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FIGURE LEGEND
Figure 1: (A) Outcomes of all possible intra- and inter-specific interactions between B. eriopoda
grasses and P. glandulosa shrubs demonstrated in this dissertation and from existing literature
(Svejcar et al. 2015). (B) Conceptual diagram of grassland-shrubland state transition. Traditional
models of transition suggest that external drivers like overgrazing and drought push the
ecosystem state away from grassland. As shrubs accrue in size and density, positive abiotic
feedbacks develop that maintain the ecosystem state in shrubland. The plant-plant interactions,
and their influence of the trajectory of the ecosystem state, tested in this dissertation are shown
above, with open arrows representing neutral interactions.
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ABSTRACT
Transitions from grassland to shrubland are synonymous with desertification in many arid
rangeland systems. Traditional desertification models emphasize abiotic feedbacks that modify
the physical environment in ways that promote shrub proliferation and impede grass survival.
Inherent in this perspective is the assumption that biotic interactions between grasses and shrubs
have little bearing on state transition dynamics. Furthermore, the extent to which densitydependent interactions among shrubs might determine the magnitude and pattern of their cover is
unknown. I addressed these assumptions and knowledge gaps over 4 years using field-based
selective removal experiments with shrubs (Prosopis glandulosa) and grasses (Bouteloua
eriopoda) at the Jornada Experimental Range and long-term ecological research (LTER) site in
the northern Chihuahuan Desert. Shrub-on-Shrub Interactions: Intraspecific interactions
between shrubs were not evident in any year, supporting the assumption that abiotic variables,
rather than competitive interactions, constrain maximum shrub cover. Grass-on-Shrub
Interactions: In years with above-average growing season precipitation, ANPP of small shrubs
increased when grasses were removed, a result not evident in dry years or for larger shrubs.
Grasses may therefore slow the rate at which shrubs attain a physical stature that can modify the
physical environment in self-promoting ways. Shrub-on-Grass Interactions: Following
consecutive years of above-average precipitation, grass ANPP responded positively to shrub
removal, and allocation to vegetative reproduction and grass patch area increased. These results
demonstrate that biotic interference by shrubs upon grasses can reinforce and magnify abiotic
feedbacks during grassland–shrubland transitions. A simple model that accounts for total shrub
neighborhood canopy area explained as much variance in grass ANPP reductions as did more
complex models that include shrub proximity, volume, and/or grass patch size. Results also
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identify that grass patches are most influenced by shrubs within 5 m, that grass defoliation
effects may be magnified in the presence of shrubs, and that shrubs may facilitate grass
production at low levels of shrub abundance. Results from these field experiments (i) provide
insights on how shrub-grass interactions can amplify or dampen the abiotic drivers of
desertification, (ii) help explain how woody plants can continue to proliferate despite low or
reduced livestock grazing pressure, and (iii) generate hypotheses that can help refine experiments
to address the mechanisms of belowground competition at play where grasses and shrubs cooccur in arid ecosystems.
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INTRODUCTION
Physiognomic transitions of plant communities in the southwestern United States are
common over millennia in response to gradual climatic shifts (Buck and Monger 1999, Deutz et
al. 2001). However, relatively rapid (e.g. decades to centuries) shifts in dominant plant life forms
due to changes associated with land use and anthropogenic climate change can significantly alter
ecosystem function in ways that pose challenges for land management decisions and human
livelihoods. One of the more notable and widespread vegetation transitions over the past ca. 150
years is the proliferation of woody plants into ecosystems dominated by herbaceous vegetation
(Archer 1989, Van Auken 2009, Naito and Cairns 2011, Sala and Maestre 2014). This
phenomenon is well-documented in arid and semiarid ecosystems, which comprise over 40% of
global land surface and support roughly 40% of global human population (Reynolds et al. 2007).
While specific definitions of desertification vary and interpretations are evolving (Eldridge et al.
2011, Peters et al. 2015, Bestelmeyer et al. 2018), woody plant encroachment in ‘drylands’ is
often considered an undesirable physiognomic transition that is synonymous with desertification.
Dryland Desertification
Drylands can be defined as regions with an Aridity Index (the ratio between mean annual
precipitation and mean annual potential evapotranspiration) below 0.65 (Middleton and Thomas
1997, Safriel and Adeel 2005), and are classified into four major subtypes: dry sub-humid,
semiarid, arid, and hyperarid. Within these subtypes exist different biomes – woodland,
scrubland, grassland, desert – that respectively replace each other along a gradient from high to
low precipitation (Safriel and Adeel 2005). Degradation in drylands is broadly termed
desertification: a severe, persistent and widespread reduction of biological and economic
productivity due to interactions between climate and land use (Verstraete et al. 2009). Symptoms
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of desertification vary depending on the dryland subtype/biome. In certain dryland ecosystems, a
hallmark indicator of desertification is the transition from productive grassland to a less
productive system dominated by xerophytic, unpalatable shrubs and bare soil that is prone to
erosion by fluvial and aeolian processes (Schlesinger et al. 1990, Bestelmeyer et al. 2015).
Arid grassland-to-shrubland transitions are initiated by exogenous drivers that impede grass
productivity and promote woody plant proliferation. Chief among these drivers are livestock
overgrazing and extreme drought, particularly when they overlap in space and time. Grazing
coupled with drought reduces fine fuel mass and continuity, disrupting the fire regime that
previously maintained woody plants at low densities and/or sizes (Higgins et al. 2007). In the
absence of fire, shrubs can recruit to more advanced life history stages (Higgins et al. 2000).
Declines in graminoid cover in arid grasslands due to overgrazing and drought are also
associated with increased rates of erosion whereby soil resources become depleted in shrub
interspaces and concentrated beneath developing shrub canopies; these changes constitute a
positive abiotic feedback that promotes and maintains a shrubland state (Schlesinger et al. 1996,
Okin et al. 2009, Ward et al. 2018). As such, arid grassland-to-shrubland transitions are broadly
considered a regime shift that are irreversible on time scales relevant to ecosystem management
(Grover and Musick 1990, D'Odorico et al. 2012).
Inherent in the scenarios above is the assumption that plant-plant interactions (e.g. facilitation
and competition) are of little consequence in shaping the dynamics of grassland-shrubland
transitions. Interactions between plants may be overlooked because selective pressures in
drylands are thought to favor stress tolerance over competitive ability (Grime 1977, Brooker and
Callaghan 1998). However, literature from savannas worldwide tells us that plant competition
and facilitation are common in systems at risk of transitioning from grass to woody plant
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dominance (Scholes and Archer 1997, Sankaran et al. 2004, Schleicher et al. 2011, Moustakas et
al. 2013). A broad goal of my dissertation is to examine arid grassland-shrubland transitions (i.e.
desertification) through the lens of plant-plant interactions to provide additional mechanistic
understanding about observed rates, patterns, and dynamics of regime shifts in arid lands
(Bestelmeyer et al. 2018).
Multiple Plant-Plant Interaction Possibilities
Across a continuum from arid grassland to shrubland, multiple potential interactions could be
at play between plants. From the perspective of grasses, neighboring shrubs could have a
facilitative influence by ameliorating harsh environmental conditions (Ludwig et al. 2004),
redistributing deep soil moisture to shallower layers accessible to grass roots (Zou et al. 2005,
Barron-Gafford et al. 2017), or providing refugia from grazers (Howard et al. 2012). Such
facilitative mechanisms have been invoked to explain the coexistence of grasses and woody
plants in savannas (Dohn et al. 2013). However, within the context of arid grassland
desertification, which is characterized by grass loss and shrub proliferation, shrub-on-grass
facilitation must be outweighed by other factors unfavorable for grasses, including shrub-ongrass competition. A competitive influence of shrubs on grasses could occur if shrubs have
lateral roots that extend well beyond their canopies and overlap with the rooting niche of grasses
(Felker et al. 1990, Mahall and Callaway 1992, Brisson and Reynolds 1994). The predominance
of shrub-on-grass facilitation vs. competition could also change as a function of shrub size and/or
abundance (Scholes 2003, Vander-Yacht et al. 2017).
From the perspective of a shrub, different types of interactions are possible along a
grassland-shrubland continuum. In the grassland portion of the gradient, the shallow, dense,
fibrous root systems of grasses could compete with shrubs directly for near-surface soil moisture
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(Kambatuku et al. 2013), or passively by reducing percolation of water to depths where shrubs
would have sole access (Knoop and Walker 1985, Holdo and Brocato 2015). Alternatively,
grasses could facilitate small shrubs growing within their canopies by reducing evaporative
demands, intercepting overland flow, and improving soil water infiltration, particularly when
grasses are dormant and not actively acquiring resources (de Dios et al. 2014). In later stages of
grassland-shrubland transitions, density-dependent competition between shrubs would be
expected to strengthen as grass cover declines and shrub abundance increases.
All scenarios described above ostensibly influence arid grassland-shrubland transition
dynamics. For example, facilitation by grasses on shrubs could hasten the rate at which shrubs
achieve sizes and densities at which they begin modifying abiotic parameters in self-promoting
ways, while grass-on-shrub competition would have the opposite effect. Additionally, many of
these potential interactions could occur simultaneously, or vary through time due to climatic
conditions (Maestre et al. 2009). This body of research was designed to test each of these
potential plant-plant interactions to understand the net influences that grasses and shrubs
experience, which would allow for inferences about how plant-plant interactions influence rates
and probabilities of desertification in arid grasslands.
Dissertation Overview
My dissertation research encompasses three selective-removal experiments conducted
along a grassland-to-shrubland continuum at the Jornada Experimental Range/Jornada Basin
Long-Term Ecological Research site in the northern extent of the Chihuahuan Desert. Increases
in shrub abundance at the expense of grasses over the past 150 years are well-documented at the
Jornada (Gibbens et al. 2005). On the soil surface where my experiments were conducted, the C4
perennial grass Bouteloua eriopoda (Torr.) Torr. has largely been replaced by Prosopis
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glandulosa, a deciduous C3 shrub with N2-fixing potential, though small remnant grassland
conditions persist in certain locations. The experiments were designed to assess both
interspecific (grass-shrub) and intra-specific (shrub-shrub) interactions at the neighborhood
scale. The dissertation comprises three manuscripts, two of which have been published and one
that is in preparation for peer review.
The first research chapter (Appendix A), “Competition suppresses shrubs in early, but not
late, stages of arid grassland-shrubland state transition,” was published in Functional Ecology
33:1480-1490 and describes the influence of B. eriopoda on P. glandulosa shrubs at various life
history stages (i.e. juvenile, adult), as well as the influence of shrubs on one another in more
advanced phases of the grassland-shrubland regime shift.
The second research chapter (Appendix B), “Grass-shrub competition in arid lands: an
overlooked driver in grassland-shrubland state transition?” describes the influence of P.
glandulosa shrubs on B. eriopoda grasses. This chapter was published in Ecosystems 22:619628, and focuses on mean grass responses to shrub removal across the entire grassland-shrubland
continuum.
The third research chapter (Appendix C), “What metrics of encroaching shrub
neighborhoods explain changes in arid grassland productivity?” derives a nuanced understanding
of how shrub neighborhood configuration (shrub number, size, and proximity) can be used to
explain variability in the grass responses to shrub removal described in Appendix B. This
manuscript, intended for submission to Ecosphere at this writing, seeks to provide a functional
interpretation of neighborhood-scale patterns of grasses and shrubs.
Under the guidance of my advisory committee, I took the lead role in these research
endeavors by designing and implementing the experiments; collecting, analyzing, and
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interpreting data; and writing manuscripts. Advisors and collaborators contributed to data
analysis and interpretation, provided editorial guidance, and support with logistics and materials.
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PRESENT STUDY
The primary novel contribution of this dissertation to the current state of knowledge is
applying concepts from savanna ecology to the traditional desertification paradigm developed by
Jornada researchers (Schlesinger et al. 1990, Schlesinger et al. 1996, Schlesinger and Pilmanis
1998) and broadly applied in arid ecosystems over recent decades (Eldridge et al. 2011). Much
of the savanna literature directs attention toward understanding the vegetation community
dynamics that lead to long-term co-dominance of grasses and woody plants (Scholes and Archer
1997, Sankaran et al. 2004). It is thus logical that these principles would be largely overlooked
when investigating the mechanisms that lead to grass loss and woody plant proliferation.
However, I contend that interactions within and between these dominant plant functional types
can have meaningful consequences regarding probabilities and rates of arid grassland
degradation. The time scale this body of research spanned is too brief to quantify such metrics,
but I aspire to lay the ground work for future research that can enumerate these dynamics in
ways that can be applied to arid grassland management and/or restoration.
This dissertation is also unique in that if offers a complimentary perspective of
Chihuahuan Desert plant community dynamics to that of other manipulative experiments in the
region. Numerous other studies describe plant community dynamics when climatic variables,
such as temperature and precipitation regimes, have been manipulated (Throop et al. 2012,
Reichmann et al. 2013, Gherardi and Sala 2015a, b). In my experiments, the plant community
itself has been manipulated, which allows for direct tests of how plants within and between
functional types influence one another. These approaches are reciprocally informative, and lead
to a deeper understanding of arid grassland vegetation dynamics.
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I offer these novel contributions to our current state of knowledge in the three appendices
of this document. The following is a summary of the most important findings.
Appendix A: Competition suppresses shrubs during early, but not late, stages of arid
grassland-shrubland transition
I tested whether P. glandulosa, a common woody plant invader of dessert grasslands at
the Jornada Experimental Range, is influenced (1) by neighboring grasses in the early stages of
grassland-to-shrubland transition, and (2) by conspecific shrubs in latter stages of the transition,
to assess how plant-plant interactions may influence rates of change during this physiognomic
shift. I did this by monitoring, over several years, individual shrubs that had their (1) grass, or (2)
shrub neighbors intact or killed with herbicide. In Experiment 1, small shrubs with grass
neighbors killed had higher annual net primary productivity (ANPP) than small shrubs with grass
neighbors intact, though ANPP of large shrubs was the same regardless of grass neighbor
presence/absence. Grasses may therefore slow the rate at which shrubs proliferate, but only to a
certain point after which shrubs are not inhibited by competitive influences. In Experiment 2, a
proxy for shrub competition was present in pre-treatment data, but following herbicide
application ANPP did not differ between shrubs that had neighbor shrubs killed versus those
with neighbor shrubs intact. This unexpected lack of interaction means that shrub-shrub
competition will not slow the rate of shrub proliferation.
Appendix B: Grass-shrub competition in arid lands: and overlooked driver in grasslandshrubland state transitions?
Here I conducted an experiment to determine whether P. glandulosa shrubs have a
positive, neutral, or negative effect on several parameters of B. eriopoda growth by monitoring
target grass patches with shrub neighbors intact or killed with herbicide over 5 years. No
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evidence of facilitation was detected. Rather, grass patches with shrubs removed had higher
ANPP than patches with shrub neighbors intact. The intensity of shrubs’ competitive influence
on grass ANPP varied as a function of precipitation quantity and seasonality, and was more
severe following multiple years of above-average rainfall. Grass patches with shrub neighbors
removed also allocated more biomass to clonal reproduction and expanded in size more so than
grass patches with shrubs intact; these two metrics are related to bare soil connectivity, which
cab be a leading indicator of impending state transitions in arid systems (Kefi et al. 2007, Dakos
et al. 2011). This study demonstrated that shrub competition may reinforce stresses placed on
grasses by grazing and drought, which would amplify the positive abiotic feedbacks known to
drive grassland-shrubland regime shifts (Okin et al. 2009). These results also suggest that shrub
removal may be an effective restoration tool in this Chihuahuan Desert ecosystem.
Appendix C: What metrics of encroaching shrubs neighborhoods explain changes in arid
grassland productivity?
In the experiment described in Appendix B, mean responses of B. eriopoda to P.
glandulosa shrub removal indicated a competitive influence of shrubs on grasses. However, the
design of that experiment treated shrub neighborhood configuration (i.e. the number, size, and
proximity of shrubs within 5 m of target grass patches) as a continuous variable. As such, data
generated from that study allow for an investigation into the neighborhood metrics that are
meaningful with respect to shrubs’ competitive influence on grass productivity across a
continuum from grassland to shrubland.
The influence of shrubs on grasses ostensibly changes along a spectrum of woody plant
abundance, that is, competition increases with increasing shrub size and density (Scholes 2003).
Additionally, shrubs closer in proximity may have a stronger or weaker influence on a given
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grass patch (Weigelt and Jolliffe 2003). In this study, I merged these two ideas to determine the
metrics of shrub neighborhoods that best explain variability in grass patch productivity. I
approached this by regressing B. eriopoda ANPP measured in 2015 against several competition
indices that included various combinations of the number, size, and proximity of shrubs whose
midpoint was within 5 m of target grass patches.
A simple model that summed shrub neighborhood canopy area explained as much
variance in grass ANPP as less parsimonious models that accounted for shrub proximity and/or
grass patch size. This suggests that interpreting high-resolution remotely-sensed data (Swetnam
et al. 2018) would require simpler spatial techniques and bypass the need to gather and process
information on canopy height. Additionally, variance in grass ANPP was better explained by the
cumulative canopy area of shrubs within 4-5 m of grass patches than including shrubs < 4m or >
5 m away. These results could be used to prioritize shrub removal treatments to maximize
benefits for grass production (Ji et al. 2019).

SUMMARY
The overarching goal of this dissertation was to gain a better understanding of the net
intra- and interspecific interactions that B. eriopoda grasses and P. glandulosa shrubs experience
in this arid ecosystem to provide perspectives about how plant-plant interactions can be used to
explain magnitudes and rates of grass loss and shrub proliferation within the context of
desertification in arid grasslands. Figure 1 summarizes my conclusions. Field experiments
demonstrated that grasses have a negative effect on small shrubs but a neutral effect once shrubs
recruit to larger size classes (Appendix A). Competition from grasses would thus serve to slow
rates of grassland-to-shrubland transitions, but only with respect to small shrubs. I also found
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that shrubs have a neutral effect on one another (Appendix A), thus shrub-shrub competition will
not attenuate the rate of shrub expansion. Shrubs were found to have a negative effect on grasses
(Appendix B) that intensifies with increasing levels of shrub abundance (Appendix C), thus
increasing rates and/or probabilities of arid grassland-to-shrubland transition. While not tested in
this body of research, B. eriopoda is known to have positive, negative, or neutral influences on
conspecifics depending on patch size (Svejcar et al. 2015). Overall, shrubs experience less
competitive pressure than do grasses, and interactions between grasses and shrubs will therefore
serve to propel the transition from grassland to shrubland in arid ecosystems.
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ABSTRACT
1. Transitions from grass to woody plant dominance, widely reported in arid systems, are
typically attributed to changes in disturbance regimes in combination with abiotic feedbacks,
whereas biotic mechanisms such as competition and facilitation are often overlooked. Yet,
research in semi-arid and sub-humid savannas indicates that biotic interactions are important
drivers in systems at risk for state transition. We sought to bridge this divide by experimentally
manipulating grass-on-shrub and shrub-on-shrub interactions in early and late stages of
grassland-shrubland state transition, respectively, and to assess the extent to which these
interactions might influence arid land state transition dynamics.
2. Target Prosopis glandulosa shrubs had surrounding grasses or conspecific neighbors left
intact or killed with foliar herbicide, and metrics of plant performance were monitored over
multiple years for shrubs with and without grass or shrub neighbors.
3. Productivity of small shrubs was enhanced by grass removal in years with above-average
precipitation, a result not evident in larger shrubs or during dry years. Proxy evidence based on
nearest-neighbor metrics suggested shrub-shrub competition was at play, but our experimental
manipulations revealed no such influence.
4. Competition from grasses appears to attenuate the rate at which shrubs achieve the size
necessary to modify the physical environment in self-reinforcing ways, but only during the early
stages of shrub encroachment. Our results further suggest that at late stages of grassland-toshrubland state transitions, shrub-shrub competition will not slow the rate of shrub expansion,
and suggest that maximum shrub cover is regulated by something other than density-dependent
mechanisms. We conclude that grass effects on shrubs should be included in assessments of
desert grassland state transition probabilities and rates, and that desertification models in arid
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ecosystems that traditionally focus on disturbance and abiotic feedbacks should be broadened to
incorporate spatial and temporal variations in competitive effects.
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INTRODUCTION
The transition from grasslands to plant communities dominated by unpalatable,
xerophytic woody plants and bare soil is a common challenge in arid and semiarid ecosystems,
often referred to as “desertification”. These transitions are potentially irreversible over timeframes relevant to ecosystem management and can have numerous negative consequences for
human societies. In the classic desertification model, exogenous drivers such as drought and
livestock grazing interact to provide opportunities for woody plants to establish in grasslands
(Higgins et al. 2000). As woody plants increase in size and abundance, soil resources become
spatially heterogeneous, concentrated beneath shrub canopies and depleted in shrub interspaces,
thus establishing positive abiotic feedbacks that promote advancement toward a shrubland state
(Schlesinger et al. 1990, Schlesinger et al. 1996, Okin et al. 2006, Ward et al. 2018).
Inherent in the classic desertification paradigm is an assumption that biotic interactions
between plants, like competition and facilitation, are negligible in shaping the dynamics of
grassland-shrubland transitions. This assumption is grounded in the notion that selection
pressures in extreme environments favor adaptations for stress tolerance over competitive ability
(Grime 1977, Brooker and Callaghan 1998). Indeed, a Web of Science survey for field-based
studies on the mechanisms of desertification revealed that only ~10% dealt with plant-plant
interactions (Table 1). However, the savanna literature tells us that plant competition and
facilitation are commonplace in systems at risk of transitioning from grass to woody plant
dominance (Scholes and Archer 1997, Sankaran et al. 2004, Schleicher et al. 2011a, Schleicher
et al. 2011b, Moustakas et al. 2013). While the savanna and desertification bodies of literature
have developed independently, the former may inform the latter and help explain the observed
rates, dynamics and patterns of state change in arid lands.
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Establishment of shrub seedlings in a grassland matrix is a potential demographic
bottleneck in which shrub recruitment is constrained by grasses directly through resource
competition (Jurena and Archer 2003) or indirectly by virtue of the fact that grasses provide fuels
for fire (Higgins et al. 2007). Once seedlings establish, shrubs become larger with time and
resource cycling is amplified within the shrub canopy zone. Litter inputs scale with shrub size,
thus soils beneath shrub canopies typically have elevated nutrient content and rates of water
infiltration (Bhark and Small 2003, Throop and Archer 2008, Ward et al. 2018) as shrub
canopies expand and their shallow, lateral root systems (Gibbens and Lenz 2001) develop.
Additionally, as shrubs become larger, they are better able to capture nutrient-rich aeolian
sediments, which then become concentrated beneath shrub canopies and reduced in shrub
interspaces (Li et al. 2008). However, grasses, with their shallow, dense, fibrous root systems
could compete with shrubs for near-surface soil resources (Kambatuku et al. 2013b), and reduce
percolation of water to deeper depths where shrub taproots occur (Knoop and Walker 1985,
Ward et al. 2013, Holdo and Brocato 2015). This could slow shrub growth, with the consequence
of lengthening the time required to attain sizes necessary to escape fire effects and begin
establishing positive abiotic feedbacks. Alternatively, shrubs establishing within a graminoid
matrix could be facilitated as grass patches intercept overland flow, reduce soil evaporation and
improve soil water infiltration, especially during periods when grasses are quiescent and not
actively using soil moisture (de Dios et al. 2014). Such facilitation could hasten the rate at which
shrubs achieve the size and density needed to modify the physical environment in selfreinforcing ways, and helps explain observations that rates of shrub encroachment on sites
protected from grazing can be higher than those on grazed sites (Browning and Archer 2011).
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While shrub interactions in early stages of grassland-shrubland transition are primarily
with grasses, dynamics ostensibly shift to shrub-shrub interactions late in the state transition as
grass cover declines and shrub cover increases. Here, density-dependent resource competition
would be expected to intensify as woody plant cover increases, particularly when the
encroaching woody species overlap in their spatial and temporal niches. Such intra-life form
competition would slow shrub growth rates and potentially lead to self-thinning (Sea and Hanan
2012), thus slowing the rate of transition to shrubland and potentially setting upper limits to
maximum woody plant cover/density. Additionally, in cases of monospecific encroachment,
shrub-shrub competition would favor intraspecific interference over interspecific competition,
which could promote grass-shrub coexistence (Scholes and Archer 1997, Bond 2008) – and
arrest grassland-shrubland transitions. Proxy evidence of interactions between shrubs based on
patterns of spatial distribution are relatively common, but with inconsistent outcomes (Fonteyn
and Mahall 1978, Meyer et al. 2008, Pillay and Ward 2012, Browning et al. 2014). Direct tests of
interactions between woody plants, e.g. via removal experiments (Fonteyn and Mahall 1981,
Manning and Barbour 1988, Ansley et al. 1998, Kambatuku et al. 2011, Mahall et al. 2018) are
less common, represent a narrow range of biophysical contexts, and were not conducted within
the context of grassland-to-shrubland state transition dynamics.
Here, we report on two selective removal field experiments conducted along a grasslandto-shrubland state transition gradient in the northern Chihuahuan Desert, USA. One experiment
(4 y) was situated in the grassland and grassland/shrubland ecotone portion of the gradient and
examined the influence of the historically dominant perennial grass on established shrubs in
different life history stages. The other experiment (5 y) sought to quantify intraspecific shrub-onshrub interactions and was conducted in the grass/shrub ecotone and shrubland portion of the
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gradient. We hypothesized that (i) competition rather than facilitation or neutral interactions
would predominate at the grassland end of the gradient, with grass effects on shrubs diminishing
as shrubs become larger; (ii) intraspecific, density-dependent interactions would characterize
shrub-shrub interactions at the shrubland end of the gradient; and (iii) competitive interactions
would reduce shrub water-use efficiency (Fernandez-de-Una et al. 2016) and increase the
magnitude of biological nitrogen fixation (Cramer et al. 2007, Kambatuku et al. 2013a). The
outcome of tests of these hypotheses will help us understand the extent to which grass-on-shrub
and shrub-on-shrub interactions might influence rates and dynamics of grassland to shrubland
state transitions in arid systems.

METHODS
The experiments were conducted at the USDA-Agricultural Research Service Jornada
Experimental Range (JER), located approximately 37 km north of Las Cruces, NM, USA (UTM
13S 3603596 m N, 334156 m E; 1325 m a.s.l.; http://jornada.nmsu.edu/). The Jornada
experiences an arid climate (Köppen climate classification BWk). Long-term (1926-2015) mean
annual precipitation received at gauges near the study site is 241 mm (SE ± 9.6, CV = 36%),
approximately 65% of which occurs during the July-October growing season. Summers are
warm, with a mean maximum temperature of 36°C in June; January is the coldest month, with
mean maximum and minimum of temperatures of 4°C and -6°C, respectively.
The experiments were conducted along a grassland-shrubland continuum. The grassland
end of the 3 km x 1 km study area (UTM 13S 334878 m E, 3601198 m N) was dominated by the
C4 perennial grass Bouteloua eriopoda (Torr.) Torr., with scattered, relatively small C3 Prosopis
glandulosa (Torr.) shrubs, which have the potential to form symbiotic relationships with N2-
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fixing microbes (Johnson and Mayeux 1990, Zitzer et al. 1996). Subordinate perennial grasses
included Sporobolus and Aristida species. The opposing end of the gradient (UTM 13S 333764
m E, 3604817 m N) was dominated by relatively large P. glandulosa shrubs and bare soil, with
minimal grass (B. eriopoda, Sporobolus spp.) cover. Soils are fine-loamy, mixed, thermic Typic
Haplargids and Typic Petrocalcids underlain by a petrocalcic horizon 64 to 76 cm beneath the
surface (Havstad and Schlesinger 2006).
Gibbens and Lenz (2001) excavated B. eriopoda and P. glandulosa root systems of plants
growing on similar soils at the JER. B. eriopoda roots were concentrated in the upper 1 m of soil
and rarely penetrated the petrocalcic horizon. P. glandulosa had dimorphic root systems, with
deep tap roots (down to 5 m depth) and coarse, shallow (upper 50 cm of soil) lateral roots that
extended many times the canopy diameter. Emerging from these coarse lateral P. glandulosa
roots are upward-growing secondary roots that terminate as shallow as 4 cm below the soil
surface; in some cases, these secondary shrub roots were observed intermingled with B. eriopoda
grass roots.
Grass Effects on Shrubs
This experiment was conducted in the grassland and grassland/shrubland ecotone portion
of the grassland-shrubland continuum. B. eriopoda foliar cover declined from 26% in the
grassland to 13% in the ecotone, while P. glandulosa canopy cover increased from 2% in the
grassland to 10% in the ecotone.
Plots (n = 60) were established in April-May 2011 and centered upon P. glandulosa
individuals that were nearest to pins dropped at randomly-generated locations within the
boundaries of the study area. This resulted in the inclusion of shrubs of various sizes (i.e. life
history stages) in the experiment. The size of each of these focal shrubs was quantified (height,
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maximum canopy diameter, and canopy diameter perpendicular to maximum). Plot size varied as
a function of focal shrub size and encompassed all graminoid vegetation within 3 times the focal
shrub maximum canopy diameter. In July 2011, grasses in 30 randomly selected plots were
killed by applying a grass-specific foliar herbicide [1.5% sethoxydim (brand name Poast)] in a
fine mist with a hand-held sprayer. Herbicide application was repeated as needed in July 2012
and 2013 to minimize grass regeneration. The grass-specific herbicide had no direct visible
effects on the shrubs (e.g. no chlorotic, desiccated or lost foliage).
P. glandulosa aboveground annual net primary productivity (ANPP) was estimated by a
site- and species-specific allometric equation based on canopy volume (Gherardi and Sala 2015)
at peak biomass in September-October 2011-2013 and 2015.
Shrub Effects on Shrubs
This experiment was conducted in the grassland/shrubland ecotone and shrubland portion
of the grassland-shrubland continuum, with B. eriopoda foliar cover declining from 13% to 4%
and P. glandulosa canopy cover increasing from 10% to 18% in the ecotone and shrubland
segments, respectively. P. glandulosa is the only shrub species to have encroached heavily on
sandy soils in the Jornada Basin (Gibbens et al. 2005).
Plots (n = 60) centered upon a focal P. glandulosa individual were randomly established
in fall 2010 as described in the previous section. This resulted in focal shrubs of various sizes
with differing conspecific shrub neighborhoods (fewer, smaller neighbors to more and/or larger
neighbors). The size of the focal shrub and that of all conspecific shrub neighbors within 5 m
was quantified as per the previous section. In June 2011, neighboring shrubs in 30 randomly
chosen plots were killed via foliar herbicide solution [0.5% triclopyr (brand name Remedy),
0.5% clopyralid (brand name Reclaim), 5% Diesel fuel] applied in a fine mist; shrub skeletons
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were left intact. The herbicide mixture was effective at defoliating shrubs within two weeks of
spraying, and no new growth was observed for the remainder of the growing season; the dicotspecific herbicide had no observable direct detrimental effects on graminoid vegetation. Targeted
spot-spraying was conducted as needed to suppress new basal shoots in 2012 and 2013, after
which no regeneration occurred. Focal shrub ANPP was estimated as described above in
September-October 2011-2013 and 2015.
Prior to herbicide application on shrub neighbors, proxy evidence for interactions
between shrubs was assessed in the context of focal shrub size and the distance to and size of
other conspecific shrubs within the 5 m neighborhood. The sum of the average canopy diameters
of the focal shrub and its four nearest neighbors was regressed against the sum of the distances
between the focal shrub and its four nearest neighbors (Wiegand et al. 2005). A positive slope in
the focal shrub size-neighbor distance relationship would demonstrate that larger shrubs grow
further apart from one another than the null expectation, which would constitute proxy evidence
for intraspecific competition; a negative slope would be indicative of facilitation; and a zero
slope would suggest no interactions between conspecific plants. This analysis was carried out
using JMP software (Version 13. SAS Institute, Cary, NC, USA).
Foliar C and N Analysis
Treatment effects on shrub water-use efficiency and potential N2-fixation were assessed
by examining d13C (Farquhar et al. 1989) and d15N (Shearer and Kohl 1986), respectively. We
sought to contrast these metrics during a dry year (2012; precipitation 50% below the long-term
average) and a wet year (2013; precipitation 50% above the long-term average). In both
experiments, foliar samples were collected for nutrient and isotopic analysis near the end of the
growing season in September. Leaves were dried in a forced-air oven at 50°C for 48 hours, then
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processed at the University of Arizona Environmental Isotope Laboratory
(https://www.geo.arizona.edu/Environmental%20Isotope). Total carbon and nitrogen, as well as
d13C and d15N, were measured on a continuous-flow gas-ratio mass spectrometer (Finnigan Delta
PlusXL) coupled to an elemental analyzer (Costech), in which samples were combusted.
Standardization was based on acetanilide for elemental concentration, NBS-22 and USGS-24 for
d13C, and IAEA-N-1 and IAEA-N-2 for d15N. Precision exceeded ± 0.10 for d13C and ± 0.2 for
d15N (1s), based on repeated internal standards. ANOVA was used to detect differences in mean
values between control and treatment samples (JMP Version 13. SAS Institute, Cary, NC, USA).
ANPP Time Series Analysis
Overall treatment effects on focal P. glandulosa shrub ANPP were analyzed in both
experiments using repeated measures linear-mixed effects models (JMP Version 13. SAS
Institute, Cary, NC, USA). Shrub removal, year and their interaction were fixed effects, which
were all highly significant. Because of the significant neighbor removal x year interaction,
interpretations of the main effects are qualified by year.

RESULTS
Precipitation (PPT) varied considerably over the course of the experiments (Fig. 1). Dry
conditions prevailed in 2011 and 2012, with annual PPT 54% and 50% that of the long-term
(1926-2015) mean, respectively. Growing season (July-October) PPT was similarly low, at 33%
and 55% that of the long-term mean in 2011 and 2012, respectively. In contrast, growing season
PPT in 2013 and 2014 was 141% and 137% that of the long-term mean, respectively. Annual
precipitation was 15% above the long-term average in 2015.
Grass Effects on Shrubs
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The median canopy diameter of the focal P. glandulosa shrubs at the beginning of the
experiment was 46 cm. ANPP of focal P. glandulosa shrubs increased over the course of the
experiment (Fig. 2A). Among “large” focal shrubs (defined as those with an initial canopy
diameter greater than the median initial canopy diameter), these increases in ANPP were not
affected by the killing of grass neighbors in any year. However, among “small” focal shrubs
(defined as those with initial canopy diameter less than or equal to the median) ANPP responded
positively to grass neighbor removal in years with average- to above-average precipitation. In
2013, mean shrub ANPP in treatment (grasses killed) plots was elevated 75% (9.3 g m-2 y-1)
relative to that in control (grasses intact) plots (p < 0.0001); this difference increased to 20.5 g m2

y-1 (97% increase) in 2015 (p < 0.0001). Over the course of the experiment, the change in

ANPP of shrubs initially larger than the median canopy diameter did not differ between control
plots and those that had grass neighbors killed (Fig. 2B). Conversely, for shrubs with initial
canopy diameters less than the median value, the 2011-2015 ANPP change was greater for plots
with grasses killed than with grasses intact (p < 0.0001). Despite the differential ANPP response
between control and treatment plots, no significant differences were observed in shrub foliar C,
N, d13C or d15N values under either dry (2012) or wet (2013) conditions (Table 2).
Shrub Effects on Shrubs
The relationship between the size of the focal shrub and the size of and distances to its
nearest neighbors was quantified in all plots prior to killing P. glandulosa shrubs in the vicinity
of the focal shrub in treatment plots. A significant positive linear relationship was observed for
the focal shrub size-neighbor distance relationship (R2 = 0.27, p < 0.0001, Fig. 3), suggesting
competition among neighboring P. glandulosa shrubs (Wiegand et al. 2005). Experimental
results told a different story, however. Following herbicide application in early 2011, focal P.
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glandulosa shrubs showed no differential ANPP response to shrub neighbor removal (Fig. 4).
This was true regardless of focal shrub initial size. We also observed no significant differences in
foliar C, N, d13C or d15N values between control and treatment plots in either 2012 or 2013
(Table 3).

DISCUSSION
Grass on Shrub Interactions
Small P. glandulosa individuals had higher ANPP when grass neighbors were killed than
when grass neighbors were present (Fig. 2). This supports the hypothesis that grasses have a
competitive, rather than neutral or facilitative, influence on small shrubs in the early stages of
their encroachment into arid grasslands. Some of this competition could have been for aboveground resources (e.g. light) as the height of the smallest shrubs (i.e. < 20 cm) was similar to that
of grasses (~30 cm, unpublished field data). However, grasses at this site are sparsely distributed
(e.g. < 25% canopy cover) with relatively low leaf area index (Gibbens et al. 1996), indicating
that competition for light is unlikely to constrain shrub ANPP. Furthermore, the competitive
influence of grasses on shrubs was observed only in years with above-average precipitation
(2013 and 2015). We therefore postulate that competition was primarily for belowground
resources, ostensibly soil water. The spatial niches of grass and small-shrub root systems overlap
considerably, making competition for soil resources possible when both plant functional types
are active. Shallow lateral roots of P. glandulosa shrubs are important for water acquisition
(Ansley et al. 1990, Ansley et al. 1991), so it stands to reason that they would compete with grass
roots for shallow soil moisture. Furthermore, grasses, with their dense, fibrous root systems,
likely utilize shallow soil moisture before it has a chance to percolate to depths where it would

42
be accessible primarily to shrubs (Ward et al. 2013, Gherardi and Sala 2015, Holdo and Brocato
2015). Our results are also consistent with observations that in stressful environments,
competitive interactions increase with increasing resource availability, as has been found for
other Chihuahuan Desert species (Briones et al. 1998, Pierce et al. 2018) and as proposed by the
stress-gradient hypothesis (Miriti 2006, Maestre et al. 2009), which argues that interactions
between plants shift from net positive (facilitation) to net negative (competition) with decreasing
environmental stress. The competitive influence of grasses upon small shrubs that we observed
would slow the rate at which those individuals achieve the size necessary to tolerate or escape
mortality factors such as fire (Wakeling et al. 2011) and lengthen the time required for them to
begin modifying the physical environment in self-reinforcing ways, such as concentrating
resources beneath their canopies (Li et al. 2008).
P. glandulosa and B. eriopoda also overlap in portions of their temporal niche at this site
primarily during the warm season, but potentially in the cool season as well. It is well-known
that B. eriopoda (along with other C4 grasses) are quiescent until monsoonal storms bring
precipitation during the warm season, while P. glandulosa leaf emergence begins much earlier,
as soon as temperatures are high enough for them to become metabolically active (Kemp 1983,
Huenneke et al. 2002). Under these conditions, shrubs would be positioned to reap the benefits of
cool season PPT without competition from dormant grasses. Recent evidence, however, suggests
that B. eriopoda can generate green shoots much earlier in the year than previously thought
(Browning et al. 2017). Accordingly, competition for soil moisture between grasses and shrubs
may occur for winter as well as summer PPT – but only if grasses generate leaf area sufficient to
use winter PPT to a degree that would influence the abundance of soil water. Under conditions of
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warmer winters, this would serve to promote resilience of the grassland state as the window of
opportunity for shrubs to solely access soil moisture would diminish.
Leaf-level d13C‰ can serve as an indicator of plant water use efficiency integrated over
the life of a given leaf (Farquhar et al. 1989), and can be influenced by competitive interactions
with neighboring plants (Fernandez-de-Una et al. 2016). Similarly, foliar d15N‰ can be used as
an estimate of the level of biological N2-fixation that nodulating plants are conducting with their
microbial symbionts (Shearer and Kohl 1986), and competitive interactions with neighboring
plants can modify these values (Cramer et al. 2007). Accordingly, we sought to determine if
removal of neighboring grasses would result in lower shrub foliar d13C‰, which would indicate
greater water use efficiency compared to control shrubs competing with neighboring grasses for
soil water. We also predicted that P. glandulosa shrubs without grass neighbors would have
higher d15N‰ than control shrubs, which would be indicative of greater access to soil N pools
and a reduced reliance on energetically-expensive biological N2-fixation. Although the presence
of grasses reduced ANPP of small shrubs, this did not translate into significant differences in
foliar C, N, d13C‰, or d15N‰ (Table 2). Our data set was limited to only one year in which we
document a competitive influence of grasses on small shrub ANPP (2013), and this was a year of
above-average growing season precipitation (2012 was a dry year, and no treatment effects on
shrub ANPP were observed). Thus, soil N and water resources in 2013 may have been
sufficiently abundant to mask treatment effects on these metrics of plant performance. The lack
of treatment differences in foliar N content, suggests that focal shrubs in plots with grass
neighbors killed did not receive an indirect ‘fertilization’ effect from decomposing grass root
biomass during our study.
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While grasses had a competitive effect on small shrubs, and may slow the rate of shrub
expansion, they had no discernable effect on larger shrubs (Fig. 2, Table 3). The lack of a grass
effect on large shrubs is consistent with experimental manipulations in mesic savannas
(Simmons et al. 2007), although cases of grass competition on adult trees have been documented
in other systems (Knoop and Walker 1985, Sala et al. 1989, Stuart-Hill and Tainton 1989). As
shrubs increase in size, their shallow, lateral root systems become increasingly extensive, and P.
glandulosa at this Chihuahuan Desert site have deep roots that penetrate petrocalcic horizons
(Gibbens and Lenz 2001). Thus, as shrubs become larger, their growth and performance would
be expected to become increasingly decoupled from water abundance in the upper horizons and
better able to exploit soil resources at depths that grass roots cannot access. Accordingly, shrubs
appear capable of escaping the growth-limiting competition from grasses once they reach a
critical size (Ward and Esler 2011, Ward et al. 2013). This, in turn, means that once shrubs have
recruited into larger size classes grass-on-shrub competition is no longer in place to slow their
rates of expansion.
Regarding land management, our study provides support for the notion that losses of
grass cover due to drought and overgrazing may help to accelerate grassland-shrubland
transition. P. glandulosa seedling emergence and survival is minimally affected by grass
competition in savanna parklands of southern Texas, USA (Brown and Archer 1999). While a
similar relationship between shrub establishment and grass cover may exist at our Chihuahuan
Desert site, shrub growth and eventual dominance after establishment may be reduced if
substantial grass cover is maintained via careful grazing management, including rapid
adjustments to stocking rates during drought periods (Bestelmeyer et al. 2018). Such resilience
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management may promote long-term grass-shrub coexistence and mitigate the most pernicious
effects of grass-shrub transitions, especially soil erosion.
Shrub on Shrub Interactions
As shrub size and density increase and grasses are lost in the later stages of grasslandshrubland transitions, interplay between plants ostensibly shift from grass-shrub interactions to
shrub-shrub interactions. When shrub encroachment is predominantly by a single species, as it
was at our site, niche overlap in both space and time should become significant as shrubs
increase in size and number, and intraspecific competition should consequently intensify.
Accordingly, negative correlations between the long-term change in woody plant cover and
initial cover would suggest that density-dependent competition slows rates of shrub
encroachment (Roques et al. 2001, Fensham et al. 2005). Density-dependent competition
between woody plants has also been inferred from studies showing a shift from a clumped to
regular spatial distribution as stands develop (Phillips and Macmahon 1981, Goslee et al. 2003,
Wiegand et al. 2005), from analyses of self-thinning (Sea and Hanan 2012), and from neighborremoval studies (Ansley et al. 1998, Kambatuku et al. 2011, Mahall et al. 2018). Additionally,
continental-scale assessments show that maximum woody plant cover is constrained by mean
annual precipitation (Sankaran et al. 2005), with competitive interactions among woody plants
being inferred as the basis for this limitation.
Despite these numerous lines of evidence that would lead us to expect density-dependent
interaction between shrubs, our experimental manipulations did not reveal intraspecific
competition. No differences in focal shrub ANPP were seen between plots with conspecific
shrub neighbors killed and those with shrub neighbors intact (Fig. 4). This was true regardless of
focal shrub size. Similarly, and as with grass-on-shrub interactions, no differences were seen in
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foliar C, N or isotopic compositions of these nutrients between control and treatment plots (Table
3). The lack of shrub-shrub competition indicates that density-dependent interactions are not
operating to slow the rate at which shrubs accrue in size and number during grassland-shrubland
transitions at this site.
It is not clear why we did not find any evidence of density-dependent interactions
between shrubs. In the absence of such competition it is difficult to explain mechanisms setting
the upper limits to shrub cover that occur in relation to precipitation (Sankaran et al. 2005).
Browning et al. (2014) also failed to detect density-dependent interactions between P. velutina
shrubs in a Sonoran Desert site and hypothesized that maximum landscape-scale shrub cover
may be limited by hydraulic constraints on dryland shrub canopy area. They argue that as shrub
size increases it becomes increasingly difficult to maintain the continuity of water supply from
roots to canopies, increasing the probability of xylem cavitation and causing and partial- or
whole-plant canopy die-back. These stress-induced reductions in canopy area represent
reductions in landscape cover that would have to be compensated for by recruitment of new
plants or growth of smaller plants in the community.
While our experimental manipulations failed to detect competition between P.
glandulosa shrubs, nearest neighbor analysis suggested density-dependent interactions could be
at play (Fig. 3). Ours is not the first case in which proxy evidence of competition did not
manifest in treatment differences upon removal of neighboring shrubs. Meyer et al. (2008)
documented a similar inconsistency and speculated this was due to the experiment running for
too short of a duration. This may have been the case in our study as well. Another potential
limitation of our shrub-on-shrub experiment was that intraspecific interactions between shrubs
could operate on spatial scales broader than those captured in our design. Lateral roots of large P.
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glandulosa individuals are known to extend >20 m from their origins (Gibbens and Lenz 2001),
so focal shrubs in this experiment could have been influenced by neighboring shrubs well
beyond the removals we made within a 5 m radius of the focal shrub. Nevertheless, the
conflicting results we saw between proxy and direct evidence of competition suggests that spatial
patterns indicative of plant-plant interactions in rangelands should be interpreted with caution.

CONCLUSION
Our field experiments showed that B. eriopoda grasses have a competitive effect on small
(< 46 cm canopy diameter) P. glandulosa shrubs, but a neutral effect once canopy areas exceed
46 cm. Our experimental manipulations also indicated that shrubs have a neutral effect on one
another. Previous work at this research site has demonstrated that P. glandulosa shrubs have a
negative (competitive) influence on B. eriopoda grasses (Pierce et al. 2018), and that B. eriopoda
plants can have a negative effect on one another, depending on patch size (Svejcar et al. 2015).
Thus, B. eriopoda experiences both inter- and intraspecific competition, whereas P. glandulosa
experiences only interspecific competition, and only in early life-history stages. This asymmetry
of competitive pressure provides a nuanced plant-plant interactions perspective that has been
largely overlooked and seldom accounted for in explaining or predicting the magnitude and rate
of grass loss and shrub proliferation in the context of desertification. The asymmetry also
explains why grassland-shrubland transitions have been so difficult to control via grazing
management alone. Traditional desertification models focused on disturbance and abiotic
feedbacks should be broadened to incorporate these biotic perspectives.
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Table 1: Results from Web of Science query for field-based studies in drylands (< 600 mm mean
annual precipitation) that investigate the mechanisms of desertification. Details and full results
can be found in Appendix A.
Search Term:
Fields:
Restrictions:

Desertification
Environmental Sciences, Ecology
Mechanisms of desertification
Field-based studies
Drylands (MAP < 600 mm)
Total Results*
110
Biotic Mechanisms
11
Abiotic Mechanisms
101
Livestock Grazing
36
Fire
3
Wildlife Interactions
4
*Mechanistic categories are not mutually exclusive (e.g. a given paper may
report on abiotic and grazing mechanisms).
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Table 2: ANOVA comparisons of foliar %C, %N, δ13C and δ15N isotopic composition (mean ±
SE) of focal shrubs with grass neighbors intact or removed in 2012 (a dry year) and 2013 (a wet
year). Treatment and year main effects were not significant (p < 0.05); size class was significant
only for %N and δ 15N.

Variable
%C

Year
2012
2013

%N

2012
2013

δ13C (‰)

2012
2013

δ15N (‰)

2012
2013

Shrub
Size
Small
Large
Small
Large
Small
Large
Small
Large

Grasses
Intact
45.1 (0.5)
47.2 (0.5)
49.0 (0.7)
48.6 (0.6)
2.8 (0.1)
3.1 (0.1)
2.8 (0.2)
2.8 (0.1)

Grasses
Killed
46.8 (0.5)
48.4 (0.5)
48.4 (0.6)
48.5 (0.6)
2.9 (0.1)
3.2 (0.1)
2.8 (0.1)
2.7 (0.1)

F
6.94
3.08
0.42
0.01
0.32
0.37
0.16
0.10

DF
15
16
6
5
15
16
6
5

p
0.02
0.09
0.55
0.96
0.58
0.55
0.71
0.77

Small
Large
Small
Large

-25.8 (0.2)
-25.7 (0.1)
-26.5 (0.2)
-26.7 (0.2)

-25.5 (0.2)
-25.6 (0.2)
-26.9 (0.2)
-26.8 (0.2)

0.83
0.62
1.06
0.30

15
16
23
19

0.38
0.44
0.31
0.59

Small
Large
Small
Large

2.4 (0.4)
4.3 (0.4)
2.6 (0.4)
3.0 (0.5)

2.8 (0.4)
3.1 (0.4)
2.2 (0.4)
2.4 (0.5)

0.56
3.73
0.83
0.60

15
16
23
19

0.47
0.07
0.37
0.45
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Table 3: ANOVA comparisons of foliar %C, %N, δ13C and δ15N isotopic composition (mean ±
SE) of focal shrubs with conspecific shrub neighbors intact or killed in 2012 (a dry year) and
2013 (a wet year). Shrub size was not significant, so data were pooled across all sizes.

Year
2012
2013
2012
2013

Shrubs
Intact
47.6 (0.4)
47.1 (0.4)
3.1 (0.1)
2.7 (0.1)

Shrubs
Killed
47.1 (0.4)
46.3 (0.4)
3.1 (0.1)
2.9 (0.1)

F
0.64
2.64
0.01
0.71

DF
27
27
27
27

p
0.43
0.12
0.94
0.41

δ13C (‰)

2012
2013

-25.8 (0.2)
-26.5 (0.2)

-26.2 (0.2)
-26.7 (0.2)

2.89
0.78

27
27

0.10
0.39

δ15N (‰)

2012
2013

2.6 (.03)
1.5 (0.4)

2.7 (0.3)
2.0 (0.4)

0.13
0.71

27
27

0.73
0.41

Variable
%C
%N
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Figure Legends
Figure 1: Annual (black) and growing season (July-October, grey) precipitation (PPT) over the
course of the experiment. The dashed black and grey lines represent long-term (1926-2015)
annual and growing season mean PPT, respectively. (* = plot data was not collected in 2014).

Figure 2: (A) Focal P. glandulosa ANPP (mean + SE) in plots with grasses killed (triangles) or
intact (circles). The arrow between 2011 and 2012 denotes when grass neighbors were killed in
treatment plots. Open symbols and dashed lines are focal shrubs with initial canopy diameter
greater than the median (46 cm; denoted as ‘large’); closed symbols and solid lines are focal
shrubs with initial canopy diameter less than or equal to the median value (denoted as ‘small’).
Letters denote significant (p < 0.05) differences among treatments and dates. Insets summarize
ANOVA outcomes. Plot data was not collected in 2014. (B) 2011-2015 change in ANPP (± SE)
as a function of initial canopy diameter (± SE) for large (open symbols) and small (closed
symbols) shrubs with their neighboring grasses killed (triangles) or intact (circles). The dashed
vertical line represents the median canopy diameter (46 cm) for all shrubs at the beginning of the
experiment (2011).

Figure 3: The sum of canopy diameters of the focal P. glandulosa shrub and its four nearest
conspecific neighbors as a function of the sum of the distances to the four nearest conspecific
neighbors to the focal shrub. A positive slope indicates that larger shrubs are further apart from
one another, which is indicative of competitive interactions (Wiegand et al. 2005). Inset:
ANOVA summary table for the linear regression analysis.
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Figure 4: Mean (+ SE) ANPP of focal P. glandulosa shrubs with conspecific shrub neighbors
killed (filled circles) or intact (open circles). Different letters designate significant (p £ 0.05)
differences among treatments and dates. Focal shrub size was not a significant factor, so data are
pooled across shrub sizes. Inset: ANOVA summary table of main effects. The arrow between
2010 and 2011 indicates when shrub neighbors were killed in treatment plots. Plot data was not
collected in 2014.
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APPENDIX B
GRASS-SHRUB COMPETITION IN ARID LANDS: AN OVERLOOKED DRIVER IN
GRASSLAND-SHRUBLAND STATE TRANSITION?
Nathan A. Pierce, Steven R. Archer, Brandon T. Bestelmeyer, Darren K. James
(Published in Ecosystems, 2019. 22(3): 619-628)
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ABSTRACT
Traditional models of state transition in arid lands emphasize changes in disturbance regimes and
abiotic feedbacks that promote the degradation of grassland into shrubland, while biotic
interactions like competition and facilitation are often overlooked. Here, we conducted an
experiment to determine whether shrubs have a positive, neutral, or negative effect on grasses,
and if these interactions may play a role in grassland-shrubland state transition. Prosopis
glandulosa shrub neighbors within 5 m of Bouteloua eriopoda grass patches were left intact
(controls) or killed with foliar herbicide, and metrics of grass performance were evaluated over 5
years. We saw no evidence of shrub facilitation of grasses. Instead, grass ANPP responded
positively to shrub removal in all years, but more so in years with above-average rainfall. Grass
allocation to vegetative reproduction and grass patch size also increased when shrub neighbors
were removed. These results demonstrate that biotic interference by shrubs upon grasses
reinforce and magnify grazing- and drought-induced abiotic feedbacks during grassland–
shrubland transitions. Shrub effects on grass should therefore be considered a key process in
desert grassland state transitions.
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INTRODUCTION
Arid and semiarid grasslands worldwide have undergone state transitions from grassland to
shrubland dominated by xerophytic, unpalatable shrubs and bare ground. This transition
represents landscape degradation from the perspectives of primary production (Knapp et al.
2008), erosion and nutrient loss (Li et al. 2008), biodiversity (Ratajczak et al. 2012), and forage
production (Fredrickson et al. 1998). Grassland-to-shrubland state transitions in drylands are the
result of changes in disturbance regimes amplified or mitigated by abiotic factors related to
climate and soil (Archer et al. 2017). For example, livestock grazing coupled with drought
reduces fine fuel mass and continuity, thus reducing the probability of fire – a disturbance that
historically kept woody plants in check (Higgins et al. 2007). In the absence of fire, shrubs can
establish and progress to more advanced life-history stages (Higgins et al. 2000). At the same
time, rates of erosion typically increase with declines in grass cover in arid grasslands, depleting
soil resources and concentrating them below developing shrub canopies, as well as increasing
disturbance to grasses by burial and abrasion, which constitutes a positive abiotic feedback that
impedes future grass recovery while promoting shrub survival (Schlesinger et al. 1996, Okin et
al. 2009). Inherent in these scenarios is the implicit assumption that grass-shrub interactions in
arid grasslands are of little or no significance after shrubs have established. However, this
assumption has not been widely tested or rigorously evaluated.
Grass-shrub interactions may be dismissed as a driver of state change in arid lands under the
presumption that selection pressures favor adaptations for stress tolerance over competitive
ability (Grime 1977, Brooker and Callaghan 1998). Accordingly, a growing body of research
supports the notion that facilitation takes precedence over competition with increasing
environmental stress (Maestre et al. 2009, Dohn et al. 2013). This framework helps explain
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coexistence of grasses and woody plants in some systems, whereby woody plants facilitate
understory grasses via ameliorating harsh environmental conditions (Ludwig et al. 2004b) or by
providing refugia from grazers (Howard et al. 2012). However, in grassland-shrubland
transitions, shrub-on-grass facilitation must be eclipsed by other factors detrimental to grass
survival, including shrub-on-grass competition. The relative predominance of facilitation vs.
competition might also change along a continuum of woody plant abundance, i.e. competition
increases with increasing shrub size and density (Scholes 2003, Vander-Yacht et al. 2017).
The predominance of competition vs. facilitation in grass-shrub interactions may also
vary at fine spatial scales. Certain xerophytic shrub species have extensive shallow lateral roots
(Gibbens and Lenz 2001) and may therefore interact with grasses occurring well beyond their
canopies. Such shrubs could facilitate grasses via hydraulic redistribution (Priyadarshini et al.
2016). However, shrub lateral roots could also have a negative effect on grasses by utilizing soil
resources that grasses would otherwise obtain (Ludwig et al. 2004a). In situations where grass
and shrub rooting niches are segregated spatially (Walker et al. 1981, Ward et al. 2013), or where
phenology separates their activity patterns temporally, shrubs may have no influence on
neighboring grasses (Golluscio et al. 1998, Ludwig et al. 2001). Net neutral interactions could
also occur if competitive and facilitative processes are in balance (Maestre et al. 2009). Neutral
interactions would support the prevailing assumption that grass loss and shrub proliferation in
the course of grassland-shrubland transition are driven primarily by interrelationships among
climate, disturbance (grazing, fire), and soil erosion.
Here, we report the outcome of a 6 y field experiment aimed at quantifying grass-shrub
interactions to ascertain if shrubs have a positive (facilitation), neutral, or negative (competition)
effect on grass production beyond their canopies. We hypothesized that the production of grasses
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occurring in the vicinity of shrubs with laterally extensive, shallow lateral root systems would be
reduced owing to the predominance of competitive interactions. Knowledge of the direction and
strength of the influences of shrubs on grasses growing beyond their canopies would help us
predict grass patch capacity to recover from disturbance and the extent to which shrub
interactions with grasses might either dampen or reinforce abiotic feedbacks during grasslandshrubland state transitions. Support of the hypothesis that shrubs have no discernable effect or a
positive effect on grasses would corroborate the prevailing view that competitive grass-shrub
interactions are of little consequence compared to facilitation or abiotic drivers. We offer three
alternative predictions in testing these hypotheses regarding shrub effects on grasses: (1) no
effect, which would suggest abiotic processes triggered by grazing-induced grass losses and
subsequent soil erosion are responsible for grassland-shrubland transitions (Okin et al. 2006); (2)
a positive effect due to hydraulic lift, from which we would infer grasses might be more
persistent in the face of grazing and drought stress; and (3) competition, wherein the presence of
shrubs would amplify stresses on grasses imposed by grazing and drought.

METHODS
Study Area
The field experiment was conducted on the USDA Agricultural Research Service Jornada
Experimental Range (JER) and Jornada Basin Long-Term Ecological Research (LTER) site,
approximately 37 km north of Las Cruces, NM, in the northern Chihuahuan Desert (UTM 13S
336659 3610160; 1325 m a.s.l.; https://jornada.nmsu.edu/lter). The climate is arid (Köppen
Climate Classification BWk), with long-term (1926-2015) mean annual precipitation (PPT) of
241 mm (SE ± 9.6, CV = 36%), approximately 65% of which occurs July-October. June is the
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warmest month (mean minimum of 17°C; mean maximum 36°C); January is the coldest month
(mean minimum and maximum of -6°C and 4°C, respectively).
The study was conducted along a grassland-to-shrubland gradient, reflecting the ongoing
spread of shrubs and consequent spatial variations in the rate of state transitions (Bestelmeyer et
al. 2011). One end of the 3 km x 1 km study area (UTM 13S 334878, 3601198) was grassland
dominated by the C4 perennial grass Bouteloua eriopoda (Torr.) Torr. (26% foliar cover), which
is a mat-forming grass that proliferates via axillary tillers from the genet, as well as stoloniferous
ramets. The grassland end was also populated with small, scattered C3 Prosopis glandulosa
(Torr.) shrubs (2% foliar cover). The opposing end (UTM 13S 333764, 3604817) was shrubland,
with B. eriopoda foliar cover of 4% and P. glandulosa foliar cover of 18%. Soils are fine-loamy,
mixed, thermic Typic Haplargids and Typic Petrocalcids underlain by a petrocalcic horizon 64 to
76 cm beneath the surface (Havstad & Schlesinger 2006).
Experimental Design
Ninety plots were established in 2010 in a stratified random fashion at locations along the
grassland-shrubland continuum, ensuring 30 plots within the grassland, the ecotone, and the
shrubland portions of the gradient. Plots with a fixed radius of 5 m were centered upon 1 x 1 m
subplots containing a B. eriopoda patch. Only grass patches with at least one P. glandulosa shrub
within the 5 m plot radius were chosen. Target grass patches therefore had a broad range of shrub
neighborhood configurations, i.e. few, small shrub neighbors in the grass-dominated segments of
the transect and numerous, larger shrub neighbors in the shrub-dominated segment. Grass patch
size and shape was quantified within a grid of 25 – 20 x 20 cm cells in the 1 x 1 m subplots at the
end of the 2010 growing season (October, near peak production) by counting the number of cells
occupied by B. eriopoda. Clonal reproductive output (number of ramets) was also quantified at

72
this time. Grasses in the entire subplot were then clipped to a height of 10 cm, and current year’s
biomass was dried and weighed to estimate aboveground annual net primary productivity
(ANPP). These measurements were repeated in October of 2011-2013 and 2015 (measurements
were not taken in 2014).
The volume of all P. glandulosa shrubs within the 5 m radius of each plot was
determined in the spring of 2011 by measuring canopy diameter along the longest axis and the
diameter perpendicular to the midpoint of the longest axis, as well as plant height. Aboveground
ANPP was then determined using a site- and species-specific allometric regression (R2 = 0.89,
Gherardi & Sala 2015).
All P. glandulosa shrubs located within 45 randomly selected plots were killed in June
2011, prior to the summer rainy season, using a foliar herbicide solution (0.5% Triclopyr, 0.5%
Clopyralid, 5% Diesel fuel) applied in a fine mist. The herbicide mixture was effective at
defoliating shrubs within two weeks of spraying, and no new growth was observed for the
remainder of the growing season. Targeted spot-spraying was conducted as needed to suppress
new basal shoots (which typically emerged from only the largest of shrubs) in 2012 and 2013,
after which no regrowth occurred.
Data Analysis
Overall treatment effects on B. eriopoda aboveground ANPP were analyzed using
repeated-measures linear-mixed effects models (PROC MIXED; SAS V9.2; SAS Institute, Cary,
NC, USA). Shrub removal, year, and their interaction were fixed effects; year was also a
repeated effect with plot as the subject. A heterogeneous Topelitz temporal covariance model
was used based on Akaike’s Information Criterion (AICc). The Kenward-Roger method was used
to adjust denominator degrees of freedom to account for bias associated with estimating the fixed
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effects after the repeated effect. All fixed effects were highly significant; because of the highly
significant shrub removal x year interaction, interpretations of the main effects are qualified by
year.
We also examined the relationship between B. eriopoda ANPP and PPT by regressing
annual, growing season (July-October), and dormant season (November-June) PPT (independent
variable) against B. eriopoda ANPP (dependent variable) and calculating the treatment x PPT
interaction coefficients (JMP, Version 13. SAS Institute, Cary, NC, USA). As antecedent
precipitation can be a better predictor of current year’s ANPP (Sala et al. 2012), we also
conducted this analysis for previous year PPT.
ANOVA was used to compare the number of non-stoloniferous and un-rooted
stoloniferous ramets on plots with intact and killed shrubs; Tukey’s HSD was used to test for
significant differences among treatments and years.
Finally, we sought to determine if differences in ramet production translated into changes
in grass patch size and continuity over the course of the experiment. We approached this using
repeated-measures linear-mixed effects models as described above, but using a heterogeneous
compound symmetry covariance structure, which was the best fit based on AICc. The response
variable was the number of 20 cm x 20 cm cells within the 1 m2 subplot that were occupied by B.
eriopoda. An increase in the number of cells occupied over time would reflect net ramet
recruitment and genet patch infilling and/or expansion; a decrease in cell occupation would be
indicative of patch fragmentation and/or contraction.

RESULTS
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Precipitation patterns varied considerably over the course of the experiment (Figure 1).
Drought occurred during the first two years of the study with annual PPT 54% (2011) and 50%
(2012) below the long-term mean. Similarly, growing season PPT was 33% below average in
2011 and 55% in 2012. Annual PPT in 2013 and 2014 approximated the long-term average, but
growing season PPT was 41% and 37% higher than the long-term mean, respectively. Annual
PPT in 2015 was 15% higher than the long-term average, while growing season PPT was near
average.
B. eriopoda aboveground ANPP in 2010 on control plots and plots slated for shrub
removal was nearly identical (Figure 2). Subsequent to shrub removal, grass ANPP varied by an
order of magnitude in both control and treated plots over the course of the six-year experiment in
response to inter-annual variation in PPT (Figure 1). For example, mean (± SE; g m-2 y-1) ANPP
in control plots was 2.9 (0.7) during the dry year of 2012, and increased to 24.2 (3.9) in the
above-average PPT year of 2015.
The presence of shrub neighbors mediated grass ANPP response to precipitation (Figure
2). During the dry period (2011-2012), control plots with shrub neighbors intact had significantly
reduced B. eriopoda ANPP compared to treatment plots with shrub neighbors killed. Upon return
to average and to above-average PPT conditions in 2013 and 2015, differences in grass ANPP
between treatment and control plots were amplified: mean B. eriopoda (± SE; g m-2 y-1) ANPP
was 19.9 (4.4) and 28.1 (5.6) higher in plots with shrubs killed than in plots with shrubs intact in
2013 and 2015, respectively.
B. eriopoda ANPP was directly related to PPT in both control and treatment plots.
However, B. eriopoda ANPP was more responsive to PPT in plots with shrub neighbors killed
than in control plots with shrub neighbors intact. This was true for annual PPT, growing season
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PPT, and dormant season PPT (Figure 3). There was no significant relationship between B.
eriopoda ANPP and previous year’s annual PPT in either the control or treatment plots (F =
2.07; d.f. = 1; p = 0.152; data not shown).
Allocation to clonal reproduction, measured by the number of ramets produced per plot,
was near zero in the dry years of 2011-2012 on control and treated plots. During the wet years of
2013 and 2015 ramet production increased, but more so on plots where shrubs had been killed
than on plots where shrubs were intact (Figure 4). Vegetative production of axillary tillers also
differed in 2013, where the mean number of tillers was significantly higher in plots with shrub
neighbors killed than in plots with shrub neighbors intact (Table 1). Despite this difference in
tiller number, average ANPP per tiller did not differ between control and treatment plots (p =
0.37).
Ramet production, in concert with axillary tiller proliferation, translated into changes in
grass patch size over the course of the experiment (Figure 5). Where shrubs were present, the
mean number of 20 cm x 20 cm cells within the 1 m2 subplot occupied by B. eriopoda decreased
from 2011 to 2012, was stable through 2013, and then returned to 2011 levels by 2015.
Conversely, where shrubs had been killed, B. eriopoda cell occupancy was maintained through
the 2011-2012 dry period and subsequently increased to reach levels 65% higher in 2015.

DISCUSSION
Our results support the hypothesis that competitive effects of shrubs on perennial grasses
play an important role in the progression of grassland-shrubland transitions. Shrubs in this
Chihuahuan Desert system were relatively short-statured (mean height = 0.6 m, mean canopy
diameter = 1.5 m), and focal grass patches occurred well beyond their canopies. Consequently,
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aboveground interactions related to light competition or temperature amelioration were not likely
to have been important. Rather, competitive interactions between grasses and shrubs must have
occurred for belowground resources. The presumption of competition for soil water is reflected
in the fact that the presence of shrubs significantly reduced grass production during dry periods
(2011, 2012) and moderately (2013) to substantially (2015) constrained grass responses to
increased rainfall (Figure 2).
Further evidence of belowground competition is demonstrated in the relationship between
grass ANPP and PPT. The grass ANPP response to precipitation was positive on plots with and
without shrubs, however this trend was more pronounced for grasses without shrub neighbors
than for grasses with shrub neighbors (Figure 3). The contrasting slopes of the ANPP vs. PPT
lines suggests the competitive influence of P. glandulosa shrubs on B. eriopoda grasses
strengthens with increasing PPT over the rainfall ranges encountered in this study. We
hypothesize that intensification of shrub competition with increased PPT may reflect the plastic
response of shrub roots to variations in soil moisture availability. P. glandulosa plants at the
study site have dimorphic root systems, with deep tap roots and lateral roots that extend many
times their canopy diameters at depths overlapping grass root systems (Gibbens and Lenz 2001).
These shallow coarse lateral roots may opportunistically proliferate fine roots when soil moisture
is abundant and curtail this fine root production and lose fine root mass under dry conditions.
Competition between grasses and shrubs could thus be more intense when water and other soil
resources are more abundant. Such trait-mediated interactions (Callaway et al. 2003) have been
observed for other dryland plant species (Schwinning et al. 2002).
Collectively, the vegetation in our 6 y experiment experienced a dry year with average
antecedent conditions (2011); a dry year with dry antecedent conditions (2012); a wet year with
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dry antecedent conditions (2013); and wet years with wet antecedent conditions (2014-2015).
Strong seasonality signals also occurred: growing season PPT predominated 2013-14, whereas
rainfall in 2015 was mostly during the cool season when grasses were largely dormant. Our
results support those of other research that shows how the intensity of grass-shrub interactions
fluctuates as a function of variability in PPT quantity and seasonality. Grasses tend to respond to
precipitation more quickly than shrubs (Jobbágy & Sala 2000), which may portend a competitive
advantage for grasses under the highly variable precipitation regimes characteristic of drylands
(Soriano & Sala 1983). However, recent studies demonstrate the importance of previous years’
precipitation in determining current year’s grass productivity, wherein wet antecedent conditions
lead to higher production than expected based on current year’s precipitation alone, and
antecedent dry conditions have the opposite effect (Sala and others 2012). While consecutive wet
years are thus a boon for grass productivity, this time-scale would also allow for a positive shrub
response to the wet conditions. Our data suggest that shrub competition intensifies in multiple,
consecutive wet years to constrain increases in grass ANPP that might otherwise occur.
Accordingly, we saw no effect of previous year PPT on current year grass ANPP. Winter/spring
PPT could amplify this effect if a significant proportion of rain falls while grasses are dormant,
allowing moisture to percolate to deeper soil layers where it is ostensibly less accessible to
grasses when their growth resumes, and more accessible to shrubs (Walker & Noy-Meir 1982;
Ward and others 2013).
The competitive influence of shrubs on grasses was also apparent via changes in grass
patch structural attributes. When shrub neighbors were present, grass patches contracted and
became fragmented, and did not rebound to their initial configuration until after three
consecutive years of above-average PPT. Plots without shrub neighbors, on the other hand, did
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not contract/fragment during the dry period, and dramatically expanded/infilled during the wet
period. Grass patch size and bare soil connectivity can be used as leading indicators of state
transitions in arid systems (Kefi et al. 2007, Dakos et al. 2011), and abiotic soil erosion processes
are considered the primary drivers of grass patch contraction (Okin et al. 2009). Our results
demonstrate that biotic interference can also influence grass patch size and level of
fragmentation and hence bare soil connectivity and susceptibility to erosion forces.
Grass ANPP is a combined function of the total number of tillers and the mass per tiller,
i.e. similar productivity could be achieved with fewer large tillers or with a greater number of
small tillers. Our results suggest that grass ANPP at the Jornada site was more dependent on the
number of tillers. While the number of 20 cm x 20 cm cells occupied by B. eriopoda was similar
between control and treatment plots in 2013 (Figure 5), axillary tiller number was higher in plots
with shrubs removed than in plots with shrub neighbors intact (Table 1). This could help explain
the increasing ANPP difference between control and treatment plots following consecutive years
of wet conditions, as current year ANPP is related to previous year tiller density (Reichmann et
al. 2013).
Some evidence suggests shrub effects on grasses shift from net negative to net positive
along gradients of increasing environmental stress (Maestre et al. 2009). Annual precipitation at
our site during this experiment (216-279 mm) was well below the threshold (479 mm) that has
been proposed for this shift (Dohn et al. 2013), so our findings of competitive suppression in this
arid grass-shrub system do not support this idea. Instead, our results are more in line with
predictions that have been reported for grass-woody plant interactions in mesic savanna systems.
Shrubs do, however, appear to facilitate some grass species at this Chihuahuan Desert site.
Whereas our study focused on B. eriopoda patches in areas beyond shrub canopies,
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Muhlenbergia porteri has been observed growing within and seemingly confined to P.
glandulosa and Larrea tridentata canopies (Welsh 1976). It is unclear if this is because shrubs
ameliorate microclimate conditions or provide refugia from grazers. This study supported the
stress gradient hypothesis in that shrub-on-grass competition intensified with increasing
precipitation. However, we detected no facilitative influence of shrubs on grasses. Due to the
small stature of P. glandulosa shrubs and the occurrence of B. eriopoda grass patches beyond
their canopies, aboveground shrub facilitation of grasses via environmental amelioration is
irrelevant between these species. If P. glandulosa at our site carried out beyond-canopy
hydraulic redistribution (Bleby et al. 2010) as has been shown in other systems (Zou et al. 2005),
the redistributed water was not utilized by grasses to a degree that overcame soil water
competition with shrubs (Barron-Gafford et al. 2017).
Land management practices have long sought to restore herbaceous cover and production
in shrub-invaded grasslands using herbicides, mechanical treatments or prescribed fire. Such
treatments often do not produce the expected results, however, and reasons for this are not clear
(Archer and Predick 2014). Under the assumption that abiotic factors are largely driving system
dynamics, shrub removal at broad scales could be expected to exacerbate grass loss because of
increased erosion potential. Similarly, if hydraulic lift were important, removing shrubs could
render grasses more susceptible to stresses imposed by grazing and drought. Our results,
however, confirm that shrub removal in this Chihuahuan Desert system has the potential to be an
effective restoration tool in that grass patches expanded in size, connectivity and productivity
when shrub neighbors were removed. Although not addressed in this study, reducing shrub cover
could also reduce the density and/or activity of mammalian herbivores to the benefit of grasses
(Daniel et al. 1993, Whitford 1993).
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Traditional models of grassland-shrubland transition in drylands emphasize changes in
disturbance regimes and abiotic feedbacks that promote the degradation of grassland into
shrubland (Schlesinger et al. 1990, Schlesinger et al. 1996). In this study, we demonstrate that
shrub-on-grass biotic interference has the potential to reinforce grazing- and drought-induced
stresses on mesophytic grasses that would amplify positive abiotic feedbacks driving grasslandshrubland transition. Accordingly, competitive ability may be as, or more, important than stress
tolerance in shaping community structure and function in this arid grassland. Shrub-driven
declines in grass cover and production also help explain observations of shrub encroachment into
arid grasslands where disturbances related to livestock grazing (Browning and Archer 2011) and
fire (O'Connor et al. 2014) have been eliminated. Further development of dryland state-andtransition models (e.g. Bestelmeyer and others 2011) should incorporate biotic interactions as a
mechanistic driver of state change.
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Tables
Table 1: Mean (± SE) values for B. eriopoda patch-scale aboveground ANPP (g m-2 y-1),
number of tillers per m-2, and one-way ANOVA results for differences between control and
treatment plots in 2013. Tiller production was near zero in the dry years of 2011-2012.
Treatment
Shrubs

Shrubs

Variable

Intact

Killed

F-Ratio

p-value

ANPP (g m-2 y-1)

17.3 (3.1)

37.7 (3.1)

21.4

<.0001

Number Tillers

145 (19.2)

268 (19.0)

20.7

<.0001
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Figure Legends
Figure 1: Annual (black) and growing season (July-October, grey) precipitation (PPT) over the
course of the experiment. The dashed black and grey lines represent long-term (1926-2015)
annual and growing season mean PPT, respectively. (* = plot data was not collected in 2014).

Figure 2: Bouteloua eriopoda aboveground ANPP in plots with neighboring shrubs intact (open
circles) or killed (closed circles). Different letters denote significant (p < 0.05) differences
among treatments and dates. Inset: ANOVA summary table of main effects. The arrow between
2010 and 2011 designates when shrub neighbors were killed in treatment plots. Data was not
collected in 2014.

Figure 3: Relationship between precipitation (PPT) and Bouteloua eriopoda aboveground ANPP
on plots where neighboring shrubs were intact (open circles) or killed (filled circles). (A) Annual
PPT; (B) growing season (July – October) PPT; (C) dormant season (November – June) PPT.
Analysis of variance summaries are shown beside each panel.

Figure 4: Number of ramets per m2 in plots with neighboring shrubs intact (grey) or killed
(black); different letters indicate significant (p < 0.05) differences among treatments and years
(Tukey’s HSD). Years with below-average PPT (2011, 2012) had zero ramet production, but
were included in the analysis.

Figure 5: Number of 20 x 20 cm cells per 1 m2 plot containing rooted Bouteloua eriopoda
genets or ramets in control (open circles) and treatment (closed circles) plots; an increase in
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number of cells occupied represents grass patch expansion/infilling, whereas a decrease
represents grass patch size constriction/fragmentation. Different letters denote significant (p <
0.05) differences among treatments and dates. Inset: ANOVA summary table of main effects.
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APPENDIX C
WHAT METRICS OF ENCROACHING SHRUB NEIGHBORHOODS EXPLAIN
CHANGES IN ARID GRASSLAND PRODUCTIVITY?
Nathan A. Pierce, Steven R. Archer, Brandon B. Bestelmeyer
(To be submitted for publication in Ecosphere)
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ABSTRACT
Rates and probabilities of grassland-shrubland transitions in arid ecosystems may be enhanced or
attenuated by interactions between grasses and shrubs. Knowledge of the shrub neighborhood
attributes and spatial scale over which shrubs influence grasses could aid in our understanding of
the relationships between ecosystem structure and function. In this study, I use data from a shrub
removal experiment conducted along an arid grassland-to-shrubland continuum in the northern
Chihuahuan desert to determine the extent to which competition indices (CIs) that account for
the number, size, and proximity of shrubs (Prosopis glandulosa) might explain variability in
grass (Bouteloua eriopoda) productivity. I then test the distance over which the preferred CI best
explains grass productivity. A simple model that accounted for cumulative shrub neighborhood
canopy area explained as much variance in grass productivity as more complicated models that
accounted for shrub proximity. Applying this model to include shrubs within 4-5 m of target
grass patches explained more variance in grass productivity than including shrubs <4 m or > 5 m
away. These findings can be used to interpret ecosystem functional characteristics from highresolution, remotely-sensed vegetation structure data(Ji et al. 2019) and to prioritize the
placement of treatments to reduce shrub cover to maximize benefits for grass production.
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INTRODUCTION
Woody plant proliferation in ecosystems dominated by grassland vegetation over the past
century is a well-documented phenomenon (Archer and Predick 2014, Sala and Maestre 2014).
Although specific patterns and interpretations vary globally (Eldridge et al. 2011, Peters et al.
2015, Bestelmeyer et al. 2018), grassland-shrubland transition in arid lands is often considered a
form of land degradation, referred to as desertification when productive grasses are replaced by
unpalatable, xerophytic shrubs and bare soil that is prone to erosion. Considerable research has
demonstrated how these transitions are the result of external drivers like overgrazing and drought
acting in combination with internal abiotic feedbacks that amplify soil resource heterogeneity
(Schlesinger et al. 1996, Li et al. 2008). Recent work also indicates that plant-plant interactions
can influence the probabilities and rates of this ecological state change (Pierce et al. 2019a,
Pierce et al. 2019b). Quantifying the neighborhood scale over which these biotic influences
occur would provide further insight regarding the mechanisms underlying grassland-to-shrubland
state transitions.
Several models have been proposed to explain grass-shrub dynamics in drylands (Scholes
and Archer 1997, Sankaran et al. 2004). Niche separation models posit that grasses and shrubs
minimize competition with one another by occupying complementary niches, such that resources
are differentially utilized or acquired in space and/or time. Balanced competition models, on the
other hand, allow for competition between life forms, but competition within life form limits the
superior competitor’s biomass at a level that precludes exclusion of the inferior competitor. Both
niche separation and balanced competition are considered equilibrium models because
competition is concentrated within, rather than between, life forms, which leads to stable
coexistence of grasses and shrubs (Chesson and Huntly 1997, Amarasekare 2003). These models
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may inadequately describe grass-shrub dynamics in desertification-prone systems, which are
ultimately characterized by grass loss and shrub proliferation.
Spatially-explicit models may better capture salient grass-shrub interactions in a during
grassland-shrubland transitions. In these models, individuals vary in the spatial extent over which
they interact, so the location of an organism is as important as its life form/functional type
(Scholes & Archer 1997). Consequently, spatially-explicit models may be needed to develop a
mechanistic understanding of grassland-shrubland transitions. Like niche separation models,
spatially-explicit models have been used to explain stable coexistence between grasses and
shrubs under the assumption that density-dependent, intraspecific mechanisms limit shrub cover
to levels too low to fully suppress grasses (Scanlan 1992, Ansley et al. 2013). Such densitydependent constraints would arise from belowground competition among shallow, lateral roots
extending well-beyond shrub canopies (Felker et al. 1990, Mahall and Callaway 1992, Brisson
and Reynolds 1994). Conversely, shrubs could facilitate grasses via hydraulic redistribution (Zou
et al. 2005, Barron-Gafford et al. 2017) or by providing refugia from grazers (Howard et al.
2012). In a grassland-shrubland state transition context, grass-shrub interactions, be they positive
or negative, may change with some function of the abundance and size of shrubs and their
proximity to grasses. In early stages of arid grassland-to-shrubland transition when shrubs are
sparse and relatively small, their influence on grass productivity and patch dynamics may be
negligible. However, as shrubs increase in density and size, their influence on grasses ostensibly
increases. At what size/distance/density combination of shrubs will grass patch biomass start to
be impacted? Might shrubs facilitate grasses at certain densities (Maestre et al. 2009)? Answers
to such questions will provide a more nuanced assessment of grass-shrub interactions than
presently exists.
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Recent advances in high resolution remote sensing technologies (Dandois and Ellis 2013,
Cunliffe et al. 2016, Swetnam et al. 2018) make it possible to readily characterize the local
vegetation neighborhoods surrounding plant individuals representing contrasting species and
functional types over broad areas. However, our ability to quantify such patterns is of limited
utility if they cannot be related to processes. Here we seek to set the stage for a functional
interpretation of neighborhood-scale patterns of grasses and shrubs, and identify potential
combinations of shrub abundance, size and proximity that govern grassland-to-shrubland
transitions.
I hypothesized that shrub effects on grasses beyond their canopies would be positive to
neutral when shrubs in the grass patch neighborhood are small and few in number, and shift
towards negative as shrub size/density/proximity increased. Knowledge of the shrub size-density
combination at which facilitation-neutral interactions shift to competitive interactions would
provide a basis for identifying the spatial configuration(s) at which ecosystem processes shift
from being controlled by grasses to being controlled by shrubs (Archer 1989), and hence when
state transitions from grassland to shrubland are likely to be triggered. I tested this hypothesis by
applying spatially-explicit plant-plant interaction models that assess grass productivity in 90
plots arrayed along a grassland-shrubland continuum.

METHODS
This study utilizes data generated from the experiment described by Pierce et al. (2019b,
and Appendix B of this volume). Briefly, 90 plots were randomly located along a grassland-toshrubland continuum on the USDA-ARS Jornada Experimental Range (+32.5 N, -106.7 E; 1,325
m a.s.l.) in 2010 (Figure 1). Plots were centered on a 1 m x 1 m subplot that included at least a
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portion of a Bouteloua eriopoda grass patch, and included all Prosopis glandulosa shrubs with
any canopy area (stems/foliage) within 5 m of the plot center. The grass patches thus had a broad
range of shrub neighborhood configurations (i.e. few, small shrub neighbors in the grassland
portion of the gradient; numerous, large shrub neighbors in the shrubland portion). In MarchApril of 2011, canopy volume (maximum canopy diameter x its orthogonal diameter x canopy
height) and distance from plot center (intersection of maximum canopy diameter and its
orthogonal canopy diameter) were determined for all P. glandulosa individuals in each plot. In
June 2011, these shrubs were killed in a random sample of half (n = 45) of plots via foliar
herbicide. Annual B. eriopoda aboveground net primary productivity (ANPP) was then measured
in these same target patches by clipping grasses to a height of 10 cm at peak biomass
(September-October) in 2011-2013 and 2015 (data were not collected in 2014). The size of each
B. eriopoda grass patch was quantified by counting the number of 10 cm x 10 cm cells within the
gridded 1 m x 1 m subplot that were occupied by B. eriopoda.
Here, data from these plots is used to assess how several competition indices
(independent variables, Table 1) that include various representations of the number, size (canopy
area and/or volume) and proximity of P. glandulosa shrub neighbors influence B. eriopoda
ANPP (dependent variable) following herbicide application. Competition Index 1 (CI-1) is the
most parsimonious and only included the number of P. glandulosa shrubs within 5 m of B.
eriopoda grass patches. Competition Index 2 (CI-2) sums the canopy area (A) of the P.
glandulosa shrubs in each B. eriopoda neighborhood, where canopies are considered circular
with a radius equal to ½ of the average of the greatest canopy diameter and its orthogonal canopy
diameter. Competition Index 3 (CI-3) accounts for shrub proximity to a grass patch center by
dividing each shrub’s canopy area by the distance between plot center and the shrub’s canopy
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midpoint, thus attenuating shrubs’ potential influence as a function of distance (i.e. distant shrubs
have less influence on grass patch productivity than shrubs situated closer to the grass patch).
Competition Index 4 (CI-4) is similar to CI-3, but also accounts for the size of the target grass
plant (Hegyi 1974). Target grass patch size was evaluated because, while neighboring shrubs
could competitively reduce the availability of belowground resources for grasses, grass patches
could reciprocate a competitive influence on shrub neighbors (Simmons et al. 2007, Holdo and
Brocato 2015), the strength of which may be a function of grass patch size. Competition Indices
5-7 are the same as CI-2 through CI-4, except shrub canopy area is replaced with shrub canopy
volume (maximum canopy diameter x orthogonal canopy diameter x canopy height). CI-4 and
CI-7 have been utilized in forests (Daniels 1976, Holmes and Reed 1991, da Cunha et al. 2016,
Hui et al. 2018, Wright et al. 2018), and have recently been applied to tree-tree interactions in a
semiarid savanna (Dohn et al. 2017). To my knowledge, these indices have not previously been
applied to interactions between contrasting plant functional types (i.e. grass vs. shrub) or in arid
ecosystems.
Finally, we quantified the distance over which shrubs might influence grass patch ANPP.
The superior CI (above) was regressed against B. eriopoda ANPP in a step-wise fashion that
included shrubs, regardless of size, whose canopy midpoints (the intersection of maximum
canopy diameter and its orthogonal diameter) occurred within 2, 3, 4, and 5 meters of grass patch
centers.
Model comparisons were performed using 2015 B. eriopoda ANPP data because the
experiment-wide difference between patches with shrubs intact and those with shrubs killed was
greatest in this year (Pierce et al. 2019b). All analyses were carried out using JMP (version 15,
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SAS Institute Inc., Cary, NC, USA). Where appropriate, data were transformed to better
approach normal distribution.

RESULTS
No competition indices significantly explained shrub-on-grass interactions in 2011-2013
(data not collected in 2014). In 2015, all indices except CI-4 and CI-7 capably explained
variation in grass production (Table 2). Based on the combination of a high adjusted R2, low
RMSE and CI x Shrub Neighborhood Treatment p-values, CI-2, which sums the canopy area of
all shrubs within 5 m of a grass patch neighborhood, was the superior model (followed closely
by CI-3). CI-4 and CI-7, which account for the size of target grass patches, were poorer models
with respect to the significance of the CI x Shrub Treatment p-value.
Given its superior performance, CI-2 was used to assess the radius over which P.
glandulosa shrubs imparted their competitive influence on grass patches (Table 3). Inclusion of
shrubs within 4 or 5 m of grass patch centers best explained levels of shrub-on-grass
competition.
B. eriopoda ANPP as a function of CI-2 for shrubs within 5 m of target grass patches is
shown in Figure 2. Where shrub neighbors were left intact, B. eriopoda ANPP declined with
increasing cumulative shrub neighbor canopy area. B. eriopoda ANPP was higher when shrub
neighborhood area was < 1.5 m2 (un-transformed value) for control plots than for those with
shrub neighbors removed.

DISCUSSION
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The goal of this study was to determine the shrub neighborhood attributes (number, size,
and/or proximity) that best explain the influence of shrubs on grass patch annual productivity.
We hypothesized that shrubs would have a neutral to facilitative influence on grasses when they
were few, small, and distant, then shift to a competitive effect as their number and size increased
and their distances from grass patches decreased. We tested this hypothesis by applying
increasingly complex competition indices to explain variance in B. eriopoda ANPP.
A model accounting for the combination of shrub size and their proximity to grass
patches (CI-3) accounted for 36% of the variance in grass ANPP (Table 2). However, a simpler
model based solely on the cumulative canopy area of shrubs within 5 m of grass patches (CI-2)
performed slightly better (R2=38%, Table 2). Regression coefficients important for interpreting
model suitability (high adjusted R2 and low RMSE and CI x Shrub Neighborhood Treatment pvalues) were, with the exception of CI-4 and CI-7, similar for all models. Choosing a ‘superior’
model thus comes down to hair-splitting on a quantitative level. However, CI-2 could be
considered the preferred model due to its simplicity. Applying this model to interpret highresolution remotely-sensed data (Swetnam et al. 2018) would require simpler spatial analytical
techniques and circumvent the need for gathering and processing information on canopy height
using more sophisticated technologies (e.g. LIDAR).
No competition indices adequately explained variance in B. eriopoda ANPP in during
2011, 2012 or 2013 (data were not collected in 2014). The experiment-wide difference in grass
ANPP between plots with shrub neighbors intact vs. removed was the greatest in 2015 (Pierce et
al. 2019b), which was attributed to precipitation legacy effects (Sala et al. 2012, Reichmann et al.
2013) associated with multiple consecutive years of above-average growing season precipitation
(Pierce et al. 2019b). That the competition indices were significant only in 2015 supports this
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notion. It may also take several years for the effect of shrub removal to materialize in the form of
grass release from shrub neighborhood competition. Increases in B. eriopoda ANPP are
ostensibly associated with patch expansion, which occurs primarily via establishment of
stoloniferous ramets (Leslie 1979, Peters et al. 2010). Such expansion of B. eriopoda patches in
this experiment did not begin to appear until 2013 (Pierce et al. 2019b), which would partly
explain the temporal lag in the ANPP response elucidated here.
When CI-2 was used to explain variance in grass ANPP for shrubs with different
proximities to target grass patches, shrubs whose canopy midpoints were within 2 m and 3 m had
low explanatory power (Table 3). The low total number of shrubs present within these zones and,
consequently, their cumulative effect on grasses may have been insufficient to create detectable
effects on grasses. P. glandulosa are known to have lateral roots that may extend many times
their canopy diameters and at depths that overlap with B. eriopoda root systems (Gibbens and
Lenz 2001). Accordingly, roots from shrubs 4-5 m away, combined with roots of nearer shrubs,
appear to be influencing grass patches. Regression coefficients were slightly less significant
when including shrubs whose canopy midpoint was beyond 5 m from target grass patches. Had
our plots been larger (e.g. a 6-7 m diameter), models including these more distant shrubs may
therefore have explained less variance in grass ANPP. It thus appears that grass patch ANPP is a
function of the abundance (in this case cumulative canopy area) of shrubs within 4-5 m.
The graphical representation of the preferred model (CI-2 for P. glandulosa shrubs within
5 m of target grass patches vs. 2015 B. eriopoda ANPP, Figure 2), illustrates how B. eriopoda
ANPP decreases with increasing shrub neighborhood canopy area in the control (neighboring
shrubs intact) plots. The slope of this line represents the strength of P. glandulosa competition on
B. eriopoda ANPP with each increase in shrub neighborhood canopy area in this regression
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model. However, a reciprocal increase of grass ANPP when shrubs were removed did not occur.
This asymmetric response may be an artifact of how B. eriopoda ANPP was determined:
annually clipping target grass patches to 10 cm at peak biomass may have introduced a
confounding “grazing effect”. Defoliation prior to seasonal senescence when grasses translocate
resources to belowground structures (Heckathorn and DeLucia 1994, Purdy et al. 2015) could
have negative consequences for productivity in the subsequent growing season. Additionally,
peak-season defoliation would have removed aerial tissues that can become photosynthetically
active early the following year given adequate soil moisture (Browning et al. 2018), thus
reducing the annual potential of grass productivity. The difference between the ‘shrubs intact’
and the ‘shrubs removed’ lines of fit should thus be considered with this in mind. Had we
employed a non-destructive grass ANPP estimate, grass patch response to shrub removal may
have been more pronounced. In this context, the data in Figure 2 suggest a potential “defoliation
X shrub competition” interaction wherein B. eriopoda is relatively tolerant of defoliation at peak
biomass in the absence of shrub competition, but adversely affected by it when shrubs are
present. The combination of defoliation (a proxy for ‘grazing’) and shrub competition causes
declines in grass ANPP, especially at high levels of neighborhood shrub canopy area.
The intersection of the ‘shrubs intact’ and ‘shrubs removed’ lines of fit in Figure 2
ostensibly represents shrub neighborhood cumulative area at which shrub-on-grass interactions
shift from net competitive to net facilitative (Dohn et al. 2013). About 10% of plots were located
on portions of the grassland-to-shrubland continuum where the shrub neighborhood area was
below this potential inflection point. Possible mechanisms for facilitation would be for shrubs
with deep tap and shallow lateral roots (such as P. glandulosa) hydraulically redistributing soil
water to shallow soils accessible by grasses (Barron-Gafford et al. 2017), and grasses having
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access to N-rich root exudates from N2-fixing shrubs (Geesing et al. 2000). If such facilitative
mechanisms are at play in this system, results suggest they are negated/overwhelmed by resource
competition at relatively low levels of shrub abundance.

CONCLUSION
Our results demonstrate that P. glandulosa neighborhood configuration (number, canopy
area, height, proximity of neighboring shrubs) can be used to detect shrub influences on B.
eriopoda grass productivity, and that a parsimonious model that sums shrub neighborhood
canopy area is sufficient. We also identify the spatial extent over which shrubs exert their
influence on grass patches. Such configurations detected in high resolution imagery could be
used to prioritize treatments to reduce shrub cover to maximize benefits for grass production (Ji
et al. 2019). I also found that the magnitude of neighborhood-scale grass-shrub interactions may
vary depending on interannual precipitation patterns (e.g. consecutive years of above-average
rainfall), which climate change is making increasingly unpredictable (Zhang et al. 2021). Our
data further suggest the potential for P. glandulosa to facilitate B. eriopoda productivity at low
levels of shrub cover. Field experiments should be undertaken to assess this directly as it could
have implications for decisions related to integrated brush management (Archer and Predick
2014).

106

107
REFERENCES
Amarasekare, P. 2003. Competitive coexistence in spatially structured environments: a synthesis.
Ecology Letters 6:1109-1122.
Ansley, R. J., M. Mirik, C. B. Heaton, and X. B. Wu. 2013. Woody cover and grass production
in a mesquite savanna: Geospatial relationships and precipitation. Rangeland Ecology &
Management 66:621-633.
Archer, S. 1989. Have southern Texas savannas been converted to woodlands in recent history?
The American Naturalist 134:545-561.
Archer, S. R., and K. I. Predick. 2014. An ecosystem services perspective on brush management:
research priorities for competing land-use objectives. Journal of Ecology 102:1394-1407.
Barron-Gafford, G. A., E. P. Sanchez-Canete, R. L. Minor, S. M. Hendryx, E. Lee, L. F. Sutter,
N. Tran, E. Parra, T. Colella, P. C. Murphy, E. P. Hamerlynck, P. Kumar, and R. L. Scott.
2017. Impacts of hydraulic redistribution on grass-tree competition vs facilitation in a
semi-arid savanna. New Phytologist 215:1451-1461.
Bestelmeyer, B. T., D. P. C. Peters, S. R. Archer, D. M. Browning, G. S. Okin, R. L. Schooley,
and N. P. Webb. 2018. The grassland-shrubland regime shift in the southwestner United
States: misconceptions and their implications for management. BioScience 68:678-690.
Brisson, J., and J. F. Reynolds. 1994. The effect of neighbors on root distribution in a
creosotebush (Larrea tridentata) population. Ecology 75:1693-1702.
Browning, D. M., T. M. Crimmins, D. K. James, S. Spiegal, M. R. Levi, J. P. Anderson, and D.
P. Peters. 2018. Synchronous species responses reveal phenological guilds: implications
for management. Ecosphere 9:e02395.

107

108
Chesson, P., and N. Huntly. 1997. The roles of harsh and fluctuating conditions in the dynamics
of ecological communities. American Naturalist 150:519-553.
Cunliffe, A. M., R. E. Brazier, and K. Anderson. 2016. Ultra-fine grain landscape-scale
quantification of dryland vegetation structure with drone-acquired structure-from-motion
photogrammetry. Remote Sensing of Environment 183:129-143.
da Cunha, T. A., C. A. Guimaraes Finger, and H. Hasenauer. 2016. Tree basal area increment
models for Cedrela, Amburana, Copaifera and Swietenia growing in the Amazon rain
forests. Forest Ecology and Management 365:174-183.
Dandois, J. P., and E. C. Ellis. 2013. High spatial resolution three-dimensional mapping of
vegetation spectral dynamics using computer vision. Remote Sensing of Environment
136:259-276.
Daniels, R. F. 1976. Simple competition indexes and their correlation with annual loblolly-pine
tree growth. Forest Science 22:454-456.
Dohn, J., D. J. Augustine, N. P. Hanan, J. Ratnam, and M. Sankaran. 2017. Spatial vegetation
patterns and neighborhood competition among woody plants in an East African savanna.
Ecology 98:478-488.
Dohn, J., F. Dembele, M. Karembe, A. Moustakas, K. A. Amevor, and N. P. Hanan. 2013. Tree
effects on grass growth in savannas: competition, facilitation and the stress-gradient
hypothesis. Journal of Ecology 101:202-209.
Eldridge, D. J., M. A. Bowker, F. T. Maestre, E. Roger, J. F. Reynolds, and W. G. Whitford.
2011. Impacts of shrub encroachment on ecosystem structure and functioning: towards a
global synthesis. Ecology Letters 14:709-722.

108

109
Felker, P., J. M. Meyer, and S. J. Gronski. 1990. Application of self-thinning in mesquite
(Prosopis glandulosa var. glandulosa) to range management and lumber production.
Forest Ecology and Management 31:225-232.
Geesing, D., P. Felker, and R. L. Bingham. 2000. Influence of mesquite (Prosopis glandulosa) on
soil nitrogen and carbon development: Implications for global carbon sequestration.
Journal of Arid Environments 46:157-180.
Gibbens, R. P., and J. M. Lenz. 2001. Root systems of some Chihuahuan Desert plants. Journal
of Arid Environments 49:221-263.
Heckathorn, S. A., and E. H. DeLucia. 1994. Drought-induced nitrogen retranslocation in
perennial C4 grasses of tallgrass prairie. Ecology 75:1877-1886.
Hegyi, F. 1974. A simulation model for managing jack pine stands. Pages 74-90 in J. Fries,
editor. Growth Models for Tree and Stand Simulation. Royal College of Forestry,
Stockholm, Sweden.
Holdo, R. M., and E. R. Brocato. 2015. Tree-grass competition varies across select savanna tree
species: a potential role for rooting depth. Plant Ecology 216:577-588.
Holmes, M. J., and D. D. Reed. 1991. Competition indexes for mixed species northern
hardwoods. Forest Science 37:1338-1349.
Howard, K. S. C., D. J. Eldridge, and S. Soliveres. 2012. Positive effects of shrubs on plant
species diversity do not change along a gradient in grazing pressure in an arid shrubland.
Basic and Applied Ecology 13:159-168.
Hui, G., Y. Wang, G. Zhang, Z. Zhao, C. Bai, and W. Liu. 2018. A novel approach for assessing
the neighborhood competition in two different aged forests. Forest Ecology and
Management 422:49-58.

109

110
Ji, W., N. P. Hanan, D. M. Browning, H. C. Monger, D. P. Peters, B. T. Bestelmeyer, S. R.
Archer, C. W. Ross, B. M. Lind, and J. Anchang. 2019. Constraints on shrub cover and
shrub–shrub competition in a US southwest desert. Ecosphere 10:e02590.
Leslie, G. K. 1979. Growth and development of black grama in southern New Mexico. New
Mexico State University.
Li, J., G. S. Okin, L. Alvarez, and H. Epstein. 2008. Effects of wind erosion on the spatial
heterogeneity of soil nutrients in two desert grassland communities. Biogeochemistry
88:73-88.
Maestre, F. T., R. M. Callaway, F. Valladares, and C. J. Lortie. 2009. Refining the stressgradient hypothesis for competition and facilitation in plant communities. Journal of
Ecology 97:199-205.
Mahall, B. E., and R. M. Callaway. 1992. Root communication mechanisms and intracommunity
distributions of two Mojave Desert shrubs. Ecology 73:2145-2151.
Peters, D. P. C., K. M. Havstad, S. R. Archer, and O. E. Sala. 2015. Beyond desertification: new
paradigms for dryland landscapes. Frontiers in Ecology and the Environment 13:4-12.
Peters, D. P. C., J. E. Herrick, H. C. Monger, and H. T. Huang. 2010. Soil-vegetation-climate
interactions in arid landscapes: Effects of the North American monsoon on grass
recruitment. Journal of Arid Environments 74:618-623.
Pierce, N. A., S. R. Archer, and B. T. Bestelmeyer. 2019a. Competition supresses shrubs during
early, but not late, stages of arid grassland-shrubland state transition. Functional Ecology.
Pierce, N. A., S. R. Archer, B. T. Bestelmeyer, and D. K. James. 2019b. Grass-shrub competition
in arid lands: an overlooked driver in grassland–shrubland state transition? Ecosystems
22:619-628.

110

111
Purdy, S. J., J. Cunniff, A. L. Maddison, L. E. Jones, T. Barraclough, M. Castle, C. L. Davey, C.
M. Jones, I. Shield, and J. Gallagher. 2015. Seasonal carbohydrate dynamics and climatic
regulation of senescence in the perennial grass, Miscanthus. BioEnergy Research 8:2841.
Reichmann, L. G., O. E. Sala, and D. P. C. Peters. 2013. Precipitation legacies in desert
grassland primary production occur through previous-year tiller density. Ecology 94:435443.
Sala, O. E., L. A. Gherardi, L. Reichmann, E. Jobbagy, and D. Peters. 2012. Legacies of
precipitation fluctuations on primary production: theory and data synthesis. Philosophical
Transactions of the Royal Society B-Biological Sciences 367:3135-3144.
Sala, O. E., and F. T. Maestre. 2014. Grass–woodland transitions: determinants and
consequences for ecosystem functioning and provisioning of services. Wiley Online
Library.
Sankaran, M., J. Ratnam, and N. P. Hanan. 2004. Tree-grass coexistence in savannas revisited insights from an examination of assumptions and mechanisms invoked in existing
models. Ecology Letters 7:480-490.
Scanlan, J. C. 1992. A model of woody-herbaceous biomass relationships in eucalypt and
mesquite communities. Journal of Range Management 45:75-80.
Schlesinger, W. H., J. A. Raikes, A. E. Hartley, and A. E. Cross. 1996. On the spatial pattern of
soil nutrients in desert ecosystems. Ecology 77:364-374.
Scholes, R. J., and S. R. Archer. 1997. Tree-grass interactions in savannas. Annual Review of
Ecology and Systematics 28:517-544.

111

112
Simmons, M. T., S. R. Archer, R. J. Ansley, and W. R. Teague. 2007. Grass effects on tree
(Prosopis glandulosa) growth in a temperate savanna. Journal of Arid Environments
69:212-227.
Swetnam, T. L., J. K. Gillan, T. T. Sankey, M. P. McClaran, M. H. Nichols, P. Heilman, and J.
McVay. 2018. Considerations for achieving cross-platform point cloud data fusion across
different dryland ecosystem structural states. Frontiers in Plant Science 8.
Wright, M., R. L. Sherriff, A. E. Miller, and T. Wilson. 2018. Stand basal area and temperature
interact to influence growth in white spruce in southwest Alaska. Ecosphere 9.
Zhang, F., J. A. Biederman, M. P. Dannenberg, D. Yan, S. C. Reed, and W. K. Smith. 2021. Five
decades of observed daily precipitation reveal longer and more variable drought events
across much of the western United States. Geophysical Research Letters
48:e2020GL092293.
Zou, C. B., P. W. Barnes, S. Archer, and C. R. McMurtry. 2005. Soil moisture redistribution as a
mechanism of facilitation in Savanna tree-shrub clusters. Oecologia 145:32-40.

112

113
Tables
Table1: Mathematic and written definitions of the Competition Indices (CI) used to assess shrub (Prosopis glandulosa) neighborhood
effects on grass (Bouteloua eriopoda) ANPP. A = canopy area (cm2), D = distance from plot center (cm) and V = canopy volume
(cm3).
Competition
Index

Equation

CI-1

Sj

CI-2

S Aj

Total canopy area of the j P. glandulosa shrubs surrounding the i-th B. eriopoda grass patch.

CI-3

S Aj / Dj

Sum of the canopy areas of the j P. glandulosa shrubs divided by the j-th shrub's distance to
the i-th B. eriopoda grass patch.

CI-4

S [(Aj / Ai) / Dj]

CI-5

S Vj

CI-6

S Vj / Dj

Sum of the canopy area of the j-th P. glandulosa shrub divided by the canopy area of the i-th
B. eriopoda grass patch, all divided by the j-th shrub's proximity to the i-th grass patch.
Total canopy area of the j P. glandulosa shrubs surrounding the i-th B. eriopoda grass patch.
Sum of the canopy areas of the j P. glandulosa shrubs divided by the j-th shrub's distance to
the i-th B. eriopoda grass patch.

CI-7

S [(Vj / Ai) / Dj]

Sum of the canopy area of the j-th P. glandulosa shrub divided by the canopy area of the i-th
B. eriopoda grass patch, all divided by the j-th shrub's proximity to the i-th grass patch.

Definition
Sum of the number of j P. glandulosa shrubs surrounding the i-th B. eriopoda grass patch.

113

114

Table 2: Summary statistics of models regressing 2015 B. eriopoda grass ANPP (dependent variable) versus four Competition Indices
(CI, independent variable). The CIs are based on characteristics of the j P. glandulosa shrub individuals comprising shrub
neighborhoods surrounding the ith grass patch with shrub neighbors intact or killed (Table 1). A = shrub canopy area or grass patch
size (cm2); V =shrub canopy volume (cm3). Analyses were performed on natural log-transformed data to achieve normality.

Competition
Index

Definition

CI-1
CI-2
CI-3
CI-4
CI-5
CI-6
CI-7

Full Model ANOVA & Summary of Fit
RMSE

CI x Shrub Neighborhood
Treatment p-value

0.31
0.38
0.36
0.32
0.34
0.33

1.13
1.07
1.09
1.11
1.10
1.11

0.021
0.002
0.004
0.215
0.011
0.014

0.33

1.11

0.136

F-ratio

p-value

Adj. R

Sj
S Aj
S Aj / Dj
S [(Aj / Ai) / Dj]
S Vj
S Vj / Dj

13.92
18.06
17.19
14.80
16.08
15.04

0.0014
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

S [(Vj / Ai) / Dj]

15.10

<0.0001
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Table 3: Comparison of regression models testing the P. glandulosa shrub neighborhood diameter in which CI-2 (independent
variable; Table 1) best predicts 2015 B. eriopoda ANPP (dependent variable) of patches with shrubs intact or killed. Natural log
transformations were performed prior to analysis to achieve normally-distributed data.
Shrub
Neighborhood
Diameter
£2m
£3m
£4m
£5m
³5m

Full Model ANOVA & Summary of Fit
F-ratio
8.63
9.18
16.46
19.53
18.06

p-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Adj. R2
0.21
0.22
0.35
0.39
0.38

RMSE
1.21
1.20
1.10
1.06
1.07
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Diameter x Shrub
Neighborhood Treatment
p-value
0.390
0.470
0.002
<0.001
0.002
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Figure Legends
Figure 1: The geographic and physiognomic context of the study: (A) The Jornada Experimental
Range (JNR) is situated in the northern extent of the Chihuahuan Desert. (B) Dominant
vegetation at JNR in 1858 and 1998 (Gibbens et al. 2005), where green denotes grassland and
red, taupe and tan represent xerophytic shrubs. The location of the study area is noted. (C)
Satellite view of the ca. 170 ha study area showing shrubland (C.1), ecotone (C.2) and grassland
(C.3) regions; within each region, the mean number of shrubs and mean total canopy area of
shrubs within 5 m of targeted grass patches is shown. The experimental design considered shrub
neighborhood configuration (number, size, and proximity of shrubs within 5 m of target grass
patches) a continuous variable.

Figure 2: Grass (B. eriopoda) annual aboveground net primary production (ANPP, g m-2 y-1) in
2015 as a function of Competition Index 2 (Table 1, using summed canopy area [cm2] of shrubs
[P. glandulosa] within 5 m of grass patches). Data were natural log transformed to achieve
normality.
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FIGURES
C

A

C.1
1

Number Shrubs = 7
Shrub Neighborhood Can. Area = 21 m2

C.2
2
B

3 km

Number Shrubs = 5
Shrub Neighborhood Can. Area = 12 m2

C.3
3

Approximate Study
Area

Number Shrubs = 2
Shrub Neighborhood Can. Area = 2 m2

Figure 1

117

118

6

Shrubs Killed
Shrubs Intact

Ln Grass ANPP (g m-2 y-1)

5
4
3
2
1
0
-1
-2
-3
4

6

8

10

Competition Index 2
Figure 2

118

12

14

