributing a survey eliciting land managers’ attitudes about 

 
P. ciliare introduction, knowledge of treatment options, willing- 
ness to pay for treatment, treatment priorities, and so on, and com- 
paring the responses by region. 

 

Supplementary material. To view supplementary material for this article, 
please visit https://doi.org/10.1017/inp.2019.28 
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12 ABSTRACT 
 

13 Invasive species are detrimental to ecosystems worldwide, and long-term invasive treatment outcomes 
 

14 are generally poor. Integrating active restoration into an invasive species treatment plan by seeding with 
 

15 species that have competitive traits has potential to protect a site from re-invasion as well as establish 
 

16 populations of native plants. Buffelgrass is a drought tolerant perennial grass that is invasive in drylands 
 

17 across the globe and often re-establishes into previously treated sites. In this greenhouse experiment, 
 

18 we examine how buffelgrass growth and traits were impacted by the combination of competition with 
 

19 eight native grasses species and drought conditions. We found that when buffelgrass is grown with 
 

20 species that establish rapidly and have large biomass, buffelgrass tends to bolt in growth, despite 
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21 becoming more drought stressed. Conversely, when buffelgrass is grown with species that are slow 
 

22 growing and reduce their growth under drought conditions, buffelgrass also takes a more conservative 
 

23 growth approach. The ability to adjust its strategy depending on its neighbor’s strategy and on the 
 

24 amount of precipitation makes buffelgrass a very strong competitor. However, we were encouraged to 
 

25 find that some native species were able to apply at least as much competitive pressure as buffelgrass 
 

26 applies to itself, indicating that seeding after buffelgrass treatment is a beneficial option for suppressing 
 

27 re-invasion. 
 

28 KEYWORDS 
 

29 Seeding, Plant Traits, Drought Tolerance, Weed Management, Competition Dynamics, Interspecific 
 

30 competition, Intraspecific competition 

31 

32 
 

33 INTRODUCTION 
 

34 Invasive plant species are detrimental to ecosystems worldwide, impacting hydrology (Wilcox et al. 
 

35 2012), biogeochemical cycles (Corbin & D'Antonio 2012), and diversity of native flora and fauna (Powell 
 

36 et al. 2013). Unfortunately, invasive species treatment and management rarely increases native species 
 

37 biodiversity and treated sites tend to be re-invaded by invasive plants within two years post treatment 
 

38 (Kettenring & Adams 2011; Pearson et al. 2016). As part of an invasive species management plan, 
 

39 treatment of the invader followed by seeding a diverse suite of desirable native plants may increase 
 

40 ecosystem resistance to re-invasion (Byun et al. 2013, Farrell & Gornish 2019). Establishing native 
 

41 species that occupy space, water, and nutrients should help competitively exclude re-establishing 
 

42 invaders (Funk et al., 2008, Funk & Wolf 2016, Byun et al. 2020). 
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43 Successful long-term treatment of invaders has had particularly poor outcomes in dryland 
 

44 ecosystems (Kettenring & Adams 2011), suggesting that suppressing invaders by seeding native species 
 

45 could be an especially useful approach. Water availability is usually considered the most limiting 
 

46 resource to plant productivity in dryland systems (Schwinning & Sala 2004), access to and use of water 
 

47 strongly influences a plant’s competitive abilities and niche distribution over time and space in these 
 

48 ecosystems (Fowler 1986, Ogle & Reynolds 2004, Kooyers 2015). Plant traits associated with water use 
 

49 (thus competitive ability) include: xylem water potential which influences the ability to photosynthesize 
 

50 during low water periods (Liang et al. 1997), root biomass allocation and morphology which influence 
 

51 access to soil water (Rajaniemi 2007), growth rate which influences resource uptake rate (Gremer et al. 
 

52 2014), and leaf carbon and nitrogen concentration which can maintain metabolic functioning (Chen et al 
 

53 2015). Further, drought conditions may alter plant traits associated with energy allocation and 
 

54 reproduction. This directly impacts competitive ability by altering how a plant can access resources. For 
 

55 example, plants can respond to drought by allocating less energy to root biomass development or 
 

56 flowering structures, making the plant less competitive than its neighbors (Potts et al. 2019). 
 

57 In general, invasive species tend to have traits associated with high resource acquisition (e.g. 
 

58 rapid growth rates), whereas native species tend to be more conservative in resource use (Van Kleunen 
 

59 et al. 2010; Balachowski & Volaire 2018). However, invaders in resource limited environments, such as 
 

60 dryland ecosystems, may employ a more conservative strategy with associated traits (Funk & Vitousek 
 

61 2007). Identifying trait differences among native and invasive species in dryland systems will enhance 
 

62 our understanding of invasion dynamics and suggest opportunities for restoration. In particular, native 
 

63 species that are more functionally similar to invaders (i.e., more similar trait values) are likely to be 
 

64 better competitors with invaders (Funk et al. 2008) and may enhance invasion resistance in restored 
 

65 dryland systems. To investigate this, we studied buffelgrass (Pennisetum ciliare), a drought tolerant 
 

66 perennial bunchgrass that is invasive in dryland environments throughout the world (Marshall et al. 
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67 2012). Buffelgrass has been a successful invader due, in part, to how it uses water. It has low water 
 

68 requirements for initial establishment (Ward et al. 2012), it continues to grow under high water stress 
 

69 (Mnif et al. 2010; Eilts & Huxman 2013), and it creates dehydration symptoms in neighboring plants 
 

70 (Castellanos et al., 2016). Despite extensive efforts from land managers, buffelgrass is difficult to 
 

71 eradicate long-term and requires multiple follow-up treatments to suppress populations (Farrell & 
 

72 Gornish 2019). 
 

73 In a greenhouse study, we asked: (1) Does competition with native species impact buffelgrass 
 

74 growth or traits?; (2) Are buffelgrass traits and competition dynamics affected by drought conditions?; 
 

75 and (3) What traits in native grasses are most important for modifying competitive dynamics with 
 

76 buffelgrass? We expected that buffelgrass root and shoot biomass would reduce in response to 
 

77 competition with native species, but that competition with itself (intra-specific competition) would have 
 

78 the largest impact. We also expected that drought would result in a smaller competition effect on 
 

79 buffelgrass root and shoot biomass due buffelgrass being highly drought tolerant. Because water 
 

80 availability is the most limiting resource, we expected that native species with trait values that maximize 
 

81 water consumption (root biomass allocation, high growth rate, and leaf nitrogen concentration) would 
 

82 most suppress the growth of buffelgrass. 
 

83 METHODS 
 

84 Experimental Design 
 

85 In this greenhouse experiment, we examined competition between buffelgrass (Pennisetum ciliare) and 
 

86 eight native grass species to isolate traits of native grasses that might be able to suppress the growth of 
 

87 buffelgrass. We selected native grasses that exhibit an array of trait values (e.g. variety in plant size, 
 

88 growth rate, and form). We chose warm-season species that grow in the same bioregion and habitat as 
 

89 buffelgrass in southern Arizona: Aristida adscensionis (ARAD- sixweeks threeawn, annual); Aristida. 
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90 ternipes (ARTE- spidergrass, perennial); Bothriochloa barbinodis (BOBA- cane bluestem, perennial); 
 

91 Bouteloua barbata var. rothrockii (BORO- sixweeks gramma, annual); Dasyochloa pulchella (DAPU- 
 

92 desert fluff-grass, perennial); Heteropogon contortus (HECO- tanglehead, perennial) , Muhlenbergia 
 

93 porter (MUPO- bush muhley, perennial), and Sporobolus cryptandrus (SPCR- sand dropseed, perennial) 
 

94 (nomenclature USDA, 2020). Each species (including buffelgrass) was A) planted alone in a pot (1 
 

95 plant/pot) to measure baseline species traits; B) planted with other seedlings of the same species (6 
 

96 plants/pot) to measure intraspecific competition; and C) planted with buffelgrass (3 native plants/pot 
 

97 and 3 buffelgrass/pot; 6 total plants) to measure interspecific competition. We also examined how 
 

98 drought conditions might impact competition between buffelgrass and native grasses using two water 
 

99 conditions (well-watered vs. drought). Every competition treatment combination had 5 pots that were 
 

100 well-watered (45 alone + 45 with self + 40 with buffelgrass: n = 130 total well-watered pots) and 5 pots 
 

101 that had drought conditions (n = 130 total drought pots). We used a block randomization design; 
 

102 competition treatments were completely randomized within watering blocks. Within each block, pot 
 

103 locations were again randomly shuffled in the middle of the experiment. 
 

104 Greenhouse Set-Up & Materials 
 

105 The experiment was conducted in a greenhouse facility on the campus of the University of Arizona, 
 

106 Tucson AZ. We filled 260 1L pots with a 1:1 mix of sandy, gravely soil gathered from a local soil pit 
 

107 (Marana, Arizona, USA) from soil layers at least 1 meter deep (Acme Sand & Gravel, Tucson, Arizona, 
 

108 USA) and potting soil (Sunshine All-Purpose Potting Mix, SunGrow, Agawam, Massachusetts, USA). All 
 

109 pots were filled to 2.54 cm below the rim of the pot. The seeds were purchased from local vendors who 
 

110 collect the seed from Southern Arizona (Borderland Restoration Network, Patagonia, Arizona, USA and 
 

111 Arizona Revegetation and Monitoring Co, Tucson, Arizona, USA). Seeds were planted at a density of 
 

112 approximately 10 seeds/pot, then thinned to the desired density while maintaining approximately equal 
 

113 distance from the pot edge and other plants (evenly distributed) as they emerged. Pots were seeded on 
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114 April 19, 2019 and all pots were well-watered for the first two weeks of the experiment to ensure 
 

115 establishment. The experimental drought treatment was initiated for the drought block on May 2, 2019. 
 

116 We continued the watering treatments for 10 weeks total, which was the point at which senescence 
 

117 began for the annual species. 
 

118 We chose watering treatment intervals to emulate summer monsoon season patterns in the 
 

119 region. The city of Tucson receives an average of 305 mm of precipitation annually (NOAA 2020) in a bi- 
 

120 modal pattern. Approximately half of the annual precipitation occurs as intense monsoon storm events 
 

121 during the summer months. Summer monsoon season is the primary growing and germination season 
 

122 for warm-season grasses in southern Arizona (Gutterman 2012). Based on historical data from 1950- 
 

123 2016, the median number of days between precipitation events during the summer monsoon season in 
 

124 Southern Arizona was 4 days (M Crimmins pers comm, Arizona Summer Monsoon Season Precipitation 
 

125 Mapping). We therefore chose the well-watered treatment to be slightly more frequent than average 
 

126 monsoon storm intervals (3 days between watering events) to emulate a slightly wetter than average 
 

127 monsoon year. A preliminary experiment showed that 9 days between watering was adequate to alter 
 

128 grass traits but not result in excessive grass mortality, so we opted to use 9 days between watering 
 

129 events for our drought treatment to simulate predicted changes in precipitation frequency and 
 

130 variability in arid and semi-arid regions (Polley et al. 2013). All watering events were done to soil field 
 

131 capacity (until water drained from the pots). Percent volumetric soil water content was collected daily 
 

132 during the collection of pre-dawn xylem water potential using a soil moisture probe (Hydrosense 2, 
 

133 Campbell Scientific, Logan, Utah, USA) over the course of the 9 day soil dry down between drought 
 

134 events. Percent volumetric water content (% VWC) in the well-watered treatment pots averaged 20% 3 
 

135 days post watering; VWC in the drought treatment averaged 4% after 9 days dry. Greenhouse daytime 
 

136 temperature averaged 31°C with 20% relative humidity and the nighttime temperature averaged 20°C 
 

137 with 40% relative humidity. 



35 
 

138 Data collection 
 

139 Initial height was measured one month after seeds were planted and final height was taken after two 
 

140 months. Other measurements included: number of flowering culms, dry root biomass (g), dry shoot 
 

141 biomass (g), leaf nitrogen (% leaf mass), leaf total carbon (% leaf mass), and shoot xylem water potential 
 

142 (-MPa; buffelgrass only). Pre-dawn (0300-0600) xylem water potential was measured by harvesting a 
 

143 buffelgrass culm from buffelgrass individuals grown alone (n = 10), a buffelgrass culm randomly selected 
 

144 from buffelgrass individuals grown with itself (n = 10; 1 culm per pot), and a buffelgrass culm randomly 
 

145 selected from buffelgrass individuals grown with each native grass (n = 80; 1 culm per pot; table 1). Pre- 
 

146 dawn xylem water potential was measured during the final watering cycle, prior to biomass harvest 
 

147 using a pressure chamber (model 1505-D, Pressure Management Systems, Albany, Oregon, USA). All 
 

148 culms were included in the biomass measurements. Pre-dawn xylem water potential was measured 3 
 

149 days post watering for the well-watered and drought treatments and 9 days post watering for the 
 

150 drought treatment only. Each harvested culm was set aside to be included in the total biomass 
 

151 measurement. 
 

152 Total plant biomass was measured by removing the entire plant from each pot by hand and soil 
 

153 was lightly shaken from the root structure. Roots were rinsed in water approximately 10 times to 
 

154 remove soil particles and the shoots and roots were separated and bagged separately. When there were 
 

155 two or more species in a pot, grasses were bagged by species. Roots and shoots were dried in an oven 
 

156 until constant weight (approximately three days) at 21 °C. After weighing the dry biomass, leaf samples 
 

157 were separated for total leaf nitrogen and carbon analysis. Dried leaves were ground in a Wiley mini mill 
 

158 prior to analysis. Total leaf nitrogen concentration was determined with a Costech 4010 Elemental 
 

159 Combustion System (Costech Analytical Technologies, Valencia, California, USA). 
 

160 Statistical Analysis: 



36 
 

161 To assess the impact of species competition and drought on buffelgrass traits, we fit a generalized 
 

162 additive model (GAM) with random effects (Gałecki & Burzykowski 2013) to buffelgrass traits fitted with 
 

163 their distributions: pre-dawn xylem water potential (lognormal distribution), shoot biomass (gamma 
 

164 distribution), root biomass (gamma distribution), leaf carbon (normal distribution), leaf nitrogen 
 

165 (gamma distribution), and flowering stalks (lognormal). For each model, we tested the impact of 
 

166 competition with native species and with itself (df = 9), the impact of the water treatment (drought vs. 
 

167 well-watered; df = 1), and the interaction between competition and water treatment (df = 9). We then 
 

168 applied Tukey’s comparison to test which species or interactions were responsible for significant results. 
 

169 We adjusted the original p-values using the false discovery rate (FDR) correction to reduce the risk of 
 

170 false positives (Noble 2009). We report the species competing with buffelgrass that result in significant 
 

171 changes to buffelgrass traits, compared with buffelgrass growing alone within the same water 
 

172 treatment. 
 

173 We fit two models (GAM) to understand how traits predict buffelgrass performance. In the first 
 

174 model, native plant traits were correlated with buffelgrass xylem water potential; in the second, native 
 

175 plant traits were correlated with buffelgrass shoot biomass. Each of the two models were fit with native 
 

176 grass initial height (df = 1), root biomass (df = 1), shoot biomass (df = 1), leaf carbon (df = 1), leaf 
 

177 nitrogen (df = 1), and watering treatment (df = 1). We display buffelgrass shoot biomass and buffelgrass 
 

178 xylem water potential as a factor of each native species trait in scatterplots. 
 

179 All statistical analysis was implemented in RStudio version 1.0.153 (RStudio Team 2020) using 
 

180 packages: CRAN (https://CRAN.R-project.org/package=citation ), ggplot2, (https://ggplot2.tidyverse.org 
 

181 ), tidyverse (https://CRAN.R-project.org/package=tidyverse ), vegan 
 

182 (https://github.com/vegandevs/vegan/ ), and dply (https://CRAN.R-project.org/package=dplyr ). 
 

183 RESULTS 

https://cran.r-project.org/package%3Dcitation
https://ggplot2.tidyverse.org/
https://cran.r-project.org/package%3Dtidyverse
https://github.com/vegandevs/vegan/
https://cran.r-project.org/package%3Ddplyr
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184 Across all competition trials, drought decreased buffelgrass root biomass by an average of 1.5 g 
 

185 (p<0.001). Competition with all native species reduced buffelgrass root biomass regardless of watering 
 

186 treatment (p<0.05 for all species; Fig. 1A). In drought conditions, no native species reduced buffelgrass 
 

187 root biomass more than buffelgrass grown alone (Fig. 1A). In well-watered conditions, competition with 
 

188 all native species and competition with itself also reduced buffelgrass root biomass (p<0.001; Fig. 1A). 
 

189 Across all competition trials, drought decreased buffelgrass shoot biomass by an average of 1.3 
 

190 g (p<0.001; table 2). Competition with the following native species reduced buffelgrass shoot biomass 
 

191 regardless of watering treatment: BOBA, BORO, DAPU, MUPO, and competition with self (p<0.05; Fig. 
 

192 1B). In drought conditions, competition with DAPU and HECO also reduced buffelgrass shoot biomass 
 

193 (p<0.05; Fig. 1B). In drought conditions, competition with ARAD and ARTE increased buffelgrass shoot 
 

194 biomass (p<0.05; Fig. 1B). In well-watered conditions, competition with itself also reduced buffelgrass 
 

195 shoot biomass (p<0.05; Fig. 1B). 
 

196 Across all competition trials, drought decreased buffelgrass xylem water potential (increased 
 

197 drought stress) by an average of 0.8 -MPa (p<0.001). Buffelgrass xylem water potential decreased when 
 

198 grown with ARAD (increased by 1.1 -MPa) and ARTE (increased by 0.9 -MPa) regardless of watering 
 

199 treatment (P<0.001; Fig. 1C). In drought conditions, competition also decreased buffelgrass xylem water 
 

200 potential when grown with ARAD (increased by 2.6 -MPa) and ARTE (increased by 2.3 -MPa) (P<0.001; 
 

201 Fig. 1C). 
 

202 Across all competition trials, drought increased flowering stalk number per buffelgrass individual 
 

203 by an average of 0.3 stalks (p=0.03; table 2). Compared to growing alone, competition increased 
 

204 buffelgrass flowering stalk number when grown with ARAD (increased by 0.7 stalks) and ARTE (increased 
 

205 by 0.7 stalks) regardless of watering treatment (p<0.05; Fig. 1D). Compared to being grown alone, 
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206 competition increased buffelgrass flowering stalk number when grown with ARAD and ARTE in drought 
 

207 conditions (both increased buffelgrass flowering stalks by 1.2 stalks per individual; p<0.001; Fig. 1D). 
 

208 Across all competition trials, drought increased buffelgrass leaf carbon by an average of 2.7% 
 

209 (p=0.007). Competition alone did not significantly impact buffelgrass leaf carbon (p=0.3; Fig. 1E). The 
 

210 combination of drought and competition did not significantly impact buffelgrass leaf carbon (p=0.4; Fig. 
 

211 1E). Drought increased buffelgrass leaf nitrogen (p=0.01). Competition alone did not impact leaf 
 

212 nitrogen compared to buffelgrass grown alone (Fig. 1F). In drought conditions, competition also 
 

213 increased buffelgrass leaf nitrogen when grown with ARAD and SPCR (p<0.05; Fig. 1F). 
 

214 214 
 

215 215 
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216 216 

 

217 Figure 1. Means and standard deviation of buffelgrass traits in response to competition with: itself (self), Aristida 
 

218 adscensionis (ARAD), Aristida ternipes (ARTE), Bothriochloa barbinodis (BOBA), Bouteloua barbata var. rothrockii 
 

219 (BORO), Dasyochloa pulchella (DAPU), Heteropogon contortus (HECO), Muhlenbergia porteri (MUPO), and 
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220 Sporobolus cryptandrus (SPCR). Buffelgrass traits have been standardized to buffelgrass grown alone with each 
 

221 watering treatment and therefore show the relative impact. Buffelgrass traits shown are A) root biomass, B) shoot 
 

222 biomass, C) xylem water potential, D) flower stalks, E) leaf carbon, and F) leaf nitrogen. Species that caused 
 

223 significant differences in buffelgrass traits compared to buffelgrass grown alone either in drought or well-watered 
 

224 conditions are asterisked (based on Tukey’s Multiple Comparison Test). 

 

225 225 

 

226 The buffelgrass xylem water potential model had an R2 value of 0.59. Buffelgrass xylem water 
 

227 potential was significantly positively correlated with native grass initial height and with native grass 
 

228 shoot biomass (p < 0.001 for both; Fig2). Water treatment also significantly impacted buffelgrass xylem 
 

229 water potential (p<0.001). The buffelgrass shoot biomass GAM model had an R2 value of 0.67. 
 

230 Buffelgrass shoot biomass was significantly positively correlated with native grass initial height, with 
 

231 native grass shoot biomass, and with native grass leaf nitrogen (P < 0.001; p < 0.001; p = 0.02, 
 

232 respectively). Water treatment also significantly impacted buffelgrass shoot biomass (p = 0.03). 
 

233 233 
 

234 234 



41 
 

Shoot Biomass Drought Stress 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

235 235 

A) 

p<0.001 p<0.001 

B) 

p<0.001 p<0.001 

C) 

P=0.4 P=0.2 

D) 

P=0.5 P=0.4 

E) 

P=0.03 P=0.08 
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236 Figure 2.The relationship between buffelgrass shoot biomass (left column; R2 = 0.67) buffelgrass drought stress 
 

237 (xylem water potential; the higher the xylem water potential, the more drought stressed buffelgrass is) (right 
 

238 column; R2 = 0.59) and with native grass traits A) Initial Height, B) Shoot Biomass, C) Root Biomass, D) Leaf Carbon, 
 

239 and E) Leaf Nitrogen. A regression line (± SE) has been fit around the drought data (circle datapoints; solid 
 

240 regression line) and the well-watered data (triangle datapoints; dotted regression line). Buffelgrass xylem water 
 

241 potential is displayed as log transformed in all instances; all other traits are the raw data. P-values displayed are 
 

242 those obtained from the original GAM analysis. 
 

243 DISCUSSION 
 

244 In our experiment, competition with native species altered buffelgrass shoot and root biomass, though 
 

245 they did not consistently reduce buffelgrass biomass as we expected. As expected, buffelgrass root 
 

246 biomass was reduced from competition with its native neighbor, but competition only had a significant 
 

247 effect when it was well-watered. Surprisingly, when buffelgrass was grown with resource acquisitive 
 

248 neighbors (large shoot biomass, fast initial growth, e.g. ARAD and ARTE), competition caused buffelgrass 
 

249 to act like a resource acquisitor in drought conditions by “bolting” to increase its shoot biomass and 
 

250 begin early flowering. However, when grown with more resource conservative species (smaller biomass, 
 

251 smaller initial growth, e.g. DAPU), competition decreased buffelgrass shoot biomass. Our results were 
 

252 similar to Valliere et al. (2019), who found that even under drought conditions, invasive species can 
 

253 generally maintain a high growth rate; we found this to be true, however, only when paired with other 
 

254 species that maintained a high growth rate (exhibited by initial grass height). Others have found that 
 

255 plants tend to adopt a resource conservative strategy under stressful conditions (De Battisti et al. 2020, 
 

256 Funk & Vitousek 2007). However, all plant traits do not necessarily follow a single strategy (i.e. some 
 

257 conservative traits and some acquisitive traits may be adapted) and energy allocation is dependent on 
 

258 local conditions (De Battisti et al. 2020). 
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259 Resource acquisitive traits in native neighbors also caused buffelgrass to become more drought 
 

260 stressed (more negative xylem water potential); ARAD & ARTE caused buffelgrass drought stress beyond 
 

261 -2 MPa. Although xylem water potential less than -3 MPa is considered too extreme for most plants to 
 

262 continue photosynthesis and grow, Mnif & Chaieb (2010) found that buffelgrass continues to 
 

263 photosynthesize (at a reduced rate) even at these extreme levels. In our experiment, buffelgrass had 
 

264 been without water for 9 days and soil water content was less than 5% when xylem water potential was 
 

265 measured. Buffelgrass growing under these conditions highlights its capacity for drought tolerance. 
 

266 Additionally, drought increased buffelgrass leaf nitrogen when competing with the resource acquisitive 
 

267 species. High leaf nitrogen is advantageous in drought conditions because it can enhance water use 
 

268 efficiency (Field et al. 1983), which may be how buffelgrass continues to grow even when it is drought 
 

269 stressed. 
 

270 Since buffelgrass is so drought tolerant, we expected competition from native plants to be stronger 
 

271 in the well-watered treatment compared to the drought treatment. While this was true for root 
 

272 biomass, competitive impacts were stronger in the drought treatment for increasing buffelgrass drought 
 

273 stress (xylem water potential), altering buffelgrass shoot biomass, increasing flowering, and increasing 
 

274 leaf nitrogen. Contrary to our expectations, natives with traits associated with maximizing water 
 

275 consumption to survive drought conditions (e.g. fast initial growth, high leaf nitrogen, and large root 
 

276 systems; resource acquisitive traits) did not reduce buffelgrass growth, but rather caused an increase in 
 

277 buffelgrass growth and shoot biomass. In periods of drought stress, plants generally exhibit a trade-off 
 

278 in traits between either a more drought tolerant, resource conservative strategy (reflected by a 
 

279 reduction in growth rate and biomass production) and a drought avoiding or resource acquisitive 
 

280 strategy (reflected by rapid growth, biomass production, early reproduction, early senescence, and low 
 

281 water use efficiency) (Huxman et al. 2008, Gremer et al. 2013, Kooyers 2015, LaForgia et al. 2019, 
 

282 Blumenthal et al 2020). Most invasive species have been found to employ the strategy of rapid growth 
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283 and high resource acquisition whereas native species tend to be more conservative in growth rate (Van 
 

284 Kleunen et al. 2010, Balachowski & Volaire 2018). 
 

285 Our results do not consistently support the general theory that invasive species tend to thrive when 
 

286 acting as resource acquisitors (e.g. Leishman et al. 2007, van Kleunen et al. 2010). Others have found 
 

287 evidence that being resource conservative is advantageous to invasive species in the presence of low 
 

288 resources such as during a drought (Funk and Vitousek 2007), which seems to be the strategy 
 

289 buffelgrass takes when growing with other resource conservatives in drought conditions. Kimball et al. 
 

290 (2014) documented another invasive species in the Sonoran Desert (Erodium cicutarium) that was able 
 

291 to simultaneously maintain growth rate while controlling leaf water loss; exhibiting both resource 
 

292 acquisitive and resource conservative strategies. Resource acquisitive traits have been shown to resist 
 

293 competition better in years with above average rainfall conditions (high resource environments), 
 

294 whereas resource conservative species tend to be highly competitive in periods of drought (low 
 

295 resource environments) (Craine 2009; Gremer et al. 2013). It appears that buffelgrass can use both the 
 

296 resource acquisitive strategy and the resource conservative strategy, depending upon its neighbor. 
 

297 Having the plasticity to use both strategies helps buffelgrass be highly competitive in periods of drought 
 

298 and periods of relative water abundance, since advantageous competitive traits would be expected to 
 

299 vary across years as resource availability changes (Gremer et al. 2013). 
 

300 Management Implications 
 

301 Common buffelgrass treatment methods, such as herbicide application and manual removal have shown 
 

302 potential negative impacts to native seedling establishment post treatment (Espinoza et al. 2020, Dixon 
 

303 et al. 2002). There is evidence that seeding with competitive native species as a part of a treatment plan 
 

304 could be helpful in increasing the long-term buffelgrass treatment outcomes as well as establishing 
 

305 native plant communities (George & Daehler 2005, Woods et al. 2012, Gornish et al. 2018, Farrell & 
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306 Gornish 2019,). Our results revealed an exciting prospect for active restoration following buffelgrass 
 

307 treatment: competition with some of the native species (inter-specific competition) had the effect of 
 

308 reducing buffelgrass root and shoot biomass to the same degree as competition with itself (intra-specific 
 

309 competition). This result was contrary to our initial expectations because competition is generally 
 

310 strongest with itself (intra-specific competition) for invasive species (Mangla et al. 2011, Vasquez et al. 
 

311 2008). 
 

312 Our experiment showed that buffelgrass can take different strategies depending on its neighbor, 
 

313 considering these results, it seems wise to incorporate a seed mix with species with a range of traits 
 

314 (from resource acquisitive to resource conservative) as a part of a buffelgrass treatment plan. Our 
 

315 results also suggest that there is an opportunity to use different follow-up treatment modalities 
 

316 depending on how dry it has been and what species buffelgrass has for neighbors. For example, since 
 

317 herbicide requires active growth to be effective and the higher the plant’s growth rate the more 
 

318 effective the herbicide is (Harker & Blackshaw 2003), buffelgrass growing amongst resource acquisitive 
 

319 species during drought might be the ideal time to use herbicide due to rapid buffelgrass biomass 
 

320 accrual. Conversely, if buffelgrass is growing amongst conservative, drought tolerant species during a 
 

321 drought, its growth rate might stay suppressed, and herbicide would be expected to be less effective. 
 

322 Plants that establish first on the landscape use up valuable resources, giving them the advantage 
 

323 of priority effects, which strongly impact resulting vegetation communities (Suding & Goldberg 1999, 
 

324 Wainwright et al. 2012). Stevens & Fehmi (2011) found that timing of establishment is important in 
 

325 determining buffelgrass vs. native competition outcomes; getting a native grass established prior to 
 

326 buffelgrass emergence helped the native to withstand competitive pressure from buffelgrass. This 
 

327 suggests that attempting to re-seed rapidly after buffelgrass treatment may be a useful strategy to 
 

328 incorporate in a buffelgrass treatment plan. Although initial competition following treatment (when 
 

329 there are space and resources available) is key, understanding competition between species at different 
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330 life stages can also have a role (Mangla et al. 2011). We therefore suggest additional research that 
 

331 examines traits of species that withstand buffelgrass competition at later life stages. 
 

332 332 
 

333 Acknowledgments 
 

334 Thank you to Albert Kline, Angel Vega, and Tristan Stevens for their assistance in the greenhouse. Thank 
 

335 3
3
5 

 
336 3

3
6 

you to the Funk lab for their assistance processing the leaf samples. 

 

337 Author Contributions 
 

338 H.L.F. & E.S.G. conceived of the research idea; H.L.F. and D.L. collected data; H.L.F. performed statistical 
 

339 analyses; H.L.F. wrote the paper; all authors discussed the results and commented on the manuscript 



47 
 

340 Literature 
 

341 Balachowski, J. A., & Volaire, F. A. (2018). Implications of plant functional traits and drought survival 
 

342 strategies for ecological restoration. Journal of applied ecology, 55(2), 631-640. 
 

343 Blumenthal, D. M., Mueller, K. E., Kray, J. A., Ocheltree, T. W., Augustine, D. J., & Wilcox, K. R. Traits link 
 

344 drought resistance with herbivore defense and plant economics in semiarid grasslands: the central 
 

345 roles of phenology and leaf dry matter content. Journal of Ecology. 
 

346 Byun, C., de Blois, S., & Brisson, J. (2013). Plant functional group identity and diversity determine biotic 
 

347 resistance to invasion by an exotic grass. Journal of Ecology, 101(1), 128-139. 
 

348 Castellanos, A. E., Celaya‐Michel, H., Rodríguez, J. C., & Wilcox, B. P. (2016). Ecohydrological changes in 
 

349 semiarid ecosystems transformed from shrubland to buffelgrass savanna. Ecohydrology, 9(8), 1663- 
 

350 1674. 
 

351 Chen, D., Wang, S., Xiong, B., Cao, B., & Deng, X. (2015). Carbon/nitrogen imbalance associated with 
 

352 drought-induced leaf senescence in Sorghum bicolor. PloS one, 10(8). 
 

353 Corbin, J. D., & D'Antonio, C. M. (2012). Gone but not forgotten? Invasive plants' legacies on community 
 

354 and ecosystem properties. Invasive Plant Science and Management, 5(1), 117-124.Powell, K. I., 
 

355 Chase, J. 
 

356 De Battisti, D., Fowler, M. S., Jenkins, S. R., Skov, M. W., Bouma, T. J., Neyland, P. J., & Griffin, J. N. 
 

357 (2020). Multiple trait dimensions mediate stress gradient effects on plant biomass allocation, with 
 

358 implications for coastal ecosystem services. Journal of Ecology. 
 

359 Dixon IR, Dixon KW, Barrett M (2002) Eradication of buffel grass (Cenchrus ciliaris) on Airlie Island, 
 

360 Pilbara Coast, Western Australia. Pages 92–101 in Turning the Tide: Eradication of Invasive Species. 
 

361 Gland, Switzerland, International Union 



48 
 

362 Eilts, J. A., & Huxman, T. E. (2013). Invasion by an exotic, perennial grass alters responses of a native 
 

363 woody species in an arid system. Journal of arid environments, 88, 206-212. 
 

364 Espinoza, D. O., Molina-Freaner, F., & Tinoco-Ojanguren, C. Response of four species of Sonoran Desert 
 

365 trees to buffel grass removal treatments. Plant Ecology, 1-10. 
 

366 Farrell, H. L., & Gornish, E. S. (2019). Pennisetum ciliare: a review of treatment efficacy, competitive 
 

367 traits, and restoration opportunities. Invasive Plant Science and Management, 12(4), 203-213. 
 

368 Field, C., Merino, J., & Mooney, H. (1983). Compromises between water-use efficiency and nitrogen-use 
 

369 efficiency in five species of California evergreens. Oecologia, 60(3), 384-389. 
 

370 Fowler, N. (1986). The role of competition in plant communities in arid and semiarid regions. Annual 
 

371 review of ecology and Systematics, 17(1), 89-110. 
 

372 Funk, J. L., & Vitousek, P. M. (2007). Resource-use efficiency and plant invasion in low-resource systems. 
 

373 Nature, 446(7139), 1079-1081. 
 

374 Funk, J. L., & Wolf, A. A. (2016). Testing the trait‐based community framework: Do functional traits 
 

375 predict competitive outcomes?. Ecology, 97(9), 2206-2211. 
 

376 Funk, J. L., Cleland, E. E., Suding, K. N., & Zavaleta, E. S. (2008). Restoration through reassembly: plant 
 

377 traits and invasion resistance. Trends in ecology & evolution, 23(12), 695-703. 
 

378 Funk, J. L., Standish, R. J., Stock, W. D., & Valladares, F. (2016). Plant functional traits of dominant native 
 

379 and invasive species in mediterranean‐climate ecosystems. Ecology, 97(1), 75-83. 
 

380 Gałecki, A., & Burzykowski, T. (2013). Linear mixed-effects model. In Linear Mixed-Effects Models Using 
 

381 R (pp. 245-273). Springer, New York, NY. 



49 
 

382 Gremer, J. R., Kimball, S., Keck, K. R., Huxman, T. E., Angert, A. L., & Venable, D. L. (2013). Water‐use 
 

383 efficiency and relative growth rate mediate competitive interactions in Sonoran Desert winter annual 
 

384 plants. American journal of botany, 100(10), 2009-2015. 
 

385 Gornish, E. S., Case, E., Valle, M., Bean, T. M., & Moore-O’Leary, K. A. (2018). A systematic review of 
 

386 management efforts on goatgrass (Aegilops spp) dominance. Plant ecology, 219(5), 549-560. 
 

387 Gutterman, Y. (2012). Seed germination in desert plants. Springer Science & Business Media. Pgs 1-24 
 

388 Harker, K.N. and R.E. Blackshaw. 2003. Leaf expansion rate may help determine when low wild oat 
 

389 herbicide rates will be effective. Weed Technol. 17:829-835. 
 

390 He, M., & Dijkstra, F. A. (2014). Drought effect on plant nitrogen and phosphorus: a meta‐analysis. New 
 

391 Phytologist, 204(4), 924-931. 
 

392 International Seed Testing Association. (1985). International rules for seed testing. Rules 1985. Seed 
 

393 science and technology, 13(2), 299-513. 
 

394 Kettenring, K. M., & Adams, C. R. (2011). Lessons learned from invasive plant control experiments: a 
 

395 systematic review and meta‐analysis. Journal of applied ecology, 48(4), 970-979. 
 

396 Kimball, S., Gremer, J. R., Barron-Gafford, G. A., Angert, A. L., Huxman, T. E., & Venable, D. L. (2014). 
 

397 High water-use efficiency and growth contribute to success of non-native Erodium cicutarium in a 
 

398 Sonoran Desert winter annual community. Conservation physiology, 2(1). 
 

399 Kooyers, N. J. (2015). The evolution of drought escape and avoidance in natural herbaceous populations. 
 

400 Plant Science, 234, 155-162. 
 

401 LaForgia, M. L., Harrison, S. P., & Latimer, A. M. (2019). Invasive species interact with climatic variability 
 

402 to reduce success of natives. Ecology, e03022. 



50 
 

403 Leishman, M. R., Haslehurst, T., Ares, A., & Baruch, Z. (2007). Leaf trait relationships of native and 
 

404 invasive plants: community‐and global‐scale comparisons. New Phytologist, 176(3), 635-643. 
 

405 Liang, J., Zhang, J., & Wong, M. H. (1997). Can stomatal closure caused by xylem ABA explain the 
 

406 inhibition of leaf photosynthesis under soil drying?. Photosynthesis Research, 51(2), 149-159. 
 

407 Liang, J., Zhang, J., & Wong, M. H. (1997). Can stomatal closure caused by xylem ABA explain the 
 

408 inhibition of leaf photosynthesis under soil drying?. Photosynthesis Research, 51(2), 149-159. 
 

409 Matzek, V. (2012). Trait values, not trait plasticity, best explain invasive species' performance in a 
 

410 changing environment. PloS one, 7(10). 
 

411 Mnif, L., & Chaieb, M. (2010). Net photosynthesis and leaf water potential of buffel grass (Cenchrus 
 

412 ciliaris L.) accessions, growing in the arid zone of Tunisia. Journal of Biological Research, 14, 231. 
 

413 Noble, W. S. (2009). How does multiple testing correction work?. Nature biotechnology, 27(12), 1135- 
 

414 1137. 
 

415 Ogle, K., & Reynolds, J. F. (2004). Plant responses to precipitation in desert ecosystems: integrating 
 

416 functional types, pulses, thresholds, and delays. Oecologia, 141(2), 282-294. 
 

417 Pearson, D. E., Ortega, Y. K., Runyon, J. B., & Butler, J. L. (2016). Secondary invasion: the bane of weed 
 

418 management. Biological Conservation, 197, 8-17. 
 

419 Polley, H. W., Briske, D. D., Morgan, J. A., Wolter, K., Bailey, D. W., & Brown, J. R. (2013). Climate change 
 

420 and North American rangelands: trends, projections, and implications. Rangeland Ecology & 
 

421 Management, 66(5), 493-511. 
 

422 Potts, D. L., Barron-Gafford, G. A., Butterfield, B. J., Fay, P. A., & Hultine, K. R. (2019). Bloom and Bust: 
 

423 ecological consequences of precipitation variability in aridlands. Plant Ecology, 220(2), 135-139. 



51 
 

424 Powell, K. I., Chase, J. M., & Knight, T. M. (2013). Invasive plants have scale-dependent effects on 
 

425 diversity by altering species-area relationships. science, 339(6117), 316-318. 
 

426 Rajaniemi, T. K. (2007). Root foraging traits and competitive ability in heterogeneous soils. Oecologia, 
 

427 153(1), 145-152. 
 

428 Schwinning, S., & Sala, O. E. (2004). Hierarchy of responses to resource pulses in arid and semi-arid 
 

429 ecosystems. Oecologia, 141(2), 211-220. 
 

430 Soliveres, S., Maestre, F. T., Bowker, M. A., Torices, R., Quero, J. L., García-Gómez, M., ... & Espinosa, C. I. 
 

431 (2014). Functional traits determine plant co-occurrence more than environment or evolutionary 
 

432 relatedness in global drylands. Perspectives in plant ecology, evolution and systematics, 16(4), 164- 
 

433 173. 
 

434 Stevens, J. M., & Fehmi, J. S. (2011). Early establishment of a native grass reduces the competitive effect 
 

435 of a non‐native grass. Restoration Ecology, 19(3), 399-406. 
 

436 Van Kleunen, M., Weber, E., & Fischer, M. (2010). A meta‐analysis of trait differences between invasive 
 

437 and non‐invasive plant species. Ecology letters, 13(2), 235-245. 
 

438 Wilcox, B. P., Turnbull, L., Young, M. H., Williams, C. J., Ravi, S., Seyfried, M. S., ... & Wainwright, J. 
 

439 (2012). Invasion of shrublands by exotic grasses: ecohydrological consequences in cold versus warm 
 

440 deserts. Ecohydrology, 5(2), 160-173. 
 

441 Woods, S. R., Fehmi, J. S., & Backer, D. M. (2012). An assessment of revegetation treatments following 
 

442 removal of invasive Pennisetum ciliare (buffelgrass). Journal of arid environments, 87, 168-175. 
 



52 
 

 
 
 

 

SYNT HESIS ARTICLE  

Restoration, soil organisms, and soil processes: 
emerging approaches 
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Better understanding of the connection between aboveground plant communities and belowground soil organisms and pro- 
cesses has led to an explosion in recent research on the applications of this link to the field of ecological restoration. Research 
is only beginning to have the capacity to link soil organisms and specific ecosystem functions. Establishing general ecological 
principles of the role microbial communities have during ecological restoration is also still in its infancy. As such, the literature 
is at a critical point to generate a Special Feature that brings together novel approaches of linking soil and restoration to pro- 
mote more regular inclusion and consideration of soil organisms and soil-based processes in ecological restoration. In this spe- 
cial feature, we bring together nine research articles from different ecosystems that study the relationship between restoration 
activities, soil microbial communities, and soil properties. From these research articles, we describe two primary themes: 
(1) research on the impacts of ecosystem-specific restoration activities on soil organisms and processes and (2) research testing 
methods of soil manipulation to improve restoration outcomes. We hope to inspire readers and restoration practitioners to con- 
sider soil microbes and soil processes in their research, restoration projects, and world views. 
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reference, or desirable conditions. Soil is not considered dur- 

ing routine restoration interventions. In many situations, the 

focus of recreating vegetation structure may limit restoration 

success because the ecosystem may have experienced a shift 

in supporting ecosystem processes due to disturbance and 

other degrading processes (e.g. climate change), and may no 

longer sustain historical vegetation  communities  (Hobbs  

et al. 2009). These novel ecosystems can result from a shift 

in soil organisms and processes, potentially creating a mis- 

match between the soil environment at a restoration site,  

and the reference vegetation community that practitioners 

are attempting to restore. 

Despite the potential utility of considering the connection 

between soil and restoration (Harris 2009), soil processes and 

organisms are still rarely considered in restoration projects. Res- 

toration ecology is therefore in need of a more complete under- 

standing of how to restore soil-based ecosystem processes and 

soil biological communities, as these are necessary for the resto- 

ration of plant communities and ecosystem services. We suggest 

that this approach requires new knowledge and frameworks 

 
 

Introduction 

Soil is foundational for supporting primary ecosystem functions, 

including cultivating organisms, regulating the water cycle, and 

making nutrients and growing substrate available (Barrios 2007: 

Bünemann et al. 2018). Restoration ecologists often seek to 

restore damaged ecosystem processes and functions that are 

supported by soil. However, restoration practitioners remain 

focused on manipulating ecosystem structure—often focusing 

on recreating a specific suite of plants based on historical, 
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Implications for Practice 

• Soil biology is a determining factor in vegetation estab- 
lishment; explicit understanding and incorporation of soil 
biological functions at a restoration site can improve res- 

toration success. 

• The use of soil amendments, soil microbial inoculations, 
and  physical  soil  manipulation  can  be  effective  for 

enhancing restoration outcomes if the appropriate appli- 

cations are used relative to the system’s specific context 

and ecology. 

• Managers are generally lacking the resources and exper- 
tise needed to include soil organisms and soil-based pro- 

cesses in their restoration project planning or 

monitoring; we suggest managers look for collaborations 

with microbiologists and soil ecologists in university 

research departments and extension programs. 

mailto:hlfarrell@email.arizona.edu
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about soil organisms and processes, and improved understand- 

ing of how they relate to successful restoration practices. 

This indicates the presence of a gap in the practice and 

research of restoration with a focus on soils. Recently, there 

has been rapid growth in research interest and new research 

methods (e.g. genomics) that enable improved connections 

between restoration activities, soil organisms, and soil-based 

ecosystem processes (Breed et al. 2019). This emerging area 

of research requires synthesis and collaboration between a broad 

suite of disciplines, including soil ecology, microbiology, bio- 

technology, and restoration ecology. 

Here, we introduce nine important studies in a special issue of 

Restoration Ecology that are devoted to research on the relation- 

ship between soils and restoration ecology and promote interdis- 

ciplinary collaboration and theory-informed restoration 

practices. These research articles each examine the soil- 

restoration  interface  across  a  diversity   of   ecosystems  

(e.g. temperate forest, meadow, semi-arid grassland, coastal 

dune, pine forest, dryland, prairie, and urban green spaces). 

The articles span two primary themes: (1) impacts of 

ecosystem-specific restoration activities on soil organisms and 

processes and (2) testing methods of soil manipulation to 

improve restoration outcomes. 

 

Impacts of Ecosystem-Specific Restoration Activities 

on Soil Organisms and Processes 

Despite substantial interest in describing the potential utility of 

using soil physicochemical attributes, soil microbial activity, 

and/or soil microbial community composition to assess the level 

of ecological degradation or recovery, soil is still rarely consid- 

ered in monitoring restoration outcomes (Harris  2003; Baer   

et al. 2012). A potential explanation for this discrepancy is a lack 

of understanding in restoration ecology on what constitutes 

“good” or “reference” soil conditions. For example, a practi- 

tioner might wonder—what are the microbial communities in 

undisturbed sites in my region? What sort of soil abiotic condi- 

tions would help achieve my restoration goals? On what sort of 

time scales do soil organisms operate, relative to restoration 

projects? 

In temperate woodlands in urban landscapes of South 

Australia, Mills et al. (2020) found that 15 years after revegetat- 

ing an urban site with native plant species, soil organisms in 

revegetated sites had similar diversity and composition as rem- 

nant (undisturbed) sites; urban sites with low vegetation diver- 

sity  had  correspondingly  low   microbial   diversity   (Mills 

et al. 2020). However, it was difficult to predict the composition 

of microbial organisms based on land use type alone because the 

composition was strongly influenced by plant species richness, 

soil pH, and electrical conductivity (Mills et al. 2020), indicating 

the need to test soil and environmental conditions at potential 

restoration sites. 

Similarly, Farrell et al. (2020) observed that soil microbial 

communities were more closely related to total plant cover, soil 

organic matter, and pH than seeding in a semi-arid grassland of 

the southwestern United States. Farrell et al. (2020) concluded 

that separating and maintaining the topsoil during a disturbance 

for a short period of time (2 months in their case) maintained soil 

conditions adequate for natural revegetation of plants recruited 

from adjacent areas or the soil seed bank. 

In a coastal dune system, Parson et al. (2020) studied the 

impact of invasive species control as a restoration intervention 

and showed a strong legacy effect in soil microbial communities 

5–10 years after invasive species treatment, both for soil micro- 

bial functional groups and for richness. The results of Parson 

et al. (2020) and Farrell et al. (2020) point to the importance of 

soil containing functional groups of microbes necessary for 

establishing desirable plant species (e.g. nitrogen-fixing bacteria 

or mutualistic arbuscular mycorrhizal fungi). 

Furthermore, Grman et al. (2020) presented evidence that his- 

toric failure to establish desired plant species in a prairie ecosys- 

tem may be due to a lack of specific functional groups of 

mutualistic soil microbes (rhizobial bacteria and arbuscular 

mycorrhizal  fungi).  In  a   ponderosa   pine   forest,   Remke 

et al. (2020) also found that transplanted tree seedlings were 

more successful when the soil that contained site-specific soil 

organisms was used, reinforcing the need to understand soil 

microbial communities at restoration sites to increase revegeta- 

tion success. 

Together, these studies highlight the impact of restoration 

activities on soil organisms and how this impact will be highly 

dependent on ecosystem and plant community context. How- 

ever, they also show that understanding soil organisms and 

physicochemical characteristics of a restoration site can be har- 

nessed for enhanced restoration outcomes. 

 

Methods of Soil Manipulation to Improve Restoration 
Outcomes 

In order to create soil biotic and abiotic conditions necessary for 

desired vegetation to thrive, researchers have been exploring 

how best to manipulate these soil conditions (e.g. adding 

organic matter, inoculating with soil organisms) to facilitate 

enhanced restoration outcomes (Heneghan et al. 2008; Harris 

2009). The research included in this special issue examines a 

collection of novel management approaches being developed. 

In a dryland environment where revegetation is particularly 

challenging, Fehmi et al. (2020) and Espinosa et al. (2020) 

showed that incorporating woodchips into soil inhibited plant 

growth, but adding a thin layer of surface woodchips enhances 

soil microbial activity (i.e. respiration, C and P exoenzyme 

activities), which may help to increase plant cover. Others 

experimented with inoculating restoration sites with soil micro- 

bial amendments (Koziol et al. 2020; Lance et al. 2020) or with 

intact soil containing desirable microbial communities (Grman 

et al. 2020; Remke et al. 2020). 

Grman et al. (2020) observed that establishment of seeded 

native legumes was improved with inoculation from microbes 

from remnant prairie soil. In addition, Koziol et al. (2020) found 

that in midwestern US grasslands, native mycorrhizal inoculum 

benefited the recovery of native plant species, but that a higher 

dose of inoculum was required to produce positive results than 

is typically recommended by commercial fungal inoculation. 

Although there are currently commercially available soil 
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microbial inoculants, Lance et al. (2020) found that the appli- 

cation of commercial fungal inoculants resulted in decreased 

fungal abundance and tree performance. Therefore, caution is 

urged, and more research required to fully understand the con- 

sequences of applying microbial inoculation to soil in a resto- 

ration context. 

Assessing soil-based processes and soil resources of restora- 

tion sites will help practitioners understand how well an ecosys- 

tem is functioning (Costantini et al. 2016). Knowing the 

functional status of an ecosystem is a crucial step towards under- 

standing how to restore it (Cortina et al. 2006; Briske et al. 2008; 

Adner 2017). We suggest that the field of restoration ecology 

would benefit from incorporating the role of soil microbes and 

processes in creating the biotic and abiotic conditions necessary 

for vegetation to establish and provide desired ecosystem ser- 

vices. Although some restoration projects characterize physico- 

chemical aspects of the soil, the biological components of soil 

have been poorly integrated. We hope that the research in this 

special feature helps to fill this gap. 

 

Recommendations and Future Steps 

Soil organisms create soil structure (aggregation, erosion con- 

trol), hydrological functioning (infiltration and water holding 

capacity), nutrient exchange (microbially mediated), and spe- 

cies composition (certain microbial communities support or 

impede the growth of certain species). Restoration practitioners 

could consider, at a minimum, collecting basic soil measure- 

ments (e.g. soil stability, infiltration capacity, pH, organic car- 

bon, bulk density) and understanding soil biological 

requirements (e.g. specific microbial mutualists or nitrogen 

fixers) for plant survival and plant community development dur- 

ing restoration. Furthermore, technological advances in geno- 

mic sequencing are such that restoration practitioners may 

soon be able to feasibly take advantage of the ability to measure 

the community composition and activity of soil organisms 

(Breed et al. 2019), which can potentially be used to identify 

and  track  microbial  indicators  of   restoration   success   

(e.g. Liddicoat et al. 2019). This kind of information should help 

to inform the selection of appropriate restoration interventions 

and increase the chances of successful restoration outcomes. 

This collection of studies identifies a gap between emerging 

research on soil and restoration practice, where soil microbes 

and soil processes are not well integrated into restoration pro- 

jects. Potential barriers to overcoming this gap include the cost 

of data generation, access to the required technology, and the 

expertise to characterize soil microbial communities and func- 

tions at a restoration site. Young et al. (2005) identified the links 

between soil processes and restoration as a key theme to be 

explored in future research but stated that there was a discrep- 

ancy between academic research and on-the-ground application. 

We observe that this gap still exists to some extent 15 years later 

with little practical advice for how practitioners can measure 

some key soil metrics. In line with David et al. (2016), Matzek 

et al. (2017), and Breed et al. (2019), we suggest that restoration 

ecology researchers and practitioners build stronger collabo- 

rations with experts in microbiology, biotechnology, and soil 

ecology (perhaps from the university or cooperative exten- 

sion systems). The compilation of research in this special fea- 

ture demonstrates the need for more collaborative work among 

this diversity of disciplines to generate this important insight. 

While research has begun to link soil organisms and specific 

ecosystem functions and processes (e.g. Barrios 2007; de Bello 

et al. 2010; Costantini et al. 2016; Bünemann et al. 2018; Liddi- 

coat et al. 2019), establishing general principles and frameworks 

of the role microbial communities have during ecological resto- 

ration is still in its infancy. It is therefore going to be difficult for 

restoration practitioners to properly consider soil microbes and 

processes in their goals, projects, and assessments without a bet- 

ter understanding of the necessary soil conditions to achieve 

their restoration goals. We hope that this collection of research 

articles helps land managers, restoration practitioners, and 

researchers to better incorporate soil processes and microbes 

into enhancing restoration outcomes. We also hope to begin to 

shed some light on the potential benefits of current and emerging 

technologies for enhancing soil health as well as how plants, soil 

microbes, and soil nutrients may interact in a variety of 

ecosystems. 

 

 
LITERATURE CITED 

Adner R (2017) Ecosystem as structure: an actionable construct for strategy. Jour- 

nal of Management 43:39–58 

Baer SG, Heneghan L, Eviner VT (2012). Applying soil ecological knowledge to 

restore ecosystem services. (pp. 377–378). In: Soil ecology and ecosystem 

services. Oxford University Press, Oxford, UK 

Barrios E (2007) Soil biota, ecosystem services and land productivity. Ecological 

Economics 64:269–285 

Breed MF, Harrison PA, Blyth C, Byrne M, Gaget V, Gellie NJ, Steane DA 

(2019) The potential of genomics for restoring ecosystems and biodiver- 

sity. Nature Reviews Genetics 20:615–628 

Briske DD, Bestelmeyer BT, Stringham TK, Shaver PL (2008) Recommenda- 

tions for development of resilience-based state-and-transition models. 

Rangeland Ecology & Management 61:359–367 

Bünemann EK, Bongiorno G, Bai Z, Creamer RE, Deyn GD, Goede RD, 

Brussaard L (2018) Soil quality—a critical review. Soil Biology and Bio- 

chemistry 120:105–125 

Cortina J, Maestre FT, Vallejo R, Baeza MJ, Valdecantos A, Pérez-Devesa M 

(2006) Ecosystem structure, function, and restoration success: are they 

related? Journal for Nature Conservation 14:152–160 

Costantini EA, Branquinho C, Nunes A, Schwilch G, Stavi I, Valdecantos A, 

Zucca C (2016) Soil indicators to assess the effectiveness of restoration 

strategies in dryland ecosystems. Solid Earth 7:397–414 

David E, Dixon KW, Menz MH (2016) Cooperative extension: a model of 

science–practice integration for ecosystem restoration. Trends in Plant Sci- 

ence 21:410–417 

de Bello F, Lavorel S, Díaz S, Harrington R, Cornelissen JH, Bardgett RD, da 

Silva PM (2010) Towards an assessment of multiple ecosystem processes 

and services via functional traits. Biodiversity and Conservation 19: 

2873–2893 

Espinosa NJ, Moore DJ, Rasmussen C, Fehmi JS, Gallery RE (2020) Woodchip 

and biochar amendments differentially influence microbial responses, but 

do not enhance plant recovery in disturbed semiarid soils. Restoration Ecol- 

ogy: this issue 

Farrell HL, Barberán A, Danielson RE, Fehmi JS, Gornish ES (2020) Disturbance 

is more important than seeding or grazing in determining soil microbial 

communities in a semiarid grassland. Restoration Ecology: this issue 

 S309 



55 
 

Soil microbes and processes in restoration 

 

Fehmi JS, Rasmussen C, Gallery RE (2020) Biochar and woodchip amendments 

alter restoration outcomes, microbial processes, and soil moisture in a sim- 

ulated semi-arid ecosystem. Restoration Ecology: this issue 

Grman E, Allen J, Galloway E, McBride J, Bauer JT, Price PA (2020) Inoculation 

with remnant prairie soils increased the growth of three native prairie 

legumes but not necessarily their associations with beneficial soil microbes. 

Restoration Ecology: this issue 

Harris J (2003) Measurements of the soil microbial community for estimating the 

success of restoration. European Journal of Soil Science 54:801–808 

Harris J (2009) Soil microbial communities and restoration ecology: facilitators 

or followers?. Science 325:573–574. 

Heneghan L, Miller SP, Baer S, Callaham MA Jr, Montgomery J, Pavao- 

Zuckerman M, Richardson S (2008) Integrating soil ecological knowledge 

into restoration management. Restoration Ecology 16:608–617 

Hobbs RJ, Higgs E, Harris JA (2009) Novel ecosystems: implications for conser- 

vation and restoration. Trends in Ecology & Evolution 24:599–605 

Koziol L, Crews TE, Bever JD (2020) Native plant abundance, diversity, and 

richness increases in prairie restoration with field inoculation density of 

native mycorrhizal amendments. Restoration Ecology: this issue 

Liddicoat C, Weinstein P, Bissett A, Gellie NJ, Mills JG, Waycott M, Breed MF 

(2019) Can bacterial indicators of a grassy woodland restoration inform 

ecosystem assessment and microbiota-mediated human health? Environ- 

ment International 129:105–117 

Lance AC, Burke DJ, Hausman CE, Burns JH (2020) High-throughput sequencing 

provides insight into manipulated soil fungal community structure and diver- 

sity during temperate forest restoration. Restoration Ecology: this issue 

Matzek V, Gornish ES, Hulvey KB (2017) Emerging approaches to successful 

ecological restoration: five imperatives to guide innovation. Restoration 

Ecology 25:S110–S113 

Mills JG, Bissett A, Gellie NJ, Lowe AJ, Selway CA, Thomas T, Breed MF 

(2020) Revegetation of urban green space rewilds soil microbiotas with 

implications for human health and urban design. Restoration Ecology: this 

issue 

Parsons LS, Sayre J, Ender C, Rodrigues JL, Barberán A (2020) Soil microbial 

communities in restored and unrestored coastal dune ecosystems in Califor- 

nia. Restoration Ecology: this issue 

Remke MJ, Hoang T, Kolb T, Gehring C, Johnson NC, Bowker MA (2020) 

Familiar soil conditions help Pinus ponderosa seedlings cope with warm- 

ing and drying climate. Restoration Ecology: this issue 

Young T, Petersen DA, Clary JJ (2005) The ecology of restoration: historical 

links, emerging issues and unexplored realms. Ecology Letters 8: 662–

673 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 



56 
 

 
 

 

 

RESEARCH ARTICLE  

Disturbance is more important than seeding or grazing 
in determining soil microbial communities in a semiarid 
grassland 

Hannah L. Farrell1,2 , Albert Barberán3, Rachel E. Danielson4, Jeffrey S. Fehmi1 , 
Elise S. Gornish1

 

 

 
A primary goal of ecological restoration is often to return processes and functions to degraded ecosystems. Soil, while often 
ignored in restoration, supports diverse communities of organisms and is a fundamental actor in providing ecosystem processes 
and services. We investigated the impact of seeding and livestock grazing on plant communities, soil microorganisms, and soil 
fertility 3 years after the restoration of a disturbed pipeline corridor in southeastern Arizona. The initial soil disturbance and 
topsoil treatment, regardless of seeding or grazing, was the most influential factor in determining differences in both plant and 
microbial communities. Compared with the control, the disturbed and restored sites had greater plant species richness, greater 
total herbaceous plant cover, greater soil organic matter, higher pH, and differed in soil nutrients. Bacteria and fungi appeared 
to generally correlate with micro-environment and soil physiochemical properties rather than specific plant species. The undis- 
turbed control had a smaller proportion of bacterial functional groups associated with the breakdown of plant biomass (poly- 
saccharide decomposition) and a smaller proportion of arbuscular mycorrhizal fungi (AMF) compared with disturbed and 
restored sites. The ability of the unseeded disturbed site to recover robust vegetation may be due in part to the high presence 
of AMF. These differences show selection for soil microorganisms that thrive in disturbed and restored sites and may contribute  
to increased plant productivity. Restoration of specific plant species or ecological processes and services would both benefit 
from better understanding of the impacts of disturbance on soil microorganisms and soil fertility. 

Key words: bacteria, fungi, plant species, reclamation, restoration, soil nutrients, soil properties, topsoil, vegetation community 

 

 

pressure from intensive agricultural practices, overgrazing, cli- 

mate change, and expanding urban infrastructure have been 

leading to rapid worldwide decline in soil health (Geist 2017). 

Once soils, especially dryland soils, degrade to no longer sus- 

taining vegetation or ecosystem processes (i.e. desertification), 

they may not recover functionality in the timescale of human 

lives without intervention (Peters et al. 2015). Restoring deserti- 

fied drylands is a priority worldwide for supporting human well- 

being in the upcoming decades (e.g. the United Nations Conven- 

tion to Combat Desertification). 

Successfully establishing vegetation for restoration requires 

supporting soil fertility, soil stability, and soil organisms. The 

 
 

 
 

 
 

Introduction 

Soil supports diverse communities of organisms as well as an 

array of ecosystem functions and processes. These functions 

and processes include agricultural production, water infiltration, 

decomposition, carbon storage, regulating water and air quality, 

and nutrient cycling among others (Barrios 2007). Increasing 
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Implications for Practice 

• Separating topsoil prior to construction and storing it for 
less than 2 months maintained soil microbial function. 

• The presence of arbuscular mycorrhizal fungi may be a 
good indicator of how well plants will establish on bare 
soil for a restoration project. 

• Soil fertility determined which microorganism groups 
thrived, and hence which ecosystem functions and pro- 
cesses  were  favored  (e.g.  decomposition  of  organic 
matter). 

• Independent of seeding or cattle grazing treatments, 
removal of shrubs and redistribution of topsoil as a part 

of restoration stimulated a feedback loop of increased her- 

baceous plant growth, increased soil organic matter, and 

increased plant species richness. 

mailto:hlfarrell@email.arizona.edu
http://onlinelibrary.wiley.com/doi/10.1111/rec.13156/suppinfo
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importance of soil microorganisms (bacteria and fungi) has been 

increasingly considered in ecological restoration projects to 

enhance success (Kardol & Wardle 2010; Costantini et al. 

2016; Brooks et al. 2019). Soil microorganisms can directly 

interact with plants or interact with plants through feedback 

loops that alter other organisms or soil properties (Van der Put- 

ten et al. 2013). In dryland ecosystems where water and soil 

nutrient resources come in discrete pulses (Schwinning & Sala 

2004), soil microorganisms are vital for plant establishment 

and survival because they increase plant access to resources both 

spatially and temporally (Collins et al. 2008; Marulanda et al. 

2009; Pointing & Belnap 2012; Naylor & Coleman-Derr 2018). 

Seeding a restoration site adds new species and additional 

plant material to a site and therefore seeding would be expected 

to alter soil microorganisms and soil properties. Plants act on 

soil microbial community diversity and composition by increas- 

ing soil organic matter input from plant biomass and root exu- 

dates (Kardol & Wardle 2010), altering nutrient availability 

(such as nitrogen or phosphorus) due to the presence of different 

plant functional traits (Boeddinghaus et al. 2019), increasing 

soil stability and infiltration (Wilcox & Thurow 2006), and alter- 

ing the soil surface micro-environment by providing shade that 

reduced surface temperature (Maestre & Cortina 2003). Soil 

microbial diversity can increase with increased plant cover, but 

changes in plant diversity do not necessarily correlate to changes 

to diversity in soil microbes in the timescale of a restoration pro- 

ject (Delgado-Baquerizo et al. 2019). Bacterial and fungal com- 

munities tend to be closely related to soil properties and climate 

(Tedersoo et al. 2014; Fierer 2017) but there are also plant- 

specific mutualistic fungi that closely correlate to aboveground 

place species (Bever 2002). Recovery time after disturbance 

would be expected to impact soil microorganism diversity and 

abundance; newly restored sites tend to have more ruderal, gen- 

eralist, and opportunistic taxa of bacteria and fungi, whereas 

established sites tend to have more niche-specific taxa and taxa 

directly associated with specific plant species (Kardol & Wardle 

2010; Liddicoat et al. 2019). To add to the complexity, short- 

term and heterogeneous changes in land management and land 

use intensity, including tilling and changes in livestock manage- 

ment, can impact soil properties and soil microbial community 

composition (Drenovsky et al. 2010). 

Soil microorganism activity, diversity, and function would 

likely provide a useful metric for understanding the status of 

an ecosystem’s processes and functions, yet these have been 

rarely considered when monitoring restoration outcomes 

(Costantini et al. 2016). The links among restoration practices, 

belowground microorganisms, and the ability of microbial com- 

munities to produce desired ecosystem processes and functions 

have not been well studied. Research on the response of soil 

properties and soil organisms to land management actions such 

as seeding, grazing, and soil manipulation will give us key 

insights into soil indicators or reference conditions based on 

desired ecosystem functions. Primary goals of restoration often 

include the reestablishment of ecosystem processes that are real- 

ized through soil processes (e.g. soil stability and increased infil- 

tration); this is especially true when restoring a site to a reference 

condition is unfeasible due to projected climate change resulting 

in novel environments (Vallejo et al. 2012), difficulty recreating 

a reference condition (Harris et al. 2006), and—in the case of 

severe land disturbances such as mining operations— 

significantly altered landscapes. 

We investigated the restored disturbance corridor of a buried 

natural gas pipeline in the Sonoran Desert of southern Arizona, 

U.S.A., 3 years after restoration. We examined the influence of 

seeding and livestock grazing exclusion on soil fertility, bacte- 

rial communities, fungal communities, and plant communities 

in the restoration site. Our hypotheses were: (1) bacterial com- 

position would be closely related to soil properties whereas 

fungi will be associated with plant composition; (2) the newly 

restored pipeline corridor would have greater soil microbial 

diversity and a larger proportion of generalists microbial func- 

tional groups compared to the undisturbed control; (3) adding 

seeds to the restored pipeline would increase plant species rich- 

ness and herbaceous cover, thereby increasing fungal and bacte- 

rial richness; and (4) excluding grazing would alter plant 

community composition and soil nutrients, thereby modifying 

microbial community composition. 

 

 

Methods 

Site Description 

The study site is a ~2 km section of the 30 m wide, 97 km long 

pipeline construction zone located in the Sonoran Desert, 

U.S.A.  (32015012.45600 0 N,  1100540 42.44040 0 W)  (Fig.  1).  The 

site is located on flat uplands silt loam soil 775 m above sea 

level. The study areas did not include water drainages. The veg- 

etation adjacent to the pipeline was species-poor and consists 

primarily of the woody shrubs Prosopis velutina Wooton, Atri- 

plex canescens (Pursh) Nutt., Senegalia greggii (A. Gray) Brit- 

ton & Rose, and Vachellia constricta (Benth.) Seigler & Ebinger 

in the overstory (botanical nomenclature USDA 2016). The 

understory was made up of cacti species Opuntia spp. Mill, 

Cylindropuntia (Engelm.) Kreuzinger, and Ferocactus Britton & 

Rose, and sparse annual grasses and forbs (botanical nomencla- 

ture USDA 2016). The study region has experienced heavy 

grazing by cattle since the early 1900s and continues to be mod- 

erately grazed by cattle (stocking rate of approximately 2.5 cat- 

tle per 100 ha; Farrell & Fehmi 2018). The site receives an 

average of 360 mm annual precipitation, of which approxi- 

mately 50% comes during intense summer monsoon rain events 

(WRCC 2015). 

The pipeline was constructed in August and September of 

2014. Within the 30 m wide disturbed construction zone, vege- 

tation was cleared and the topsoil (roughly top 10 cm) was 

removed and segregated in piles on the edge of the construction 

zone for less than 60 days. Construction included the excavation 

and refilling of a central pipeline trench (1–3 m deep) using 

heavy equipment. Restoration of the site occurred in September 

of 2014 immediately after construction and included redistribut- 

ing the topsoil and drill-seeding into 19-mm deep furrows at a 

rate of 4.01 kg/ha pure live seed comprised of 18 species of 

woody shrubs, perennial grasses, perennial forbs, and annual 

forbs native to Arizona (USDA 2019) (Farrell & Fehmi 2018). 



58 
 

Arid soil disturbance and microbial communities 

 

 

Figure 1. The left map shows the location of the experimental site along the buried pipeline corridor that runs through the Sonoran Desert of southern Arizona, 

U.S.A., to the border of Mexico. The right map displays the experimental design showing the seeded, unseeded, and control treatment plots of the pipeline 

construction zone. Figure adapted from Farrell and Fehmi (2018).  

 

The study took place on experimental plots that were estab- 

lished during the restoration process immediately following 

pipeline construction. We randomly selected six sections of 

the pipeline construction zone to be restored and seeded as the 

rest of the pipeline was (150 m × 30 m), six sections of the pipe- 

line construction zone to  be  restored  but  left  unseeded  

(150 m × 30 m), and six undisturbed control sections adjacent 

to the pipeline construction zone (150 m × 30 m) (Fig. 1). 

Within each of the seeded, not seeded, and undisturbed control 

sections, we constructed a grazing exclosure (1 m × 1.5 m) 

using fencing that protects the plots from livestock. Locations 

of the not grazed exclosures and permanently established grazed 

sampling sites were systematically placed within the randomly 

selected seeded, unseeded, and control treatments to ensure that 

they were minimally 10 m away from the treatment edges to 

avoid edge effects. 

 

Field Sampling 

Three years following restoration of the pipeline, we collected 

aerial vegetation cover by species and soil samples for each res- 

toration and grazing treatment combination (n = 4 seeded/not 

grazed; n = 4  seeded/grazed;  n  = 6  not  seeded/not  grazed; 

n = 6 not seeded/grazed; n = 6 undisturbed control/not grazed; 

n = 4 undisturbed control/grazed) in the fall of 2017 (peak stand- 

ing biomass). Plant species and cover were collected using a 

50 cm quadrat placed at the center of each not grazed exclosure 

and grazed sampling site within the restoration  treatments. 

We then took triplicate surface soil cores equidistance (~30 cm 

away) from each other and from the edges of the 1 m × 1.5 m 

exclosure or sampling site for each restoration and grazing treat- 

ment combination (n = 30). The soil samples were ~10 cm deep 

due to the shallow, undeveloped nature of the soil at the site. 

This is a standard depth for surface soil cores in our region and 

adequate for measuring biologically relevant microbial activity 

considering that this is where the concentration of roots is found 

for plants in the drylands of North America (Nobel 1997; 

Andrew et al. 2012). Composite soil samples from the triplicate 

samples were homogenized and sieved to 2 mm in the field, and 

the samples were stored at −800C. 

 
Soil                Physicochemical                Characterization 

Soil samples were sent to Motzz Laboratories Inc. (Phoenix, AZ, 

U.S.A.) for analysis including pH (SU), electrical conductivity 

(dS/m),  calcium  (ppm),  magnesium  (ppm),  sodium   (ppm), 

potassium (ppm), zinc (ppm), iron (ppm), manganese (ppm), 

copper (ppm), nickel (ppm), nitrate (ppm), phosphate (ppm), 

sulfate (ppm), boron (ppm), free lime (presence), exchangeable 

sodium percentage (%), cation exchange capacity (meq/100 g), 

and percent organic matter (LOI). 

 

Molecular    Analyses    and    Sequence    Processing 

Genomic DNA was extracted using the QIAGEN DNeasy Power- 

Lyzer PowerSoil kit (Germantown, MD, U.S.A.). For prokary- 

otes   (i.e.   bacteria   and   archaea),   we   sequenced   the  V4 

hypervariable region of the 16S rRNA taxonomic marker gene, 

using the 515-F (GTGCCAGCMGCCGCGGTAA) and 806-R 

(GGACTACHVGGGTWTCTAAT) primer pair, and for fungi, 



59 
 

Arid soil disturbance and microbial communities 

 

we sequenced the first internal transcribed spacer (ITS1) region of 

the rRNA operon, using the ITS1-F (CTTGGTCATTTAGAG- 

GAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) 

primer pair (Barberán et al. 2015). Primers included Illumina 

adapters and unique error-correcting 12-bp barcodes. PCR was 

performed on a Roche LightCycler 96 (Basel, Switzerland). 

PCR products were quantified using ThermoFisher Scientific 

Quant-It PicoGreen dsDNA Assay kit (Waltham, MA, U.S.A.), 

pooled in equimolar concentrations, and cleaned using MoBio 

UltraClean PCR Clean-Up kit (Germantown, MD, U.S.A.) for 

sequencing on an Illumina MiSeq platform (San Diego, CA, 

U.S.A.) at the University of Arizona (Tucson, AZ, U.S.A.). 

After demultiplexing using idemp (https://github.com/yhwu/ 

idemp), sequencing reads were subject to quality filtering 

(maxN = 0, maxEE = c(2,2), truncQ = 2, rm.phix = TRUE), dere- 

plication, chimera detection (method = “consensus”), and merg- 

ing of paired-end reads using dada2. The dada2 algorithm uses 

a parametric error model to correct and group sequences into 

unique phylotypes (Callahan et al. 2016). The ITS region is highly 

variable in length and thus the first step prior to sequence proces- 

sing was the removal of primers using cutadapt (Martin 2011). 

Unique sequence phylotypes were assigned taxonomy using the 

Ribosomal Database Project naïve Bayesian classifier (Wang 

et al. 2007) trained on the 16S rRNA SILVA database (Quast 

et al. 2012) or the ITS UNITE database (Abarenkov et al. 

2010), for prokaryotes and fungi, respectively. The initial total 

number of unique phylotypes was 16,275 and 5,421 for prokary- 

otes and fungi, respectively. Sequences unclassified at the domain 

level or classified as mitochondria, chloroplasts, or Eukaryota 

were discarded. We removed potential contaminants by discard- 

ing phylotypes present in the control blanks. We normalized phy- 

lotype counts using a cumulative-sum scaling approach (Paulson 

et al. 2013). We inferred putative functions using FAPROTAX 

(Louca et al. 2016) and FUNGuild (Nguyen et al. 2016), for pro- 

karyotes and fungi, respectively. Although each molecular step 

can potentially introduce artifacts and biases (Zinger et al. 

2019), we sequenced gene regions shown to provide accurate tax- 

onomic information for most groups, and we used broadly used 

primers with few biases against specific taxa (Walters et al. 

2016). These are broadly used standardized protocols and primer 

sets from the Earth Microbiome Project (www.earthmicrobiome. 

org/protocols-and-standards/; Thompson et al. 2017). Despite 

this, primer bias always exists. For example, although the ITS is 

the main DNA barcode of fungi (Nilsson et al. 2019), the region 

does not resolve closely related species of arbuscular mycorrhizal 

fungi (AMF) (Stockinger et al. 2010). Sample information, phylo- 

type abundance tables, detailed taxonomic information, and rep- 

resentative sequences are publicly available in FigShare (https:// 

doi.org/10.6084/m9.figshare.9876461). 

 

Statistical Analysis 

We used nested analysis of variance to assess the effect of the 

restoration and grazing treatments on microbial richness, soil 

variables, and taxonomic or inferred functional differences. 

We corrected for multiple testing using the false discovery rate 

(FDR) correction (Benjamini & Hochberg 1995). We 

represented plant and microbial community similarity patterns 

by non-metric multidimensional scaling using Bray–Curtis dis- 

tance metric. We used permutational multivariate analysis of 

variance (PERMANOVA) (Anderson 2001) to assess the effect 

of restoration and grazing treatments on microbial community 

similarity patterns. All statistical analyses were implemented 

in the R environment (www.r-project.org) using the vegan pack- 

age (vegan.r-forge.r-project.org). 

 

Results 

Plant relative abundance did not differ among restoration treat- 

ments (ANOVA, p > 0.05 after FDR correction). Plant species 

richness varied among treatments with the seeded treatment 

showing higher richness than the undisturbed control; the 

unseeded treatment  was  intermediate  (ANOVA,  F  = 6.46,  

p = 0.006) (Fig. 2A). Grazing (nested within restoration treat- 

ment) did not have a significant effect on vegetation richness 

(ANOVA, F = 0.13, p = 0.942) (Fig. 2A). The undisturbed con- 

trol was significantly lower than either of the restored treatments 

in six soil variables: pH (control = 7.2; not seeded = 8; seeded = 8.1 

SU), electric conductivity (0.1; 0.2; 0.2 dS/m), calcium (1,029; 

1,623; 1,792 ppm), manganese (5; 8.1; 7.7 ppm), organic matter 

(0.5; 1.1; 1.1 mes/100 g), and total herbaceous cover (9.5; 37.2; 

36.1%) (ANOVA, p < 0.05 after FDR correction) (Table S1). 

The total number of unique phylotypes was 15,298 and 5,110 

for prokaryotes and fungi, respectively. The average number of 

unique phylotypes per soil sample (i.e. richness) was 1,618 and 

534 for prokaryotes and fungi, respectively. Prokaryotic com- 

munity composition was dominated by the classes Alphaproteo- 

bacteria  (18.1%),  Actinobacteria   (13.6%),  Thermoleophilia 

(9.8%), Nitrososphaeria (8.3%), Rubrobacteria (5.4%), Gam- 

maproteobacteria (4.5%), Bacilli (4.2%), and Bacteroidia 

(4.1%). Fungal communities were dominated by Sordariomy- 

cetes   (40.9%),   Dothideomycetes   (38.3%), Agaricomycetes 

(8.2%),  Eurotiomycetes  (4.4%),  Pezizomycetes  (2.1%), and 

Mortierellomycetes (1.9%). 

Neither prokaryotic or fungal richness varied across seeding 

or grazing treatments (ANOVA, p > 0.05) (Fig. 2C and E). Res- 

toration treatments (both seeded and not seeded restored sites) 

impacted plant (PERMANOVA, r2 = 0.17, p = 0.002),  

bacteria + archaea (PERMANOVA, r2 = 0.22, p < 0.001), and 

fungi (PERMANOVA, r2 = 0.19, p < 0.001) community com- 

position (Fig. 2B, D, and F). In particular, soil prokaryotic and 

fungal composition from the undisturbed control differed from 

seeded and not seeded treatments (Fig. 2D and F). Grazing 

(nested within restoration treatments) did not have a significant 

effect on plant, prokaryotic, or fungal community composition 

(PERMANOVA, p > 0.05). 

At the functional level, inferred cellulolysis, xylanolysis, and 

nitrification significantly differed among restoration treatments 

(ANOVA, p < 0.05 after FDR correction). Detected cellulolytic 

bacteria included members of the classes Actinobacteria (genus Iso- 

ptericola), Bacteroidia (genera Cytophaga and Sporocytophaga), 

and Deltaproteobacteria (genus Sorangium), while xylanolytic bac- 

teria were represented by Actinobacteria (genera Isoptericola and 

Actinomadura) and Deltaproteobacteria (genera Corallococcus 

https://github.com/yhwu/idemp
https://github.com/yhwu/idemp
http://www.earthmicrobiome.org/protocols-and-standards/
http://www.earthmicrobiome.org/protocols-and-standards/
https://doi.org/10.6084/m9.figshare.9876461
https://doi.org/10.6084/m9.figshare.9876461
http://www.r-project.org/
http://vegan.r-forge.r-project.org/
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and Sorangium). Nitrifiers belonged to the archaeal class Nitroso- 

sphaeria (Candidatus Nitrocosmicus, Candidatus Nitrososphaera) 

and the bacterial class Nitrospira (genus Nitrospira). Cellulolysis 

and xylanolysis were higher in seeded and not seeded treatments 

(Fig. 3A and B), while nitrification was higher in the undisturbed 

control (Fig. 3C). Estimated AMF abundance was higher in seeded 

and not seeded treatments (Fig. 3D) compared to undisturbed 

control (ANOVA, p < 0.05 after FDR correction). However, we 

acknowledge that AMF are better characterized by the 18S rRNA 

region rather than the ITS region (George et al. 2019). Detected 

AMF belonged to class Glomeromycetes (genera Diversispora, 

Racocetra, Claroideoglomus, Dominikia, Funneliformis, Glomus, 

Kamienskia, Rhizophagus) and class Archaeosporomycetes (genus 

Archaeospora). 
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Discussion 

Contrary to our expectations, the initial pipeline disturbance and 

soil redistribution better predicted plant community, prokary- 

otic, and fungal composition than the factorial combinations of 

the seeding and grazing treatments. Despite the seeded treatment 

having slightly greater plant species richness, the unseeded 

treatment recovered to a similar vegetative cover and commu- 

nity composition. The increase in total herbaceous cover and 

plant species richness in the restored pipeline construction zone 

(seeded and unseeded) yielded increased organic matter inputs 

and altered soil physiochemistry, which strongly influenced 

the community composition and functional group structure of 

both bacteria + archaea and fungi. One reason for this response 

may have been the 100+ year history of heavy grazing, which 

likely shifted vegetation from a native perennial grassland to a 

shrub and cacti dominated ecosystem with sparse herbaceous 

understory (Browning & Archer 2011). The legacy of this his- 

torical grazing in the undisturbed control treatment likely also 

resulted  in  compacted  soil  depleted  of  organic   matter. 

The movement and redistribution of the topsoil within the pipe- 

line disturbance as well as the removal of shrubs as a part of the 

restoration resulted in increased herbaceous ground cover and 

increased soil organic matter on the restored pipeline corridor 

(regardless of seeding). Our results match those of Delgado- 

Baquerizo et al. (2019) where, in low productivity dryland eco- 

systems, soil microbial diversity was shown to increase with 

increased herbaceous plant cover, but changes to plant commu- 

nity composition (without changes in cover) over time did not 

result in changes to microbial diversity. 

An interesting trend we discovered was that bacterial and fun- 

gal soil communities in the seeded and not seeded portions of the 

restored pipeline seemed to converge tightly across replicates, 

while the undisturbed control showed larger variability and 

community diversity. This could be an indication of a clear 

selection for taxa that thrive in the conditions created by the dis- 

turbance (increased organic matter, increased herbaceous 

ground cover, and altered physiochemical soil properties). The 

undisturbed control is also characterized by lower species rich- 

ness and greater heterogeneity in plant structure and age since 

there are mature trees with bare interspace. Differences in plant 

age and heterogeneity in landscape structure would relate to var- 

iable root architecture between the undisturbed control and the 

restored sites, which would influence the distribution of 

microbes associated with roots (Barberán et al. 2015). 
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Many have concluded that soil properties (especially pH and 

organic carbon) and climate factors are more influential determi- 

nants of bacteria and fungi community composition than plant 

species (Fierer  et al. 2009; Tedersoo et al. 2014; Barberán     

et al. 2015; Maestre et al. 2015; Fierer 2017; Turner et al. 

2019). Greater aridity leads to a decrease in organic carbon 

inputs, which subsequently results in decreased soil bacterial 

and fungal abundance, diversity, and shifts in community com- 

position (Fierer et al. 2009; Maestre et al. 2015). Introducing 

plants or increasing plant productivity as a part of a restoration 

project may have indirect influence on soil microorganisms. 

Plants can act on soil microbial community structure by increas- 

ing soil organic matter input from plant biomass and root exu- 

dates (Kardol & Wardle 2010), altering nutrient availability 

(such as nitrogen or phosphorus) due to the presence of different 

plant functional traits (Boeddinghaus et al. 2019), increasing 

soil stability and infiltration (Wilcox & Thurow 2006), and alter- 

ations of the soil surface micro-environment by providing shade 

which reduces surface temperature (Maestre & Cortina 2003). 

We found that the seeded and not seeded portions of the restored 

pipeline were similar in factors that influence microbial commu- 

nity structure (pH and organic matter) while the undisturbed 

control was significantly different. 

The extent to which aboveground plant community composi- 

tion responds to or influences the soil organism community 

composition remains a topic of debate. Some studies have found 

close associations between microbial community structure and 

specific plant species (Van der Putten et al. 2013; Wubs et al. 

2019) as well as plant traits (Boeddinghaus et al. 2019). How- 

ever, in line with our results, others have found measurements 

of aboveground plant species or traits to be poor predictors of 

underground microbial communities due to root structures being 

ephemeral and inconsistent with aboveground structures 

(Barberán et al. 2015). Some research finds that richness of bac- 

teria and fungi appears to be correlated with plant species rich- 

ness (Zak et al. 2003’ Tedersoo et al. 2014). We found 

differences in soil prokaryotic and fungal community composi- 

tion in parallel with differences in vegetation community com- 

position, but differences in vegetation richness did not result in 

significantly different bacteria and fungi richness. Prober et al. 

(2015) found that plant species richness at the site level (alpha 

diversity) does not predict the composition of soil microbial 

communities, but that biome-level vegetation patterns (beta 

diversity) are better able to predict them. 

The restored (seeded and unseeded) sites had greater presence 

of bacteria functional groups associated with plant polysaccha- 

ride degradation (celluloysis and xylanoysis) compared with 

the undisturbed control, correlating with increased levels of soil 

organic matter and total herbaceous plant cover. The undis- 

turbed control had a greater presence of the bacteria functional 

groups associated with nitrification than the disturbed or 

restored treatment. Although no plant species had significantly 

different cover between treatments, the undisturbed control 

had fully mature nitrogen-fixing leguminous trees including 

mesquite (P. velutina) and catclaw acacia (S. greggii), whereas 

nitrogen-fixing trees in the restored sites would be less than     

3 years old and have a much less developed root system. 

Bacteria responsible for fixing nitrogen in symbiosis with legu- 

minous trees are thought to be highly important for a plant’s 

ability to adapt to extreme conditions found in arid environ- 

ments (Zahran 1999), such as those found in the adjacent control 

sites. Despite the undisturbed control having more nitrifying 

bacteria, there was no difference in soil nitrate levels, which 

may again be pointing to differences in spatial heterogeneity 

of root structure among treatments. 

AMF was significantly greater in the disturbed and restored 

(seeded and unseeded) sites compared with the control and, 

interestingly, was highest in the not seeded restored site. AM 

fungi have been found to strongly enhance the colonization of 

plants in bare ground of disturbed sites in the Sonoran Desert 

(Carrillo-Garcia et al. 1999), so the high presence of the AMF 

in the seeded and not seeded restored sites seems a likely reason 

for the high recruitment of commonly found vegetation natu- 

rally recruited into the disturbance corridor. While the seeded 

species are native to Arizona, they were sourced from a commer- 

cial seed vendor and not local to the site. Inoculation of restora- 

tion sites with AMF has been found in a large meta-analysis to 

enhance plant establishment, biomass, and diversity even in 

harsh soil conditions (Neuenkamp et al. 2019). 

Whether the goal of restoration is to restore specific plant spe- 

cies or to restore ecological processes and services, examining 

the impacts of restoration on soil microorganisms and soil fertil- 

ity has valuable implications. Comparing diversity and richness 

of bacteria and fungi between disturbed versus restored versus 

reference sites is being explored as an indicator of disturbance 

level and recovery after restoration (Schloter et al. 2003; Gellie 

et al. 2017; Brooks et al. 2019; Liddicoat et al. 2019). Fungal 

communities are important in arid lands for moderating the abil- 

ity of plants to adapt and respond to future environmental 

change (Hawkes et al. 2011). Shifts in fungal communities 

may be a particularly useful indicator of disturbance in arid 

regions since fungi are sensitive to environmental changes 

(Kaisermann et al. 2015). The microbial functional group repre- 

sentation at a restoration site is also important to consider for 

successfully establishing plants due to the necessary roles these 

species play in making nutrients available to plants from break- 

ing down organic matter, increasing the water-holding capacity 

of  soil,  and  creating  obligatory  symbiotic  relationships 

(e.g. AMF). Fundamental questions regarding what a desirable 

belowground ecosystem should look like and how management 

actions impact these systems remain unanswered, and integrat- 

ing the available information on soil health and soil organism 

indicators into applicable restoration strategies is still in its 

infancy. Better understanding of the role of microbial taxa and 

functional groups in successful restoration are needed to contrib- 

ute to future management and restoration applications including 

soil manipulation and inoculation strategies. 
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