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ABSTRACT 

Water is a critical resource for which plants compete in many terrestrial 

communities.  In arid communities where water most limits plant growth, rainfall events 

occur in discrete, pulsed events.  These pulses of water create highly variable soil 

moisture availabilities.  Plant species respond differently to variation in soil water 

availabilities throughout a season and between years.  How species vary in their 

responses to a range of water availabilities is thought to influence community and 

ecosystem properties.  Many previously proposed hypotheses are not suitable to explain 

rapidly fluctuating resource availabilities or numerous input events throughout the 

growing season.  This dissertation uses variation in water availability as a model resource 

to examine how species characteristics influence the process of exploitation competition 

within plant communities.   

 Experiments were conducted to examine variation in growing season, exploitation 

competition between several pairs of co-occurring species in the Sonoran desert.  Three 

separate studies evaluated several components of community dynamics thought to be 

influenced by exploitation competition.  Spatial attributes of exploitation competition 

were assessed by measuring the performance of a deep-rooted species across the 

boundary of a natural expansion of a shallowly rooted species.  Then, neighborhood 

composition was varied for species of similar growth-form to address the affects of 

species characteristics to shifts in abundances under field conditions.  Lastly, species 

from the neighborhood composition study were placed under controlled, manipulated 

water availabilities to measure their fundamental operational conditions. 
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 Performances of plant species in all experiments were assessed using a 

combination of physiological and vegetative measurements, capturing the responses of 

the plants to both the dynamic growth conditions during the growing season, and 

integrated measures of plant performance post growth season.  A shared preference was 

found for all species, where the performance of all species was greatest when water was 

most available in the soil profile.  This work suggests the mechanism within a functional 

type by which plants coexist at various abundances is in part due to the variation in 

responses to temporal resource gradients.  The variation in availability of resources and 

the species composition within the community should be considered in studies of 

competition between plant species. 
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INTRODUCTION 

 

Competition in plant communities and physiological responses 

  As a ubiquitous force in plant communities, ecologists have sought to create a 

general understanding of how competition affects the structure and dynamics of plant 

communities across the globe (Grime 1979, Tilman 1982).  Though the details of the 

hypotheses have differed from one to another, there is agreement that a mechanistic 

understanding of competition will further the aims of community ecology (Craine 2005, 

Craine 2007, Grime 2007, McGill et al. 2006, Tilman 2007).  In particular exploitation 

competition has been viewed as an important component of plant-plant interactions.  A 

primary restriction on growth in terrestrial plant communities is resource limitation 

(Hairston et al. 1960, Harper 1977, Tilman 1982, Weaver & Clements 1938, D’Antonio 

et al. 2001).  Exploitation competition, by further reducing resources available to any 

given individual, should exert strong control over individual growth and plant community 

composition due to the importance of resource limitation (Grime 1979, Harper 1977, 

Tilman 1988).  The resources available to a plant can be highly variable (Schwinning & 

Elheringer 2001).  Differing frequencies and sequences of resource inputs can alter the 

outcome of competition.  From this, it then stands to reason that the outcome of 

competition in a community where the resource supply rates vary during the growing 

season will be the sum of a number of transient states as both dominance and resource 

supply shift in time.  Only by addressing the temporal variability of competition for 
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resources as they change can a general mechanistic and predictive understanding be 

reached.   

 Current empirical studies of competition do not often take into account the 

variation experienced by plants during the growing season (Aarsen & Keogh 2002).  

Unfortunately because of differences in assimilation efficiencies (Sage & Sharkey 1987), 

allocation ratios, and ontogenetic shifts (Bazzaz 1996, Poorter & Nagel 2000), these 

studies may not capture how different species’ responses to resource availability alter 

competitive dynamics.  Integrative measures of competitive outcome such as end of 

season biomass are most often used to determine the outcome of competitive interactions 

(Aarsen & Keogh 2002).  Species level responses can control competitive relationships, 

but do not necessarily directly correlate to the superior competitor achieving greater 

biomass (Bazzaz 1996). Using biomass as the sole measure of competitive interactions 

does not allow for the detection of the dynamics of directionality and relative intensities 

of competition.  Nor does it lend clues to the mechanistic underpinnings of competition 

between species.  Without addressing the dynamic components of communities, 

predictions about the outcome of competitive interactions can not be generated about how 

and if competitive outcomes will change under altered environmental conditions be they 

natural or anthropogenic.  Additionally, understanding how species appropriation of 

resources affects neighbor performance will provide a mechanistic understanding of how 

competition and resource supply may locally control dominance and abundance.   

Physiological measurements can provide a snapshot of the status of the plant at a 

given moment and can integrate time scales within a growing season.  The addition of 
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physiological measurements to the more traditional vegetation measurements such as 

biomass or growth rate allows for a more complete picture of how a plant is being 

affected by the presence of its neighbors.  As resources are reduced plants’ responses are 

detectible through the changes in their physiology.  Exploitation competition, simply 

stated, is the reduction in available resources to an individual attributable to the 

consumption of another individual of the same or different species.  This means 

exploitation competition will manifest itself physiologically via stress indicators similarly 

to a low resource environment (Chapin et al. 1987, Mooney 1976, Osmond et al. 1987).  

Variation in resource availability can be observed in the predictable changes in a plants’ 

physiology.  The predictability means measuring a plant’s physiology can yield 

consistent and accurate information about how different species respond to the same 

resource environment.  Physiological ecologists have been studying stress physiology for 

many years (Brix 1971, Chapin & Shaver 1985, Field & Mooney 1986, Lo Gullo & 

Salleo 1988).  The study of stress physiology has allowed descriptions of the 

physiological limits to the distributions of species across the globe (Osmond et al 1987, 

Robichaux & Canfield 1985, Sperry & Sullivan 1992).   Exploitation competition as a 

form of resource stress on the plants has most frequently been studied physiologically 

between functional classes (Eissenstat & Caldwell 1988, Eissenstat & Caldwell 1989, de 

Villalobos & Pelaez 2001, Weltzin & McPherson 1997).  These studies have shown the 

identity of neighboring plants can have significant affects on the performance and 

survival of target plants.   
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Though the previous work has been critical in our understanding of how 

functional types partition resources and coexist in a community and on the landscape, 

there are questions that remain about the limits to different mechanisms of coexistence 

between functional types.  A mechanism of coexistence often functions on some 

partitioning of resources in either space or time (Rosenzweig 1995).  These mechanisms 

are likely to breakdown if the total resources available are reduced, or if the differences in 

species use in space or time are reduced.  This also leads to the need for work to be done 

to understand how similar species such as within functional groups compete and coexist.  

Work has been done with similar species by measuring the limits of resource tolerances 

for co-occurring species to generate an understanding of competitive hierarchies in plant 

communities (Booth et al. 2003, D’Antonio et al. 2001, Fernandez et al. 2002, Nowak & 

Caldwell 1986).  This work has shown that dominance is not absolute, but only exists 

within the context of the other species in the community.  This relative dominance helps 

explain why species exhibit shifts abundance across landscapes, and why changes in 

conditions can alter species relative abundance within a community.  By including 

physiological measurements alongside of the more traditional vegetation measurements 

the timing of resource competition may be better understood, even between similar 

species.  This will help answer questions about how similar species coexist within plant 

communities, how species grow to abundance including invasive exotic species, and how 

rare species persist which will aid efforts to preserve endangered species. 

Exotic species invasions are a serious threat to biodiversity (D’Antonio & 

Vitousek 1992, Heywood 1989, Lonsdale 1999), generating interest in how exotic species 
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may affect the native species’ survival.  Many studies of exotic species cite competitive 

superiority as one of the driving factors allowing invasive spread (Burke & Grimme 

1996, Hamilton et al. 1999, Huenneke & Thompson 1995, Kolb et al. 2002, Levine et al. 

2003, Meyer & Florence 1996).  Though competition is one of the most frequently cited 

causes of exotic dominance, there is continued debate over whether or not competition is 

important in the spread and persistence of exotic species populations.  Several hypotheses 

regarding exotic species invasions have been proposed.  One widely accepted hypothesis 

is based on classical niche theory (MacArthur 1970, MacArthur & Levins 1967), and 

asserts exotic species fill an open niche.  Another hypothesis revolves around exotic 

species being “weedy” and “r selected” (Rejmànek & Richardson 1996).  The basis of 

this lies in a large number of exotic plant species existing where the disturbance regime 

has been altered by humans or the exotic species themselves (D’Antonio et al. 2001, 

D’Antonio & Vitousek 1992, Mack & D’Antonio 1998).  Yet another hypothesis to 

explain the success of exotic species is related to the ecological differences between 

native and exotic ranges.  This hypothesis proposes that due to long distance transport an 

exotic species leaves behind its predators and pathogens, freeing it to allocate more 

resources to competition (Crawley 1987, Elton 1958, Maron & Vilà 2001).  No matter 

which of these hypotheses may be at work in any given system, all would benefit from a 

mechanistic understanding of how the exotic species competes for shared resources with 

the natives in the area. 

Though studying how an exotic species attains its abundance will inform 

conservation efforts, this information will also be valuable for studying the community 
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and ecosystem consequences of exploitation competition.   Exotic species invasions 

provide a system with a relatively recent known increase in the abundance of a species in 

a community, making it easier to study how species interactions influence community 

dynamics.  Exotic invasions are perturbations to communities whereby ecologists can 

examine under natural circumstances the changes that take place within communities and 

decipher what the affects on a community are such as whether a new abundant species 

threatens persistence of only the old abundant species or the rare species as well.  The 

changes brought about by the introduction of any exotic species can be valuable in better 

understanding how species partition resources within a community and how species 

coexist. 

When exotic species are introduced a continuum of invasiveness is observed from 

creating near monocultures to the species only surviving with care in gardens (Rejmànek 

& Richardson 1996, Richardson et al. 2000).  However, invasiveness itself is not a 

characteristic of a species, as is illustrated by species that have been introduced into 

several locations and only persisted in a few (Dukes 2002, Lambrinos 2002).   These 

examples indicate that the neighborhood context and environmental variation can affect 

the outcome for an introduced species.  The end of the continuum which most concerns 

policy makers and land managers are those species which can grow to abundance in a 

community (D’Antonio & Mahall 1991, Meyer & Florence 1996, Williams et al. 1995).  

Do these abundant exotic species control resource use within the communities they have 

come to populate?  Are rare exotic species causing as great a per capita decrease in the 

performance of the native species?  These questions about how exotic species may persist 
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at the expense of the native species are often questions about the effects of exploitation 

competition.  Mechanistically understanding the underpinnings of exploitation 

competition will lead to predictions about the resource dominance any exotic species may 

have over the native flora. 

 

Water as a resource in dry environments 

 The study systems used in this dissertation research were located in arid and semi-

arid ecosystems of southern Arizona, U.S.A.  Due to the arid nature of theses ecosystems 

water was the resource of focus throughout this work.   Water was assumed to limit 

production under natural conditions experienced by the species studied here.  In arid 

regions water has been shown to be an important driver of community structure do to 

both spatial and temporal variability (Booth et al. 2003, Scholes & Archer 1997).  Both 

the degree of water deficit plants experience and soil moisture availability are relatively 

easy to measure. This allows for accurate assessments of the water available to individual 

plants.  Rainfall occurs in arid ecosystems in discrete rainfall events known as pulses 

(Noy-Meir 1973, Weltzin & Tissue 2003).  Between pulses, through evaporation and 

transpiration, moisture storage across the soil profile decreases.  This generates large 

differences in water available to plants throughout the growing season.  To separate the 

effects of environmental water variation and exploitation by neighboring plants on the 

observed responses of target plants, plots were placed near enough to each other to have 

the environmental inputs co-vary.  Pulsed inputs of resources provide a significant 

advantage in the nature of their timing.  They allow for fine scale assessments of 
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responses of plants and communities to specific resource availabilities (Schwinning & 

Elheringer 2001).  These fine scale assessments of plant responses to rapidly changing 

water availabilities can illicit various responses in plants, from increase in water status to 

photosynthetic rate increases, potentially generating fitness benefits.  The degree to 

which a species can make use of various pulses may be important in distinguishing how 

pulse driven communities are structured. 

This work assumed shared preferences for water availability in similar species.  A 

shared preference situation occurs when two or more species perform best under the same 

set of conditions.  Despite achieving their maximum performance under the same 

conditions, there will be variation in how each species responds to reduced resource 

availability (Levine & Rees 2004).  This generates a situation whereby the species which 

performs best under the ideal conditions may not out perform its neighbors as resource 

availability decreases.  In a shared preference scenario, co-existence can occur despite 

competition between species at all resource availabilities.  Measuring the intensity of this 

competition as the environmental conditions vary will yield important information about 

how plants compete for and dominate resource use within a community.  Shared 

preferences have been shown in many studies of species interactions in plant 

communities (Wisheu 1998).  The prevalence of shared preferences exhibited in plant 

communities makes understanding the details of how species respond to less preferred 

resource environments and the trade-offs experienced by species important to building a 

resource based understanding of species interactions.    In the case of the ecosystems 

studied for this dissertation work, the discrete nature of resources inputs associated with 
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the pulsed nature of water availability allows for exploration of plant responses across a 

range of suboptimal conditions.    

This dissertation contributes to understanding of the role of resource competition 

in plant communities as it relates to dominance, abundance and exotic species invasions.  

By utilizing the community abundance shifts associated with exotic species invasions this 

dissertation address the role exploitation competition for water plays in arid and semi-arid 

communities in determining species abundances.  This research utilizes physiological 

response variables in addition to vegetative measurements to assess the relative intensity 

of competition between species across the growing season to yield a greater 

understanding of mechanisms of coexistence and competition.  A primary goal of the 

research contained within this dissertation is to examine the physiological responses of 

species in response to the use of resources by neighboring species to address the role of 

exploitation competition in generating or maintaining species abundances within a 

community.   
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PRESENT STUDY  

 The methods, results, and conclusions to the following studies are presented in 

manuscript form as appendices to this dissertation.  The following describes the most 

important findings of the research performed for this dissertation. 

 

BUNCHGRASS EXPANSION IN AN ARID SYSTEM: BREAKDOWN OF 

SPATIAL MECHANISMS OF COEXISTENCE? 

 (The methods, results, and discussion of this study are located in Appendix A of this 

dissertation.  The following is a summary of the most important findings of that study.  

This manuscript will be submitted to Ecology for publication.) 

 Spatial partitioning of soil water is an important means of coexistence between 

functional types in arid and semi-arid systems (Burgess 1995, Scholes & Archer 1997, 

Walter & Stadelman 1974).  Water infiltration to deep soil layers allows deep-rooted, 

woody species to make use of water shallow rooted, herbaceous species cannot access.  

This generates the persistence of both functional groups in arid savanna-like systems.  In 

southern Arizona, the encroachment of buffelgrass (Pennisetum ciliare syn. Cenchrus 

ciliaris L.) into the woody and succulent dominated Sonoran desert constitutes a shift 

toward a savanna-like vegetation structure (Burquez-Montijo et al. 2002).  This region is 

more arid than that where the native savanna type vegetation bands occur, at higher 

elevation.  As the buffelgrass forms a continuous canopy of cover less water should 

infiltrate deep into the soil where the deep-rooted woody species will have exclusive 



 

 

23 

access to it.  This reduction in water available to the deep rooted species should be 

manifest in the deep-rooted species experiencing a persistent drought due to the presence 

of buffelgrass. 

 The objectives of this study were to examine the performance of paloverde trees 

(Cercidium microphyllum (Torr.) Rose & I. M. Johnston) a deep-rooted woody species as 

buffelgrass (Pennisetum ciliare) spreads forming a continuous grass canopy.  This study 

examined the aridity limits to effective two-layer water partitioning in arid systems.  

Trees within and away from the influence of buffelgrass were monitored for two years.  

In the second season focus was placed on growing season performance of the trees and a 

removal treatment was initiated.  A combination of physiological responses and 

vegetative measures was utilized to follow responses of the trees across the growing 

season to address when the trees might be most affected by the presence of buffelgrass. 

 This study was conducted in situ at the Desert Research Laboratory at Tumamoc 

Hill, in Tucson, Arizona, U.S.A.  Mature trees were selected by encounter both within 

and outside of natural invasion fronts of buffelgrass.  Subsets of these trees were 

randomly selected during each measurement period.  Each measurement consisted of 

measuring water deficit and gas exchange on the selected trees.  At the end of each 

season any loss of aboveground tissue was measured.  In the second season a removal 

treatment was performed on a randomly selected subset of the previously marked trees 

growing within the buffelgrass stands.  The same set of measurements was made on the 

removal trees as on the other trees. 
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 This research showed that the paloverde trees growing within the stands of 

buffelgrass were less responsive to small rain events.  This unresponsiveness is manifest 

in the water deficit experienced by the trees, with trees in the grass obtaining little to no 

benefit from small rainfall event.  The difference in water status between the trees 

affected by buffelgrass and those away from the grass was great enough to affect the 

photosynthetic rates.  The trees ability to self-prune branches in response to drought 

altered the root:shoot ratios in the trees and maintained water status of the remaining 

aboveground tissues at or near the level of the trees which had not undergone this branch 

loss.  The effectiveness of this drought adaptation was evident in the lack of differences 

between water potentials found between trees in the first season when most of the 

pruning occurred.  The greater supply from the larger root:shoot ratio was also apparent 

when water was available in the second season and the removal trees had better water 

status than either the trees growing in the grass or those away from the grass.   

 The two layer hypothesis, which in semi-arid systems functions to effectively 

partition soil water resources may have an arid extreme beyond which there is not enough 

rainfall to infiltrate beyond a grass layer to reach deep-rooted woody species.  The 

introduction and spread of buffelgrass into parts of the Sonoran desert may constitute 

such a situation.  The self-pruning response which allows paloverde trees to cope with 

naturally occurring drought may allow these trees to persist in the presence of buffelgrass 

by altering their root to shoot ratio and maintaining an adequate supply of water to the 

branches.  If the loss of branch tissue is great enough that too little photosynthate is 

available to maintain the roots, these trees may continue to self-prune until mortality.  
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Much work has been done on the two layer hypothesis relating to the effect of trees on 

the herbaceous layer, but little has been done examining the affect of the herbaceous 

layer on mature trees (Simmons et al. 2007).  The affect of the grass expansion in this 

ecosystem seems to prevent the penetration of soil moisture into the deep soil layers and 

cause the reduction and potential mortality of the most common deep-rooted, woody 

species.  Whether this will be typical for the arid extreme of water partitioning will likely 

depend both on the seasonality of water use in the herbaceous and woody species, and the 

timing and distribution of rainfall in the ecosystem.   

 

THE PHYSIOLOGICAL RESPONSES TO INTERSPECIFIC COMPETITION IN 

BUNCHGRASSES: A FIELD EXPERIMENT  

(The methods, results, and discussion of this study are located in Appendix B of this 

dissertation.  The following is a summary of the most important findings of that study.  

This manuscript will be submitted to Ecology for publication.) 

 Exotic species often experience a wide range of success in introduced ranges 

(Mack et al. 2000, Richardson & Rejmanek 2004).  Some of the species which 

experience very different success are closely related and therefore should have similar 

life history and functional strategies (Baskin et al. 1997, Burns 2004, Walck et al. 1999).  

This suggests that the variation between closely related species has implications for the 

success of species in various communities.  Species may attain abundance within a given 

community by various means.  Abundant species might be better at suppressing 

neighboring species which may involve exploitation competition.  Abundant species may 
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also be responding to similar conditions differently freeing them from the competition 

neighboring species engage in between one and other.  In southern Arizona two exotic 

congeners have been introduced which have achieved different abundances [Eragrostis 

lehmanianna Nees (widely abundant) and Eragrostis curvula (Schrad.) Nees (remaining 

uncommon)].  Congeners that vary in their abundance are useful in determining what 

responses lead to abundance, and how those responses differ from less abundant 

neighbors.   

 The objective of this study was to examine the effect of neighbor identity on the 

performance of three bunchgrass species across replicated invasion gradients.  This was 

done to assess the affects of an abundant versus rare exotic grass on a native grass 

species, and to examine any differences in the seasonal responses of the grass species 

under similar conditions.  This study tests if resource dominance can be equated to 

abundance in this system.  The grasses were followed for two growing seasons and their 

responses across the growing season and to neighbor identity and density were measured. 

 This study took place on the Santa Rita Experimental Range south of Tucson, 

Arizona in a desert grassland community.  A parallel replacement series set of plots were 

constructed.  The influence of two congener exotic grasses, one abundant (Eragrostis 

lehmanianna Nees) and one uncommon (Eragrostis curvula (Schrad.) Nees) were tested 

on a wide-spread native grass (Digitaria californica (Benth.) Henr.).  The replacement 

series maintained the total plant density and only varied the ratio of the native to one 

exotic species in any given plot.  There were three treatments with increasing exotic 

density, and one native monoculture treatment shared as a no-exotic control for each of 
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the exotic replacements.  Water deficit, soil moisture, chlorophyll fluorescence, and 

photosynthetic gas exchange were measured several times over the course of each of the 

two growing seasons on a subset of target plants in each plot.  At the end of each season 

the biomass and number of inflorescences were measured.  In the second season the tiller 

number was also counted. 

 The results showed no indication of water acting as a limiting resource by which 

species were able to suppress a neighboring species’ growth.  This study indicated the 

abundant exotic was less able than the uncommon exotic to decrease the performance of 

the native species per capita.  The density treatments did not illicit a response in the 

physiological responses of the native grasses.  The identity and presence of the exotic 

alone was enough to generate variation in the physiological responses of the native grass.  

This suggests for the physiological response there was not a strong affect of population 

density on suppressing the performance of the native grass.  This was contrary to the 

cumulative responses represented by vegetative measurements collected at the end of the 

growing season, where increasing density did alter the response of the native grass.  This 

suggests that the native grass may be sensitive to the presence of the exotics, particularly 

the uncommon exotic, but that it has mechanisms that in the short term are able to 

maintain some function as long as the density of the grass is not too great.  The exotic 

species did not respond similarly across the season.  The uncommon exotic and the native 

responded similarly to one and other, but the abundant exotic differed in its water deficit 

and fluorescence values as a variant of seasonality.  This may indicate that the abundant 

exotic is escaping the competition the other two species experience with each other, or 
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that the abundant exotic is employing a different strategy which is more conductive to the 

temporal variation of the environmental conditions.  The similarities between the native 

and uncommon exotic may in part explain why the native responded more severely to the 

presence of the uncommon exotic than to the abundant exotic.   

 This study illustrates that abundance on the landscape does not directly equate to 

greater dominance over competitors at the neighborhood scale.   There may be multiple 

factors that can lead to abundance on a landscape.  Abundant species may be able to be 

abundant by avoiding competition and utilizing resources differently than neighboring 

species.  This does not necessarily constitute dominance over the resources in the system.  

The uncommon exotic through its similarity with the native species was better able to 

suppress the native species well, despite its low abundance on the landscape.  This study 

has implications for our understanding of community structure by examining the timing 

of competition and sensitivity of multiple response variables to the presence and increase 

of neighboring species.  Unlike what might be predicted, the differences in competition 

between the native and exotics were most pronounced in the middle of both growing 

seasons.  This is not the point in the season when there is most growth and more available 

resources, nor it is when the species are reproducing and there are fewest resources.  The 

sensitivity of the response variables to the density changes in neighbor abundance 

differed indicating different allocation in the native species to similar carbon inputs as the 

density of the exotics increased.   
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PHYSIOLOGICAL RESPONSES OF BUNCHGRASSES TO WATER 

AVAILABILITY: ROLE OF RESOURCE VARIATION  

(The methods, results, and discussion of this study are located in Appendix C of this 

dissertation.  The following is a summary of the most important findings of that study.  

This manuscript will be submitted to Oecologia for publication.) 

 

 Plants tend to require similar resources from their environment.  These resources 

vary in time and plants must cope with this variation as they grow.  Fundamental trade-

offs experienced by plants prevent them from attaining their greatest benefit at all 

resource availabilities.  This generates a situation whereby all species are likely to prefer 

similar resource conditions (termed ‘shared preferences’).  Under a shared preference 

situation the responses of species to non-preferred conditions establish the degree of 

competition between species and potentially their abundance in a particular community.  

By examining the responses of species across a resource gradient when they are not in 

competition for resources, a response curve similar to the fundamental niche for a species 

to that resource can be generated.  When several of these are combined and compared in 

an artificial community, predictions can be made about how these species will interact 

under different conditions.  If co-occurring species are used the results can be compared 

to dynamics in natural settings. 

 The objective of this study was to evaluate the variability in responses of co-

occurring bunchgrass species as soil water availability changed.  A dry-down experiment 

and pulse application experiment were conducted to test the responses of three 
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bunchgrass species from a field study when not in competition.  Two African congeners 

were tested, one abundant in the introduced range (Eragrostis lehmanianna Nees) and 

one which is uncommon (Eragrostis curvula (Schrad.) Nees).  A wide-spread native 

species to southern Arizona was also tested (Digitaria californica (Benth.) Henr.).  The 

responses of these species to water availability will indicate conditions under which each 

species performed best, and how the species respond to non-preferred conditions.  This 

study also tested the operating range of these species, and combined with the above, 

generated predictions that can be modeled as to when each of these species should out 

perform the other species based solely on the responses to water availability. 

 This study was conducted on three naturally co-occurring bunchgrass species in 

0.5m tall PVC columns in a greenhouse, in native soil.  Each of the species was seeded 

into the columns directly, and thinned to one individual.  Each individual was grown 

alone under well watered conditions.  The grasses were grown to maturity, as determined 

by having flowered.  Two experiments were performed.  The first was a dry-down 

experiment, where the plants were allowed to dry until they reached their photosynthetic 

compensation point.  The second experiment was a pulse application experiment where a 

simulated 15 mm rainfall event was applied.  The pulse experiment continued only until 

an individual reached photosynthetic compensation point following a rapid up-regulation 

of function.  During each of the experiments a suite of physiological measurements were 

made along with soil moisture measurements. 

 The three bunchgrass species tested all attained their highest performance under 

the highest water availability, but varied in the maximum net assimilation achieved and 
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response to increasing drought conditions.  A trade-off was exhibited between maximum 

potential photosynthetic rate and photosynthetic performance under low water 

availabilities (e.g., drought tolerance).  The exotic congeners performed similarly across 

the dry-down experiment, with high maximum photosynthetic rates and low tolerance to 

drought when compared with the native species.  The abundant exotic varied in response 

to the uncommon exotic midway between the maximum photosynthetic rate and 

photosynthetic compensation points of the exotic species.  The exotic species maintained 

their photosynthetic machinery to a greater extent than did the native species as measured 

by chlorophyll fluorescence as water availability decreased.  All species exhibited similar 

maximum photosynthetic rates to the pulse experiment and similar times to reach the 

maximum rate.  This indicates the species had similar times for up-regulation. 

 The shared preference case exhibited by the bunchgrasses tested here creates a 

situation where by the time-depth distribution of soil moisture availability over a growing 

season can alter which species is most abundant.  The differences exhibited by these 

species indicate that each has the potential to out perform the other species tested as soil 

moisture varies.  If the conditions were constantly maintained at any point where one of 

the species achieved significantly greater photosynthetic rates than the other species it 

would have the potential to displace the species which do not perform as well under those 

conditions.  For the abundant exotic and the native species these conditions would not be 

where their growth and performance were maximized.  This case illustrated the potential 

of shared preference situations to be important in a case of exploitation competition in 

structuring the abundance and possibly distribution of plant species in a community.  This 
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work also illustrates that there may be limits to similarity which can be detected for use 

of a single resource.  However, if water does play an important role in the abundances of 

these species on the landscape in southern Arizona then the small differences between the 

two exotics appear to be ecologically significant. 
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Abstract 

Water partitioning is a frequently cited mechanism promoting functional type coexistence 

in arid and semi-arid systems.  The introduction of buffelgrass (Pennisetum ciliare), a 

perennial summer active, C4 grass to the Sonoran Desert has dramatically altered the 

structure of vegetation, promoting the expansion of savanna.  The shift from a 

woody/succulent dominated community to a savanna like vegetation has the potential to 

alter water relations and persistence of native species.  This study examines the effect of 

the presence of buffelgrass on the performance of a native tree species, Cercidium 

microphyllum (paloverde) at Tumamoc Hill, Arizona, USA.  During the 2002 and 2003 

growing seasons, we measured a combination of vegetative and physiological parameters 

on trees from either side of a natural buffelgrass invasion front.  Paloverde showed no 

differences in pre-dawn water potential throughout the season when co-located with 

buffelgrass, but showed significantly greater branch die-back.  Experimental removal of 

buffelgrass resulted in improved pre-dawn water potentials during the growing season, 

and following the summer dry-down as compared to trees surrounded by buffelgrass.  

The less negative water potentials translated to greater rates of net photosynthesis.  By 

the end of the 2003 growing season, the trees growing co-located with buffelgrass 

exhibited greater water stress as compared to both the removal experiment and the 

paloverde growing in native conditions, suggesting that these trees may have reached a 

point where altering root:shoot relationships can no longer compensate for changes in soil 

water status.  The logical conclusion is that these trees are at risk of mortality, should the 

current, protracted dry conditions in the Sonoran Desert persist.  This study suggests a 
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continuous canopy layer of buffelgrass may negatively impact the performance of deep 

rooted woody species in the Sonoran Desert and alter functional type representation on 

the landscape. 

 

Keywords: Cercidium microphyllum, paloverde, Pennisetum ciliare, buffelgrass, Sonoran 

Desert, water partitioning, ecophysiology, self-pruning 
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Introduction  

Competition is often found to be important in determining the composition of 

plant communities (Aarsen & Epp 1990, Connell 1983, Goldberg & Barton 1992, 

Schoener 1983).  Despite low total plant cover and density, competition has been 

reported to be important in arid systems (Fonteyn & Mahall 1978).  Changes in the 

number or density of individuals at the plot scale can have significant impacts on 

neighboring individuals by altering patterns of resource availability in soils.  In arid and 

semi-arid ecosystems water is often a limiting resource for plant growth and survival 

(Fonteyn & Mahall 1978, Toft 1995, Walter 1962).  Thus, many hypotheses concerning 

competition and coexistence in these regions include details and dynamics of plant water-

use.  In semi-arid systems, one of the best supported means by which coexistence 

between functional types comes about is by the vertical partitioning soil water by depth, 

often referred to as the two layer hypothesis (Walter and Stadelman 1974).  Though 

originally developed to explain the coexistence of grasses and trees in savannas, the 

hypothesis has been applied to many systems and for a wider variety of functional types 

(Burgess 1995).  The successful partitioning of soil water in a semi-arid system is thought 

to reduce direct competition through the specialization of functional types across the soil 

profile.  Evidence has been found supporting this mechanism of coexistence between 

functional types in many dryland ecosystems (Brown & Archer 1990, Hesla 1985, Knoop 

& Walker 1985, Sala et al. 1989). 

Though soil profile partitioning by functional types can facilitate coexistence, it 

does not eliminate competition for soil water altogether.  During the process of 
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infiltration, or along the ontogenetic trajectory of plant establishment, plant rooting 

profiles can overlap, resulting in direct competition.  Additionally, a loss or gain of a 

functional type in a community can alter the survival and performance of the other 

functional types by changing the amount of water that reaches particular soil layers 

(Simmons et al. 2007).  Changes in functional type diversity have been occurring in the 

southwestern Unites States since the post glacial period (Swetnam et al. 1999). Past 

changes in vegetation can only illustrate the rates of change, presence or abundance of 

species.  To address mechanisms underlying contemporary vegetation shifts ongoing 

transitions must be scrutinized.   The rapid introduction and spread of exotic species 

provides an opportunity to evaluate how differences in functional type representation 

may influence community composition, species diversity and ecosystem processes 

through altering patterns of soil water partitioning. 

 In the Sonoran desert, buffelgrass (Pennisetum ciliare syn. Cenchrus ciliaris L.) is 

rapidly converting large areas of woody and succulent desert into savanna-like 

physiognomies (Franklin et al. 2006).  Buffelgrass is a perennial warm season, C4 grass, 

similar to the minor component of perennial grasses native to the Arizona Upland 

Subdivision of the Sonoran desert.  Following invasion by buffelgrass, a near-continuous 

summer-active perennial grass layer shifts the functional type dominance away from 

woody and succulent species (Turner & Brown 1994).  While many locations have been 

intentionally converted by direct seeding (Burquez-Montijo et al. 2002), buffelgrass can 

also spread rapidly into areas by natural dispersal.  The spread often co-occurs with 

changes in fire disturbance or grazing pressure, making the direct effects of grass 
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invasion on native plant species difficult to evaluate.  The increased likelihood of fire due 

to dense grass cover also alters the dominance of the mostly fire sensitive species native 

to the Sonoran desert (Burquez-Montijo et al. 2002).  It is clear that buffelgrass does not 

invariably require these disturbances to successfully encroach on native Sonoran desert 

vegetation.  A simple consideration of the two layer hypothesis predicts that there should 

be little effect of this increase in grass cover on large deeply rooted, overstory woody 

species (as compared to other understory natives) due to soil water partitioning.   

However, the high annual biomass production of buffelgrass creates the potential for 

greatly increased transpiration losses of soil water immediately following rainfall, 

thereby affecting the time-depth distribution of soil water available for deep rooted native 

plant use, especially during periods of low water availability, like the contemporary wide-

spread drought.   

 This study assessed the influence of buffelgrass on the performance of the foothill 

paloverde (Cercidium microphyllum (Torr.) Rose & I. M. Johnston) a common tree in 

much of the Sonoran desert.  This study focuses on water as a limiting resource due to the 

arid nature of the environment and the potential for nitrogen fixing associations of the 

paloverde trees, members of the Fabaceae.  We tested the hypothesis that high densities 

of buffelgrass can intercept sufficient percolating water to create water stress in the 

paloverde trees.  We tested this hypothesis, by evaluating the physiological status of the 

trees growing within recently invaded stand of buffelgrass, and in intact Sonoran desert 

systems lacking the invader.  We expected greater plant water deficit, as measured by 

pre-dawn plant water potential values, and reduced photosynthetic gas exchange 
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performance of the trees located within the grass stands.  We additionally performed a 

removal treatment experiment to directly evaluate the effects of buffelgrass cover on a 

subset of paloverde trees.  The performance measures of the trees were compared to 

assess the effects of non-native perennial grass presence on the performance of native 

trees. 

 

Methods 

Study site and plant species characteristics 

 This study was conducted on the hill slope of Tumamoc Hill in Tucson, Arizona 

(32°13′ N, 111°01′ W), at the Desert Laboratory.  The Desert Laboratory has been an 

ecological research site since 1903, and ungrazed since 1907 (Shreve 1929).  The long 

record of data ensuring certainty that no recent disturbances, i.e. fire or grazing, at the 

selected field sites have occurred.  The vegetation is typical for the Arizona Upland 

Division of the Sonoran desert, being dominated by Saguaro cacti (Carnegia gigantia 

(Engelm.) Britton & Rose) and paloverde trees.  Rainfall averages 300 mm per annum 

with half of the total arriving in summer thunder storms from July through September 

(Bowers & Turner 1985).  The hill is composed of tertiary volcanic material including 

rhyolotic tuff and basalt (Tolman 1909).  The soils on the steep hill slopes where the 

study took place are composed of shallow clay-rich soils and basaltic boulders (Philips 

1976).  The composition in many places is reminiscent of a bolder field.  At a depth 

between 0.1 and 0.7 meters beneath the study sites there is a cement-like layer of calcium 

carbonate locally termed caliche. 
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   Buffelgrass (Pennisetum ciliare) appeared on Tumamoc Hill during the 1980’s 

and subsequently has spread across the entire hill slope (Bowers & Turner 1985).  

Buffelgrass was intentionally introduced to the Sonoran desert as a range enhancement 

species from Kenya to Texas, U.S.A. in the 1960’s (Ibarra-F et al. 1995) and has been 

seeded throughout Sonora and southern Texas, U.S.A.  Buffelgrass has been estimated to 

cover up to 8% of the area in Sonora where it has been most heavily seeded, and is 

associated with a reduction in woody plant cover (Franklin et al. 2006).  The combined 

effects results in a rapid shift in functional type dominance over a vast area.  Buffelgrass 

is a C4 grass and active during the summer rainy period, though wet conditions 

throughout the year can induce some leaf growth.  On Tumamoc Hill buffelgrass has 

invaded in the absence of fire or grazing.  In 1983 a survey of the vegetation including 

presence of exotic species was conducted on Tumamoc Hill and only a few sites with 

buffelgrass were found (Burgess et al. 1991).  Despite the lack of fire, grazing, or 

roadside edge effects buffelgrass had spread extensively by 2004 (Bowers et al. 2006). 

Paloverde trees (Cercidium microphyllum) are a deep rooted, woody species 

endemic to the Sonoran desert and are common on the field site (Shreve 1951).  These 

trees have drought deciduous leaves and photosynthetic bark.  They flush new leaves in 

response to water availability, most commonly to the summer rains, though wet 

conditions in the spring will also cause leaf growth.  Paloverde trees are characteristic of 

upper Sonoran desert vegetation where they are can be the sole tree species in the 

community on hillsides.  Additionally they act as nurse plants for other desert plant 

species, including the co-dominant saguaro cactus (McAuliffe 1984).  There are smaller 



 

 

53 

woody species such as Lycium berlandieri and Acacia constricta which are far less 

abundant than the paloverde trees. 

  Two sites were chosen at active invasion fronts of dense buffelgrass stands, one 

on the east face of the hill the other on the west face.  Both sites were similar in soil type, 

slope and elevation (≈1050m).  Twenty trees were randomly selected within each grass 

stand along with 15 nearby trees in locations that lacked buffelgrass.  In the second year 

five randomly chosen trees were selected from each of the two buffelgrass invaded plots 

for the removal treatment.  The grass was hand pulled to clear to an area two meters out 

from the drip line of the canopy, and maintained with hand pulling throughout the 

experiment. 

 

Field Sampling  

 On a semi-monthly basis in 2002, we made a set of physiological measurements 

on a subset of marked paloverde trees, both growing in and outside of the buffelgrass 

cover.  In 2003 we focused our sampling on the summer rainfall season when the 

buffelgrass was primarily active.  On each sampling date, ten trees were randomly 

selected within the buffelgrass and control plots and sampled.  Due to the highly rocky 

nature of the soil, underlain with a cement-like, ‘caliche’ layer, and the depth of the tree 

roots, direct and relevant soil moisture values across the rooting zone of the paloverde 

trees were unattainable.  To evaluate if the trees were experiencing a reduction in water 

status at the tissue level, predawn water potential (Ψpd) measurements were conducted 

using the pressure chamber technique (PMS Instruments, Corvallis, OR, USA; Sholander 
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1965).  In addition to the water deficit measurements, midmorning gas exchange data was 

collected on the trees.  The gas exchange measurements were made using a Li-Cor 6400 

field portable, open-path photosynthesis system (Li-Cor Incorporated, Lincoln, NE, 

USA).  Cuvette conditions were set for light to be saturating (2000 µmol m
-2

 s
-1

), with 

CO2 concentrations at ambient (370 ppm) and air temperature and relative humidity to 

track ambient conditions of each sampling date.  The chamber settings were set to capture 

the maximum photosynthetic rate of carbon fixation the trees could be expected to 

achieve under natural conditions as a function of season.  Net photosynthetic carbon 

assimilation was used as a measure of the performance of the paloverde trees because 

photosynthesis is likely to have direct effects on the fitness of autotrophes.   

We measured patterns of self pruning (branch die-back) in these trees as the 

fraction of total branch tissue by volume that senesced within a given year.  Paloverde 

trees readily reduce branch number in response to unfavorable growing conditions 

(Shreve 1914).  This whole plant vegetative response may be an important adjustment of 

plant water status, given a regime of soil moisture and above-ground to belowground 

relative values of plant activity.  This measurement was conducted once at the end of 

each of the two summer growing seasons. 

 

Removal Experiment 

In February of 2003, before the beginning of the second summer growing season 

a buffelgrass removal treatment was applied to ten randomly selected, previously marked 

trees.  The buffelgrass was hand pulled from around the bases of the tree to two meters 
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out from the dripline of the canopy edge.  These trees under went the same set of 

measurements as was recorded in the previous season.  Fewer measurements were made, 

focusing on the period of activity of the buffelgrass as this should correspond to the time 

of greatest impact on the performance and water status of the paloverde.  The density of 

buffelgrass growing near the paloverde trees was estimated from the grass pulled from 

the removal experiment.  After harvesting the buffelgrass from around the bases of the 

selected paloverde trees the grass was air dried in a glasshouse for 2 months at 40ºC.  The 

biomass was then separated into new and old growth and the new growth from the 

previous season was weighed.  This biomass measure was used as an estimate of the mass 

of the annual production of new transpiring tissue with which the paloverde trees must 

compete for water. 

 

Analyses 

 There were no detectable differences in any of the measured vegetative or 

physiological response variables from trees growing on eastern or western aspects of the 

hill slope, so statistical tests were performed on the pooled data relating only to the 

presence of buffelgrass.  We used a one way analysis of variance (ANOVA) to assess any 

differences between treatments for each of the measurement variables, at each of the 

measurement dates using JMP 5.1 statistical software (SAS Institute Incorporated, Cary, 

NC, USA).  The measurement dates were compared separately to assess when during the 

growing season any effects of buffelgrass cover were apparent on the paloverde trees.  

Seasonal responses to water deficit were analyzed using an ANOVA with a time by 
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treatment interaction.  Due to the differences in rainfall for each of the measured years 

(Figure 1) no comparisons were made between years, though the overall seasonal pattern 

was similar. 

 

Results  

Water deficit 

The overall pattern of water deficit in the paloverde trees tracked the seasonal 

changes in water availability associated with the fore-summer drought and summer 

monsoon rains typical of southeastern Arizona (Figure 2).  The seasonal pattern was as 

would be expected from previous studies, with the exception that the greatest water 

potentials were observed during the summer rains and not during the winter (Szarek & 

Woodhouse 1978).  The pre-dawn water potential data for the first season showed no 

significant overall differences in how the two treatments responded to water availability 

across the growing season.  Only the late-monsoon measurement differed significantly 

between the two treatments with the trees growing within the buffelgrass having better 

water status (-2.31 MPa) than those trees growing outside of the buffelgrass patches (-

2.69 MPa, p = 0.0251).   

During the second growing season paloverde trees growing within all three 

treatments had similar water potentials after the first of the summer rains (-4.3 to -4.6 

MPa, p = 0.5362, Figure 2).  As the summer rains continued, all trees experienced higher 

water potentials with the trees in the removal treatment having significantly lower water 

potentials (-1.0 MPa) as compared to the other two treatments (-1.3 MPa, p = 0.0009).  
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The post-monsoon measurement showed the removal trees to be experiencing higher 

water potentials (-2.02 MPa) than the trees within the buffelgrass (-2.54 MPa).  The trees 

outside of the grass invasion had a water status similar to the removal trees (-1.98 MPa, p 

= 0.0003).   

 

Branch dieback and buffelgrass biomass  

The data for branch dieback showed that in the dry first year there was a 

significantly greater branch tissue loss in the trees co-located with buffelgrass than trees 

outside of the grass (p = 0.0258, Figure 3).  The same analysis for the data from the 

second wetter year showed no differences between any of the treatments.  The biomass 

per square meter attained in one season on average under the trees in the study was 

46.55g/m
2
 and similar to a dry year observed in a large study of buffelgrass biomass 

production (Martin et al. 1995). 

 

Gas exchange 

The behavior of the stomata to drying conditions measured as pre-dawn water 

potentials varied between the paloverde which co-occurred with the buffelgrass and those 

which were growing under native conditions in 2002 (Figure 4).  The trees growing 

within the buffelgrass stands were closing their stomata at higher water potentials but 

then not closing them as completely as the water potentials continued to become more 

negative.   
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During much of the second season the trees had similar values of stomatal 

conductance and mid-morning rates of net assimilation.  In the peak monsoon 

measurement period of the second season, the trees within the grass exhibited a similar  

pattern to the first season, with somewhat greater stomatal conductance than the trees 

growing without grass at their bases, though the trees in the removal group were 

intermediate between the other two groups (Figure 5, p = 0.0075).  In the fall of the 

second season the net assimilation rates varied between the treatments with the removal 

treatment having a significantly greater mid morning net assimilation rate than the trees 

in the grass, with the trees in the group away from the grass exhibiting assimilation rates 

between the values for the other two cover treatments (Figure 6 , p = 0.0272). 

 

Discussion  

We tested the idea that the development of a continuous canopy of summer active 

grass species (buffelgrass) will negatively affect the performance of the deep-rooted 

woody native species (paloverde) using observations from a system undergoing invasion 

by the grass and by implementing a removal treatment.  We predicted that the greater 

activity of the bunchgrass during the summer growing season, as compared to the 

previously co-occurring native species would result in a break-down the vertical 

partitioning of soil water and negatively influence plant water status for the paloverde.  

Evidence for the negative impacts of buffelgrass on paloverde trees was found in the 

accelerated branch die-back for trees associated with buffelgrass locations in 2002 and 

decreased water status of the trees in 2003, which was alleviated by the experimental 
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removal treatment.  We also found that trees with greater water deficit also experienced 

lower rates of photosynthesis, but ironically, similar stomatal conductance, for the trees 

co-located with buffelgrass.  Taken together these findings suggest that the presence of 

buffelgrass is negatively affecting the performance of the paloverde trees, and the likely 

underlying mechanism is a reduction in water availability as a result of the vegetation 

transformation in the understory of these trees.  There are numerous ways in which a 

reduction in the hypothesized deep soil water availability could affect photosynthesis.  

The purpose of this study was not to disentangle the mechanistic means by which a 

reduction in photosynthetic rate might occur but simply to demonstrate whether a 

physiological response to the presence of a new grass canopy layer decreased the ability 

of the paloverde trees to productively fix carbon. 

In 2002, paloverde growing within the buffelgrass showed a trend toward greater 

branch tissue loss.  This pattern was not observed in the second season, which may be 

attributable to the greater summer rainfall that year, or a loss of the capacity for the plant 

to compensate for changes in soil water availability with shifts in root:shoot relationships.  

This self-pruning of branches in paloverde has been observed in response to drought 

(Shreve 1914).  In the current case, branches of the trees co-located with buffelgrass were 

likely reducing aboveground gas exchange surfaces relative to belowground resource 

acquisition in order to maintain a favorable water status.  This in part would explain the 

similarity in plant water potentials between the paloverde associated with and without an 

understory of buffelgrass in 2002.  Branches that are undergoing self-pruning have been 
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found to have greater stomatal conductances than non-pruning branches (Mahall & 

Wilson 1986), similar to that found in this study.    

The results for water potential from first season indicated there was no difference 

for the paloverde trees growing within the buffelgrass and those which grew away from 

the buffelgrass at any point during the season.  When coupled with the data gathered on 

the percent of newly dead material, in which trees in the buffelgrass showed a trend 

toward greater branch loss, the maintenance of water status through the growing season at 

the branch level is not surprising.  During the first season no measurement period 

captured a pronounced drought that may have induced branch loss.  The water deficit 

over the second season which combined a removal treatment indicated the removal trees 

had significantly less negative water potentials than the other two treatments experienced 

during the post monsoon measurement period.   

The improved water status of the removal trees when compared with those within 

the buffelgrass patches is expected if the presence of the non-native grass was reducing 

soil water availability and affecting paloverde performance.  Additionally, the improved 

water status of the removal trees when compared with the trees co-located with native 

vegetation would be expected if these trees had experienced a shift in belowground to 

aboverground patterns of allocation (e.g., the self-pruning from 2002).  The difference in 

water potentials between the trees in the removal treatment and those trees growing in 

association with the buffelgrass continued into the fall, but paloverde with a native 

understory had equivalent plant water potentials to the removal trees by the fall of 2003.  

The occurrence of two late, small rain events  totaling 11 mm, shortly before the fall 
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measurement period may have caused the improvement of the trees with no grass at their 

bases as compared to those trees growing within the grass patch, which likely were 

reducing the volume of this surface water.  This leads to the hypothesis that buffelgrass 

inhibits the uptake of small rainfall events by paloverde to a greater extent than large 

rainfall events, since the proportional loss through intercepted water that is immediately 

evaporated to the atmosphere and that taken up by the grass is greater as compared to 

those proportions for larger rainfall events.  As such, the current drought, which has 

affected both the number and the size of summer rainfall events may also be contributing 

to the manner in which buffelgrass influences overstory woody species. 

 This study indicated that the addition of a dense grass layer to an arid shrubland 

can potentially impact the performance of existing trees or shrubs.  An important 

consequence of this is the idea that the encroachment of buffelgrass may, without other 

disturbance cause a general decline in deep-rooted woody species in the Sonoran desert.  

The effects were not consistent across the season, which suggests that climate or the 

ability of trees to apply compensatory mechanisms may play an important role.  Periods 

where the shallow soils were most wet or when there were small rainfall events 

exacerbated the negative effect of the grass on the paloverde trees.  This is due to a 

combination of the pulsed nature of rainfall in deserts and the differences between 

rooting depths in grasses and woody species (Noy-Meyer 1973, deWitt 1960).  The more 

infrequent the rains or the smaller the events the more the grass species will inhibit the 

water from reaching the deeper soil layers, and negatively affect the performance of the 

woody species.  The effect of the grass layer on the woody species in this system may 
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constitute an arid extreme at which soil moisture can effectively be partitioned by woody 

and herbaceous species, and introduction of novel functional types without a long co-

evolutionary history suggest that this coexistence is not stable in the presence of mixing 

floras.   

 The encroachment of grass species and other herbaceous species into arid regions 

has the potential to alter the vegetation structure.  In the location of this study the grass 

encroachment was predicted to convert woody/succulent desert scrub into a savanna like 

vegetation.  The influence the grass canopy has on the performance of the woody species 

could convert the area into a grassland displacing more species than predicted.  In arid 

systems globally the introduction of herbaceous species has the potential to generate 

similar vegetation shifts.  This pattern could be exacerbated by changes in precipitation 

regimes predicted under global change.  The timing and size of rainfall events influences 

the depth of infiltration (Schwinning & Sala 2004).  If global climate change reduces the 

total rainfall or the number or frequency of large events the effects of herbaceous species 

in these systems would be magnified. 
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Figure 1 – Tumamoc Hill daily rainfall distributions for 2002 and 2003. 
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Figure 2 – Predawn water potential of paloverde trees (MPa) for 2002 and 2003, 

collected with Scholander pressure chamber.  Open symbols trees growing in grass, 

closed symbols trees growing away from grass, and triangles trees with grass removed.  
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Figure 3 – Branch loss do to dieback on paloverde trees in 2002.  
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Figure 4 –  Predawn water potential versus stomatal conductance in paloverde trees 

across two measurement seasons.  Open symbols are trees growing within grass patches, 

and closed symbols are trees outside of grass patches. 
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Figure 5 – Stomatal conductance in 2002 and 2003, collected with Li-6400 portable 

photosynthesis system.  Open symbols are trees growing in grass, closed symbols 

represent trees growing away from grass, and triangles are trees with grass removed. 

Stomatal Conductance vs. Time of Year

S
to

m
a
ta

l 
c
o

n
d
u

c
ta

n
c
e

 (
m

m
o

l 
m

-2
 s

e
c

-1
)

-0.2

0.0

0.2

0.4

0.6

0.8

Without buffelgrass

With buffelgrass

Time of year

Jan  Mar  May  Jul  Sep  Nov  

-0.2

0.0

0.2

0.4

0.6 Without buffelgrass

With buffelgrass

Buffelgrass removed

2002

2003



 

 

76 

Figure 6 – Photosynthetic rate for 2002 and 2003, collected with Li-6400 portable 

photosynthesis system.  Open symbols are trees growing in grass, closed symbols 

represent trees growing away from grass, and triangles are trees with grass removed. 
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Abstract 

 The abundance a species attains within a community may be attributable to 

numerous factors.  Abundant species are often considered to be superior competitors and 

resource dominants.  There are numerous cases of exotic invasive plant species attaining 

high abundance in introduced ranges, which implies that their ability to compete is 

important in structuring the community dynamics.  However, there are important 

exceptions associated with plant species abundances when introduced to novel locations.  

When closely related species are introduced into the same novel community differences 

in final abundance are sometimes observed.  Since closely related species are assumed to 

possess similar life history and competitive strategies, differences in abundance are 

surprising.  To examine the mechanisms by which species may determine abundance in 

natural settings, this study measured the seasonal responses of two exotic congeners in a 

southern Arizona grasslands and their effect on a native grass species.   

    Replacement series were used to simulate an invasion gradient.  Previously invaded 

grassland was cleared and then planted with density treatments.  The grasses were 

monitored for two years.  The responses of each of the three species were measured with 

a combination of vegetative and physiological measurements.  Unexpectedly, the 

uncommon exotic exhibited a greater per capita ability to suppress the growth and 

performance of the native grass than did the abundant exotic.  This response did not 

appear to be mediated by water availability.  Additionally, the performance of the native 

grass was influenced by the presence of the exotic species but not by an increase in exotic 

density.  The two exotic congeners exhibited different seasonal responses.  The native 
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grass’ seasonal response was similar to that of the uncommon exotic.  This similarity may 

indicate grater overlap in resource use between the uncommon exotic and the native 

species, which may in part account for the greater suppressive ability of the uncommon 

exotic on the native.  This study indicates abundant species may not be most able to 

suppress their neighbors.  Abundance may be attained by employing a different strategy 

which allows the abundant species to avoid much of the competition faced by its less 

common neighboring species.   

 

Keywords: Eragrostis lehmanianna, Eragrostis curvula, Digitaria californica, 

ecophysiology, competition, neighborhood affect, abundance 
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Introduction 

Competition for resources is considered important to limiting terrestrial plant 

productivity (Harper 1977, Tilman 1982, D’Antonio et al. 2001).  Because of the limiting 

nature of resources plant species which are abundant in terrestrial communities are 

frequently assumed to be the dominant species, implying they are suppressing 

neighboring species.  The mechanism by which this suppression occurs has been 

attributed to the ability to lower resources below that which neighboring species require 

to persist (Tilman 1982, 1988).  Variability in resources across both space and time has 

been shown to facilitate coexistence (Chesson et al. 2004, Rosenzweig 1995).  This has 

often been shown in arid and semi-arid systems where variation in water use has been 

suggested as a mechanism of coexistence between species (Chesson et al. 2004, 

Schwinning & Sala 2004).  However, much of the work conducted examining 

coexistence and water use in arid communities relies on species having pronounced 

differences in extraction and use strategies (Burgess 1995, Schwinning & Ehleringer 

2001, Walter & Stadelmann 1974).  As species become more similar their niches are 

expected to overlap to a greater degree and difficulty arises in utilizing some of the 

hypothesized mechanisms of coexistence (Shmida & Ellner 1984, Williamson 1957).  

The coexistence of similar species may hinge upon finer scale variation in resource 

supply or may depend wholly on mechanisms that have not been necessary to consider 

when different functional groups are compared.  Within groups of functionally similar 

communities of plants there is wide variation in the abundance of various species.  This 

variation may in part be due to the ability of some species to reduce resources below that 
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of their neighboring species, and thereby grow to abundance through which these 

hypotheses can be tested. 

Introduced species experience a wide range in abundance after introduction 

similar to the range of abundances seen in native species (Mack et al. 2000, Richardson 

& Rejmanek 2004).  Some species cannot escape a garden situation, others naturalize, 

and only a few become invasive.  The variation in the abundances attained by introduced 

species, which mirror those of native species, indicates exotics are likely governed by the 

same ecological principles.  However, some groups of species meet with greater success 

in particular systems than other groups.  In warmer parts of the Americas, African grasses 

have had large impacts on numerous communities (Williams & Baruch 2000).  These 

grasses have converted large areas of the Americas to Africanized grasslands.  They are 

often fire tolerant, leading to changes in the fire cycle which are known to occur with 

grass invasions and lead to large ecosystem scale alterations to nutrient and carbon cycles 

(D’Antonio & Vitousek 1992).  Though African grasses are often successful in warm 

climate zones in the Americas, this group too experiences variation in success of different 

species.  It is variation in the success of two African grass congeners growing within a 

North American semi-arid zone which this study utilizes to try and address the question 

of what mechanisms may generate the observed differences in abundances between these 

two species in their introduced range.  In particular this study will address two potential 

mechanisms by which a species may attain abundance within a community.  The first is 

though suppressing the neighboring species, and the second is by having a different 

strategy that better allows the species to take advantage of the environment.  The general 
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implications this may have for our understanding of community processes that govern 

coexistence and biodiversity are then explored.   

Community ecology stands to benefit as much from the study of exotic invasive 

species as conservation will gain by employing community principles to combat 

invasions.  Exotic species invasions constitute novel perturbations to communities that 

community ecologists can capitalize upon while working toward preventing them.  The 

anthropogenic introduction of exotic species alleviates the distribution barrier to species 

spread.  By removing this barrier, ecologists can ask questions about what the ultimate 

mechanisms are which lead to community success.  The introduction may not be 

attributable to natural processes but the success the introduced species experience in the 

new community is an ecological process.  These processes when examined in detail will 

allow community ecologists to address whether degree of niche overlap, novel 

adaptations to the environment, variation in life history strategies or other mechanisms 

are responsible for exotic species invading communities, and then generating an impact 

on the native flora.  The combination of likely obeying the general principles that govern 

communities and having the potential for variation from native species makes exotic 

species invasions perfect natural experiments to test mechanisms of community 

assembly, species coexistence and processes which lead to abundance.  Scrutinizing the 

mechanisms by which exotics spread may allow ecologists to dissect the underlying 

processes that govern all communities of species and then coalesce a greater 

understanding of how species interact with one and other.   
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The anthropogenic introduction of exotic invasive species is occurring at an every 

increasing rate (Mack et al. 2000) providing numerous opportunities to study recently 

altered communities or communities currently in flux.  These introductions cause 

economic and ecological disruptions to the areas they infest (Vitousek et al. 1997) 

generating public interest and conservation importance.  Many of the characteristic 

landscape altering invasive species are plants (Mooney & Cleland 2001).  There has been 

a great deal of research dedicated to understanding plant invasions and their implications.  

The studies that have examined plant communities have addressed the invasability of 

communities and the factors that control likelihood of or resistance to invasion (Pysek et 

al. 2006).  This work has been useful in understanding what may make communities 

differentially susceptible to invasion by exotic species, and has generated excellent 

discussion about invasion as it relates to community structure (Davis et al. 2000, 

Kennedy et al. 2002).  Dukes (2002) highlighted the importance of differentiating the 

difference between invasability and impactability.  The impactability of a community will 

govern the degree to which species are likely to be extirpated from the system.  The 

mechanisms by which exotics impact natives within a community have been much less 

directly studied (Levine et al. 2003).  To address the impact exotic species have in 

predictive ways more work needs to be conducted on community processes and how 

invasive exotics fit into a more traditional framework for community ecology (Shea & 

Chesson 2002).  Community ecology has long been focused on understanding how 

species achieve success within communities, success which can be dramatic in exotic, 

invasive species.  By utilizing what has been ascertained about native communities, the 
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mechanisms that allow exotic species to invade and replace native species may become 

clearer.   

This study examines the impact of two congeners on a native species.  The focus 

is on the ability of the exotic congeners to reduce water availability to the native species 

as a mechanism of suppression.  The congener grasses are found in drastically different 

abundances across the landscape despite their similar introduction histories.  By utilizing 

congeners this study will avoid complicating factors caused by variation in life history 

strategies in distantly related species.  Despite the many similarities between congeners 

they can achieve very different abundances in communities (Baskin et al. 1997, Burns 

2004, Walck et al. 1999) suggesting ecologically significant variation between these 

closely related species.  Examining the mechanisms by which congeners vary in their 

success within a community and comparing this with the strategies these species utilize 

the processes by which plant communities are structured may become clearer.  When all 

species studied are currently extant within the community of interest invasability should 

no longer be the focus.  The impact species have on one another and their responses 

across the season will be more critical to understanding the degree of success each 

species is experiencing within the system.  By addressing the differences in abundance 

experienced by congeners within the same community questions about the limits to 

character and functional similarity can begin to be introduced in real communities. 
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Methods 

Study site 

 The study took place on the Santa Rita Experimental Range (SRER) 

approximately 60km south of Tucson, Arizona, USA.  The area is semi-arid grassland 

and has been an experimental rangeland since 1903 (McClaran 2003).  The most 

abundant species near the site are velvet mesquite (Prosopis velutina Woot.) and 

Lehman’s lovegrass (Eragrostis lehmanianna Nees).  After a multiyear drought in the 

1930’s exotic grasses were seeded onto the range in an effort to prevent soil erosion.  

Eragrostis lehmanianna now the most abundant grass species across the entire SRER, 

and much of the similar semi-arid grasslands in southeastern Arizona, has replaced a 

more diverse native community of grasses (Cable 1971).  E. lehamnianna is of low 

quality forage by the end of the growing season (Cox 1992). 

The site of the study was located within the semi-arid grassland vegetation zone 

and fenced to prevent grazing by cattle for at least the previous 10 years.  The site was 

grassland composed primarily of E. lehmanianna with no nearby mesquite plants.  The 

soil at the site was a sandy loam, and located not near any natural drainage washes.  The 

site for the experiment was hand cleared in the summer of 2004.  It was maintained as 

bare ground until the study grasses were planted in April 2005.  The experiment was set 

up in a parallel replacement series design, with one of two exotic grasses competing 

against a native grass.  The two exotic congeners are an uncommon exotic, Eragrostis 

curvula (Schrad.) Nees, and the abundant exotic, E. lehmanianna both of which were 

introduced for soil conservation purposes (Crider 1945).  The uncommon exotic persists 
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throughout the semi-arid grasslands in the area but at much lower abundances.  The 

native species used in this experiment was Digitaria californica (Benth.) Henr.  Long-

term transect data indicates this species was abundant before the introduction of the 

exotic species, and at present persists on the site.  There were four exotic density 

treatments representing stages of encroachment.   

Experimental set-up and measurements 

The seeds used in this experiment were obtained from accessions through the 

United States Department of Agriculture, Natural Resources Conservation Service in 

Tucson, Arizona.  The exotics were the lines originally seeded into the SRER for soil 

conservation.  The native grass seeds were originally from a seed source collected locally 

on the SRER.  The grasses were seeded into native soil, placed in small plastic pots with 

holes in the bottom for drainage.  The grasses were grown in a glasshouse beginning in 

February 2005.  The temperature was controlled and ranged from 30ºC in the day to 20ºC 

at night.  The cups were continually weeded to ensure that only the target plant was 

growing within each cup and no other species were allowed to persist for longer than 

three days.  After two months of growth, the plants were planted into the experimental 

plots.  Within the plots the grass plants were arranged six plants by six with only the 

interior sixteen plants measured during the study.  The remaining twenty exterior plants 

buffered the interior plants from boundary effects as the inter-plot spaces were kept 

largely devoid of vegetation throughout the summer growing season of the grasses.  The 

four density treatments were named for the densities of exotic grasses within the plots.  

Each of the three planting densities including exotics was composed of five replicate 
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plots, and this was repeated for both of the exotic species.  The lowest exotic density was 

the all native plot; this was used as the native comparison for both exotic replacements 

and consisted of fives.  The exotic densities increased from three interior exotic plants in 

the low exotic density treatment to leaving only three interior native plants in the high 

exotic density treatment.  The medium exotic density contained nearly equal numbers of 

native and exotic plants. 

A combination of vegetation and physiological measurements was made on the 

sixteen interior plants for two growing seasons.  The physiological measurements were 

made several times throughout the summer growing season to capture the seasonal 

variation in response to the environmental conditions and due to the growth of the plants.  

The vegetation measurements were made at the end of the growing season as a more 

integrated seasonal measurement of the plant responses to biotic and abiotic conditions.  

The vegetation measurements consisted of an end of season aboveground biomass 

harvest, measurement of plant height, tiller number and inflorescence number.  The 

physiological measurements included gas exchange measurements made using a LI-Cor 

6400 portable photosynthesis machine (Li-Cor Inc., Lincoln, Nebraska, USA).  Cuvette 

conditions were set for light to be saturating (2000 µmol m
-2

 s
-1

), with CO2 

concentrations at ambient (370 ppm) and air temperature and relative humidity to track 

ambient conditions of each sampling date.  The chamber settings were set to capture the 

maximum photosynthetic rate of carbon fixation expected under natural conditions at the 

measurement date.    Photochemical efficiency (Fv/Fm) was measured throughout both 

experiments to make assessments of the up or down regulation of the biochemical 
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machinery of photosynthesis using a Hansatech Fluorescence Monitoring System, FMS2 

(Hansatech Instruments Ltd., Pentnry, Norfolk, England).  Pre-dawn measurements were 

taken to minimize any signal from light damage during the day.  The last fully mature 

leaf on a tiller was used for measurement.  The whole plant was dark adapted due to the 

timing of the measurements, and was further dark adapted for 15 minutes to ensure 

complete dark adaptation of the measurement area.  Initial fluorescence (Fo) was taken as 

reflectance to a low level light source (650 nm; 2 µmol m
-2

 s-
1
).  Maximal fluorescence 

(Fm) was determined by exposing the shoots to 0·5 s pulses of saturating pulse-modulated 

light (~ 3000 µmol m
-2

 s
-1

 PPFD; 1 Hz). Fv/Fm was determined as: Fv = (Fm–Fo)/Fm.  

Changes in plant tissue water deficit were measured in predawn water potential using the 

pressure chamber technique to assess plant water deficit (Schoelander et al. 1965).  The 

pressure chamber used was a PMS Pressure Chamber (PMS Instrument Company, 

Corvallis, Oregon, USA).  These plant responses were paired with soil moisture 

measurements using time domain reflectometry, TDR.  The probes were made of expoy 

insulators and #318 welding steel rods, 13 cm long.  The probes were placed vertically 

down into the soil 5 cm below the soil surface.  Measurements were taken at every 

measurement period using a TDR 100 (Campbell Scientific, Logan, Utah).  

Measurements were taken in the evening to capture the differences caused by 

transpiration from the plants during the day. 

Statistical analyses 

 To examine the affect of the treatments on a species the post season vegetation 

measurements were compared within species using a one-way ANOVA for each of the 



 

 

89 

species.  This analysis allowed the relative effects of the change in neighbor identities on 

the integrated seasonal performance measures to be assessed for a species.  One-way 

ANOVA was also used when comparing the physiological response variables within 

species.  To address the seasonality a time by treatment interaction was included in the 

analysis of the physiological responses.  This analysis allowed for the comparison of the 

relative differences within species for the various physiological responses, from which 

the mechanisms of impact can be addressed.  Similar time by treatment one-way 

ANOVA analysis was used regardless of treatment to compare the seasonal responses of 

the species.  By ignoring any treatment effects, the seasonal variation will be highlighted 

in the analysis.  The same analysis was conducted on the TDR measurements of soil 

moisture to examine whether the densities or species caused variation in soil moisture in 

the upper rooting zone.  To address the differences in soil water availability perceived by 

species in the same plots the water deficit of the native was subtracted from the water 

deficit measured on corresponding exotics.  The distribution of the comparison of water 

deficits between the natives and the exotics was tested against a mean of zero, 

representing no difference between species.  A one-way ANOVA was then used to test 

whether the differences experienced by either exotic when compared with those values 

measured for the neighboring native individuals were different. 
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Results 

Response of the native to the exotic species 

 The water deficit experienced by the native grass did not change as the density of 

the exotic grass increased, nor did it differ between plots with the abundant exotic when 

compared with those containing the rare exotic.  Correspondingly, the TDR readings of 

soil moisture did not differ among plots at any measurement date between any of the 

treatments, nor across either season.  This suggests there was no exploitation competition 

for water between the native and either exotic.  There were no detectible differences in 

any of the physiological response variables measured in either of the two growing 

seasons due to the change in density of the exotics.  The identity of the exotic grass 

generated a measurable difference in photosynthetic rate only over the course of the 

second season (Figure 1; 2005 F = 0.9847, p = 0.377; 2006 F = 3.4524, p = 0.035).  This 

pattern of significance was mirrored in the stomatal conductance values for both seasons 

(Figure 2; 2005 F = 0.4371, p = 0.647; 2006 F = 3.5028, p = 0.033).  For the mid-season 

measurements of photosynthetic rate in both seasons the individuals of the native species 

growing with the uncommon exotic had lower photosynthetic rates than those growing 

with the abundant exotic (2005 F = 3.4374, p = 0.044; 2006 F = 3.9413, p = 0.031).  For 

the first mid-season measurements the native grass growing in monoculture exhibited 

photosynthetic rates between that of those natives growing with the uncommon exotic 

and the abundant exotic.  During the second mid-season measurement the natives in 

monoculture had photosynthetic rates similar to those natives growing with the abundant 

exotic, both of which had greater photosynthetic rates than the natives growing with the 
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uncommon exotic.  A similar trend was observed for the corresponding mid-season 

results of stomatal conductance in 2006 (F = 2.7019, p = 0.084).  The mid-season 

differences in photosynthetic rates of the native grass due to exotic identity indicate this 

period is important in the competition between these species.  The differences in 

photosynthetic rates were not attributable to differences in the intrinsic efficiency of 

photosystem II, as in neither of the seasons was there a difference in the instantaneous 

chlorophyll fluorescence (Fv/Fm) between any of the treatments.   

 The effects of the exotic grasses on the end of season vegetative measurements 

did yield differences from the change in densities of the exotics as well as affects from 

the identity.  The individuals of the native species were on average larger when growing 

in monoculture in 2005, and smaller when grown with any exotic (Figure 3; F = 9.5445, p 

< 0.001).  Individuals of the native species were on average smallest when grown in plots 

containing the highest density of the uncommon exotic, 3.2g.  The native individuals 

grown in monoculture were on average approximately four times the size, 14g.  In the 

second season, there was greater variation between treatments in the size attained by the 

native species.  The native grasses growing in monoculture and those growing with the 

abundant exotic at low to medium densities were the largest individuals on average.  The 

smallest individuals of the native species on average were found growing in plots with 

the plots with medium to high densities of the uncommon exotic grass (F = 8.286, p < 

0.001).  In both seasons the individuals of the native species growing with the higher 

densities of the uncommon exotic were smaller by above ground dry weight than the 

native individuals grown in most other treatments.  When the densities are not accounted 
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for and only the identities of the exotic grass are examined, the first season the natives 

growing in monoculture were larger than those growing with either of the exotics (F = 

20.5748, p < 0.001).  With the same analysis for the second season the native individuals 

growing with the uncommon exotic were smaller than either those in monoculture or with 

the abundant exotic (F = 9.3546, p < 0.001).  The pattern generated by the biomass data 

for the native individuals growing in plots of different exotic identity is a corresponding 

pattern for the same group of plants in the mid-season measurements of the same 2006 

season.  The average biomass within each of the exotic identity treatment groups 

increases from the first to the second season.   

 The differences in biomass between the native individuals overall corresponded to 

the variation observed in the number of inflorescences produced by the same natives over 

the course of the growing season (Figure 4).  In the first season the native individuals 

growing in monoculture produced the greatest number of inflorescences on average, and 

the individuals growing with the higher exotic densities having fewer, particularly those 

growing with the uncommon exotic (F = 10.498, p < 0.001).  In the second season of 

growth, the native individuals growing in monoculture and with the lower two densities 

of the abundant exotic produced more inflorescences on average than the individuals 

growing with the uncommon exotic at any density or with the high density of the 

abundant exotic (F = 11.0344, p < 0.001).  The results of pooling the individuals by 

exotic identity irrespective of density indicated that in both years the native individuals 

on average produced a greater number of inflorescences when grown in monoculture than 

when grown with either of the exotics (2005 F = 22.3215, p < 0.001; 2006 F = 18.9041, p 
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< 0.001).  Only in the second season did the number of inflorescences vary between the 

individuals growing within the two types of exotic plots; the individuals grown with the 

uncommon exotic having fewer inflorescences than those grown with the abundant 

exotic.   

Variation in species responses across season 

 To address potential variation in their responses across the growing season the 

species were compared irregardless of the density treatments.  The water deficit 

experienced by the three species in 2005 did not vary across the season (F = 0.3987, p = 

0.6719).  The species did show significant differences in their water deficits at the mid-

season measurement with the native experiencing the least water deficit and the abundant 

exotic experiencing the greatest (F = 3.2405, p = 0.0465).  The water deficit for the 2006 

season indicated the abundant exotic responded differently across the season with the 

largest divergence late in the growing season (Figure 5; F = 42.1688, p < 0.001).  The 

uncommon exotic and the native responded similarly over the season (F = 0.0358, p = 

0.85).  The water deficit experienced by the native grasses were compared with those of 

the exotics growing in the same plots was calculated to estimate the difference in drought 

perceived by each of the species.  By the second season, irrespective of density treatment 

the uncommon exotic experienced a similar water availability across the season, p = 

0.552.  The abundant exotic perceived significantly less water availability across the 

second season of growth, p < 0.001.  The native individuals did not vary in water deficit 

as a result of growing with either exotic, p 0. 5203, suggesting the difference between the 

natives and the uncommon exotic and the natives and the abundant exotic was 
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significantly different (F = 7.462, p = 0.008).  In the first growing season, there was no 

difference between the natives and either of the exotic species.  Despite the abundant 

exotic’s divergent seasonal strategy in water status regulation there was not translated 

into a difference in the photosynthetic rates measured in the second season (Figure 6).  

The photosynthetic data from the first season of growth indicated a difference only 

during the first measurement period with the abundant exotic achieving a higher 

photosynthetic rate than the native and the uncommon exotic was intermediate between 

the two (F = 3.3992, p = 0.0441).  Despite the lack of overall variation between the 

species the photosynthetic rates they achieved, they did exhibit differential intrinsic 

efficiencies in photosystem II between species as measured by instantaneous chlorophyll 

fluorescence (Fv/Fm, Figure 7).  In the first growing season there were no consistent 

differences between species (F = 0.7506, p = 0.4737), and however there was a strong 

trend toward lower Fv/Fm in the uncommon exotic during the mid-season measurement 

(F = 3.0784, p = 0.0536).  In the second growing season there was a marked difference in 

Fv/Fm responses between the all three species (F = 12.8622, p < 0.001).  The abundant 

exotic maintained its Fv/Fm best across the season.  The other two species tended to 

reduce have reduced Fv/Fm later in the season but the native species showed reduced 

values to a greater extent when compared with the uncommon exotic across the season (F 

= 4.1168, p = 0.044).  This trend was the reverse of the seasonal trend observed in the 

water deficit data, and may explain the lack of variation in the photosynthetic data. 

 When all three of the species were planted they were nearly the same size.  After 

the first growing season all three species varied in size regardless of treatment (Figure 4, 



 

 

95 

F = 119.0795, p < 0.001).  The uncommon exotic had grown to be the largest of the three 

species with an average dry mass of 30.78g, followed by the abundant exotic with an 

average dry mass of 23.45g.  The native grass was on average the smallest after on season 

of growth with an average dry mass of 7.66g.  After a second season of growth the 

uncommon exotic remained the largest species, and both of the other two species were 

similar to one and other (F = 23.5235, p < 0.001).  The total mass of the uncommon 

exotic was not significantly different between the two seasons (F = 0.6611, p = 0.4185), 

with a dry mass on average 32.88g in the second season.  In contrast the abundant exotic 

showed an average reduction in mass the second season to 18.98g dry mass, this 

difference was however not significant (F = 3.2123, p = 0.0769).  The largest and only 

significant difference in size was observed in the native species (F= 75.9355, p < 0.001) 

which more than doubled in size from season one to season two, at 18.35g dry mass in 

the second season.  This value included only the surviving native individuals.  Nearly all 

of the native individuals in the plots with a high density of the uncommon exotic species 

did not survive to the second season, which may have altered the average mass of the 

native species.  The larger uncommon exotic did not produce significantly more 

inflorescence stalks in either season.  In the first season the abundant exotic produced 

more inflorescences than either of the other two species (F = 113.681, p < 0.001), with 48 

inflorescences produced per plant in the first season.  The uncommon exotic and native 

produced 25 and 10 inflorescences per plant respectively.  In the second season, both of 

the exotics out produced the native species (F = 39.4123, p < 0.001).  Each of the exotics 

averaged 32 inflorescence stalks in the second season, an increase for the uncommon 
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exotic (F = 8.6225, p = 0.004) and a decrease for the abundant exotic (F = 12.4879, p < 

0.001).  For the native species an increase was observed in the average number of 

inflorescences from the first season to 14 stalks on average per plant (F = 9.4974, p = 

0.002).   

 

Discussion 

 On a per capita individual the abundant exotic did not exhibit a greater potential 

to suppress the native species.  This was observed in both the vegetative measurements as 

well as the physiological responses.  As the density of the exotics increased the native 

species was less able to attain mass during the growing season.  Smaller plants often 

produce fewer seeds (Harper 1977, Aarsen & Taylor 1992) and the number of 

inflorescences used as a measure of reproductive effort showed the same trend here.  This 

result suggests that the uncommon exotic has a greater individual detrimental effect on 

the native grass than did the abundant exotic.  The vegetative measurements do not have 

the capacity to uncover the mechanism by which the uncommon exotic was suppressing 

the performance of the native grass.  The physiological data can contribute to this 

understanding.  Due to the semi-arid nature of the system within which the plots were 

located, water was assumed to be the limiting resource.  Surprisingly, there was no 

indication either from the soil moisture measurements or the water deficit measures in 

either season that the uncommon exotic was using more water and drying the plots and 

the native grasses more than the abundant exotic.  There was therefore no suggestion of 

water functioning as the limiting resource through which an exploitation interaction was 
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occurring.  There was a difference in the responses of the native grasses dependant on 

which exotic with which they were grown.  Irrespective of density, the identity of the 

included exotic alone changed the photosynthetic responses of the native grasses during 

the mid-season measurement period in the second growing season.  The difference was 

only observed during the mid-season measurement period.  This may have been viewed 

as an anomaly had it not been the case that the photosynthetic responses from the native 

grasses during this measurement period mirrored that of the seasonal biomass response of 

the native grasses in the different exotic cover treatments.  The difference in 

photosynthetic rate between the natives during the mid-season in both growing seasons 

may indicate the importance of this season for the interaction between these species.  

This period would not have a priory been expected as it is not likely to correspond with 

either the high growth rate and an expectation of greater soil resource availability early in 

the growing season, nor was the affect more pronounced during the late season when 

reproduction is occurring and the resources would have been drawn down by a season of 

growth.  The importance of the mid-season on the differences observed in the 

photosynthetic rates of the native grasses is unknown, but may have corresponded with a 

high demand for resources in both the native and uncommon exotic, or a correspondingly 

low demand in the abundant exotic. 

 Comparisons between the species were made to examine some of the potential 

causes of the different effects of the exotics on the native species.  The congener exotics 

would be expected to respond similarly as they are more closely related.  However, the 

difference in their abundances had suggested there may be variation in their responses.  
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Neither of the exotics showed an increase in biomass addition from the first to the second 

growing seasons.  Similarly to biomass the number of inflorescences did not significantly 

increase in the second season for either of the exotics.   The native grasses as a group 

however grew larger the second season, and produced a significantly higher number of 

inflorescences.  Over the course of the first growing season all three species showed 

similar physiological responses.  In the second growing season when all three grass 

species had become more fully established and had interacted for one season prior, the 

species differed in their seasonal physiological responses.  The abundant exotic showed a 

different pattern in its responses for both predawn water potential and chlorophyll 

fluorescence to season as compared to either of the other two species.  The native and 

uncommon exotic exotics similarity in response in predawn water potential and 

fluorescence to season was unexpected.  The two exotics are congeners and would 

therefore have been expected to exhibit greater similarities.  As the season progressed, 

the abundant exotic experienced greater water deficit than either of the other species 

despite there being no difference in the soil moisture content in any of the plots.  In spite 

of the greater water deficit the abundant exotic better maintained its ability to capture 

incoming light as indicated by Fv/Fm values.  The water deficit and the fluorescence 

response may have acted as compensatory mechanisms accounting for the similarity in 

the net photosynthetic rates of all three species across the growing season.  The 

photosynthetic rates for all three species fell off as the season progressed, a response 

which could be attributed to a number of causes including the aging of leaves or the 

reduction of soil resources over the course of the season.  The limiting mechanism in the 
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uncommon exotic and the native species may be related to the decrease in light capture 

efficiency observed in both these species which could be indicative of leaf aging.  The 

abundant exotic appeared to have a different limiting mechanism which may have been 

related to the increased water deficit it experienced.  This was also evident in the 

comparison of the water deficit experienced by the native grass and the corresponding 

exotics on a per plot basis.  The abundant exotics had lower water potentials than the 

native growing in the same plots, and did the rare exotics when compared to the native 

species from their plots.  The decreased water status of the abundant exotic when 

compared to the other two species when identical water availabilities were measured may 

indicate an early senescence in the abundant exotic.  Differences in water status have 

recently been found to alter photosynthetic rates in invasive species in other studies (Hill 

et al. 2006). 

 This study has implications for several community based mechanisms of exotic 

species invasions.  The different mechanism by which the seasonal photosynthesis may 

have been limited in the abundant exotic may suggest a different seasonal strategy in the 

abundant exotic than was exhibited by the other two species.  This would seem to support 

the open niche hypothesis for exotic species invasion (Levine & D’Antonio 1999).  The 

open niche hypothesis suggests that species which are able to fill an open niche in the 

community will be able to invade.  The open niche hypothesis is often used to explain 

invasions of species poor communities on oceanic islands (Lonsdale 1999, Sax 2001).  

Because in the open niche hypothesis invading species utilize unused resources in a 

community or resources in a way that the natives do not (Tilman 2004) a case could be 
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made that species entering a community due to an open niche should only be capable of 

growing to low densities.  However, the exotic invasive species of concern are those 

which are abundant in the community, and may be displacing natives not those which are 

only able to use resources the natives are incapable of obtaining.  This type of invasive 

success may be explained by the invasive having traits which are a better fit to the 

environmental conditions than the native species, which is similar to the sampling effect 

in biodiversity/productivity relationships (Tilman 1999).  This hypothesis suggests that as 

numerous species are introduced some species will have traits that make them a better fit 

to the environment than the species which exist there already.  This has also been found 

in studies of biodiversity generating resistance to invasion through the greater likelihood 

of inclusion of a species that suppresses the invasive (Dukes 2002).  This finding has 

been utilized in attempts to generate invasion resistant communities (Sheley & Carpinelli 

2005).   In biodiversity productivity studies the species that produces greater biomass is 

often considered dominant.  In this system the sheer numerical dominance of the 

abundant exotic suggests it contributes the greatest biomass in the system, however it 

does not produce the most biomass in this study, and therefore on an individual basis 

does not contribute the most biomass.  Here the larger species does not on the landscape 

replace the smaller species, suggesting a role for species level responses to the 

environment.   

 Only further studies can determine if the results of this work are typical for exotic 

species which have invaded communities and become the most abundant species.  The 

contribution to understanding this system through community ecology has been to be able 
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to place the results of one study in a larger contest of how plant communities function 

and species grow to abundance.  This study has suggested that despite the larger size of 

the uncommon exotic and the potential this may have in reducing the performance of the 

native grass it has not been able to reach abundance across the landscape.  The abundant 

exotic has exhibited seasonal responses which vary from those of either of the other two 

species present.  It doe not seem to be as good at suppressing the native, nor does it 

produce the most biomass, leaving the role of fit to the environmental conditions as a 

possible mechanism.  By examining the functional responses of native species in relation 

to their abundance and other exotic invasive species the generalities of how a species 

grows to abundance, and the importance of numerous mechanisms by which this can 

occur will become clear.  This will lead to a better ability to predict the outcome of 

species interactions under varying environmental conditions. 
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Figure 1 – Net assimilation rates of native grass grown with different exotic cover 

treatments.  Assimilation rates measured mid-morning on newest mature leaf.  Solid 

circle is native grass, open circle uncommon exotic, and triangle abundant exotic. 

N
e
t 
a

s
s
im

ila
ti
o

n
 r

a
te

 (
µ

m
o

l 
m

2
 s

e
c

-1
)

10

20

30

40

DICA only

DICA in ERCU

DICA in ERLE

2005 F=0.9847, p=0.3777

Time of year

Jul  Jul  Aug  Aug  Aug  Sep  Sep  

0

10

20

30

40

DICA only

DICA in ERCU

DICA in ERLE

2006 F=3.4524, p=0.0350



 

 

108 

Figure 2 – Stomatal conductance values of native grass grown with different exotic cover 

treatments.  Stomatal conductance measured mid-morning on newest mature leaf.  Solid 

circle is native grass, open circle uncommon exotic, and triangle abundant exotic. 
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Figure 3 – Aboveground biomass attained by native grass at end of growing season by 

identity and density of exotic treatment plots.  
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Figure 4 – Number of inflorescences produced on native species by identity and density 

of exotic treatment plots. 
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Figure 5 – Water status of three bunchgrass species across summer growing season.  

Water status measured as pre-dawn water potentials on pressure chamber.  Solid circle is 

native grass, open circle uncommon exotic, and triangle abundant exotic. 
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Figure 6 – Net assimilation rates of three bunchgrass species across summer growing 

season.  Assimilation rates measured mid-morning on newest mature leaf.  Solid circle is 

native grass, open circle uncommon exotic, and triangle abundant exotic. 
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Figure 7 – Chlorophyll fluorescence (Fv/Fm) of three bunchgrass species across summer 

growing season.  Fluorescence measured pre-dawn on newest mature leaf.  Solid circle is 

native grass, open circle uncommon exotic, and triangle abundant exotic.  
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Abstract 

The tolerance of species to resource availability in part determines the range a species can 

occupy.  The similarities between species resource use may also determine the degree of 

exploitation expected to occur.  Three co-occurring grass species from southern Arizona, 

U.S.A. were tested for their physiological responses to water availability in two 

experiments.  Two species were exotic congeners, and the other was a native.  The first 

was a dry-down experiment where the grasses’ responses to decreasing water availability 

were measured.  The second was a pulse addition experiment, where a 15mm rainfall 

event was simulated, and the responses measured.  The grasses were grown in pots under 

greenhouse conditions, and the soil moisture was measured using time domain 

reflectometry.  The responses of the grasses were tracked with gas exchange, 

fluorescence, and pre-dawn water potential measurements as the experiments progressed.  

The responses to the dry-down experiments indicated the exotic congeners behaved more 

similarly to each other than to the native grass.  The congeners only significantly differed 

in their photosynthetic rates near the mid-point of both species tolerance.  The native 

species showed a reduced potential for high photosynthetic rate but a greater drought 

tolerance than the exotic species.  None of the species showed significant differences in 

the physiological response variables measured for the water pulse experiment.  The 

results indicate significantly different strategies between the two genera.  The differences 

between the exotic congeners though few may contribute to the differences in abundance 

observed in their introduced range. 



 

 

116 

 

Keywords:  Eragrostis lehmanianna, Eragrostis curvula, Digitaria californica, water 

pulse, species tolerance, ecophysiology, resource use, shared preferences 



 

 

117 

 

Introduction 

The niche concept, first introduced by Hutchinson in 1957, has been the 

foundation of how ecologists have approached understanding the maintenance of species 

diversity.  It has been used to understand how communities partition resources (Fargione  

et al. 2003, Mwangi et al. 2007, Silvertown 2004), how change in composition occurs 

across succession (Kobe 1999, Poorter 2007), how invasion by exotic species may occur 

(Broennimann et al. 2007, Shea & Chesson 2002, Thuiller et al. 2005), and many other 

ecological lines of inquiry.  The niche concept continues to be a favorite tool of modeling 

work describing competition and coexistence within communities (Chave et al. 2002, 

Chesson et al. 2004, Pulliam 2000, Reineking et al. 2006).  Despite the utility of the niche 

concept in generalizing the expectations of community interactions and dynamics, the 

functional responses that lead to potential coexistence mechanisms remain little 

understood (McGill et al. 2006).  Empirical assessments of co-occurring species from 

natural communities are one of the means by which mechanisms of coexistence can be 

tested.  This study tests the functional responses of three co-occurring grass species to 

resource availability as an empirical test of the mechanism of coexistence between 

functionally similar species. 

In plant communities there are few resources for which plants compete resulting 

in a correspondingly few axes along which segregation can occur (Silvertown et al. 

1999).  This makes plant communities tractable systems for studies of coexistence and 

resource availability can be conducted.  Resource availability limits production in many 
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plant communities (Goldberg & Barton 1992, Tilman 1982), impacts individual 

performance, or is the cause of exclusion in natural communities (Eissenstat & Caldwell 

1988, Tilman 1988).  How co-occurring plant species respond to the availability of 

resources is therefore important to elucidate the mechanisms by which plant species 

coexist (Huston & DeAngeles 1994).  The functional responses of plants to resource 

availability should be equivalent to the fundamental niche for a species along that 

resource axis.  These functional responses can then be used to test hypotheses related to 

species coexistence generated by niche theory.  The similarity of functional responses can 

be used to understand the degree of overlap the species experience in acquiring resources.  

Likewise, the measured peak in performances of species will correspond to the peak in 

fitness along the axis, lending insight not only into the mechanisms by which similar 

species coexist but potentially to what responses can lead to success within a community. 

The response variable to assess competition for resources between individuals or 

species has often been the biomass attained by a plant (Aarson & Keogh 2002).  Biomass 

is an easy measurement to obtain with a high degree of accuracy, and biomass has been 

positively correlated with reproductive effort (Grime 1979).  Using biomass alone 

assumes that there is no trade-off between current growth and current reproduction 

(Bazzaz 1996).  Biomass is not often harvested during the growth season due to clipping 

effects (Callaway et al. 2006).  Because it is often an end of season measurement, 

biomass also suffers the drawback of not capturing transient dynamics experienced by 

plants.  The vegetative measure of across season change is growth rate and suffers from 

the same growth/reproduction trade-off as biomass.  Additionally belowground growth 
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may contribute to the fitness of a plant (Wardel & Peltzer 2003).  Variation in allocation 

across ontogeny may further complicate growth measurements, particularly in studies 

using seedling stage plants (Gedroc et al. 1996).   

In this study, we measured the physiological response of three bunchgrasses to 

resource variation.  There are two distinct advantages to the use of physiological 

variables in addressing the questions of resource use in plant species.  The first is the 

ability to make frequently repeated nondestructive measurements on the same individual 

plants over entire experiments in order to capture the variation the plant experiences 

(Potvin et al. 1990).  As resources vary a pant can make rapid, homeostatic adjustments 

to function in an attempt to optimize performance (Chazdon & Pearcy  1991), these 

changes can not be readily measured with growth rates or biomass harvests.  Knowing 

the timing associated with species response to variation in their environment is critical to 

understanding the constraint envelopes within which species operate (Ogle & Reynolds 

2004).   

In arid systems and semi-arid systems resource availability fluctuates, driven by 

the pulsed nature of rainfall (Reynolds et al. 2004).  In these systems variation in water 

use has been suggested as a mechanism of coexistence between species (Chesson et al. 

2004, Schwinning & Sala 2004).  However, much of the work conducted examining 

coexistence and water use in arid communities relies on species having pronounced 

differences in extraction and use strategies (Burgess 1995, Schwinning & Ehleringer 

2001, Walter & Stadelmann 1974).  As species become more similar their niches are 

expected to overlap to a greater degree and difficulty arises in utilizing some of the 
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hypothesized mechanisms of coexistence (Shmida & Ellner 1984, Williamson 1957).  

This study utilizes physiological responses to generate functional response curves to 

water availability for three co-occurring C4 grass species with the aim of understanding 

how their responses to moisture availability may influence their responses in the semi-

arid grassland where they occur.  The co-occurring abundance of the grass species under 

natural conditions are used to generate expectations about niche overlap in these species 

and how the corresponding functional responses will compare between species.  We used 

a congener pair of exotic species, one abundant and the other uncommon, and an 

uncommon native species which previous to the introduction of the exotics was abundant.  

Al three species were followed through two experiments testing their tolerances to water 

availability in an effort to see the degree of overlap in water use between these co-

occurring species 

 

Methods 

 Three grass species from southern Arizona grasslands were used for the study.  

One species, Eragrostis lehmanniana is an exotic species that has grown to abundance in 

the local grasslands over the past seventy years (Munda & Pater 2003).  The second, 

Eragrostis curvula is an exotic species introduced at approximately the same time as the 

E. lehmanniana (Glendening & Parker 1948) but which has remained uncommon by 

comparison.  The third species is a native grass, Digitaria californica, which has been 

largely replaced by E. lehmanniana across southern Arizona (Smith et al. 2006) and 

currently only persists at reduced densities.  We established individuals of each species in 
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PVC columns and each column contained one individual, with five replicates for each 

species.  The grasses were seeded into the columns to allow natural root exploration of 

the available soil volume.  The seeds were obtained from released strains and local 

sources by the United States Department of Agriculture, Natural Resources Conservation 

Service in Tucson, Arizona. 

After germination of 5-10 target grass seedlings, all other individuals were hand 

pulled within three days of germination.  The target grasses were thinned two weeks after 

germination, leaving only one target individual growing in each column.  The grasses 

were allowed to grow for approximately 2 months, each being well watered prior to the 

initiation of the below-described experiments.  The grasses were grown in a glasshouse 

on the University of Arizona campus in Tucson, Arizona.  Air temperature in the 

glasshouse ranged from 30
o
C during the day to 20

o
C at night.   

The PVC columns into which the grasses were seeded were 50cm deep and 30cm 

in diameter.  The columns were equipped with three time domain reflectometry (TDR) 

probes at 15, 30, and 45 cm along the depth profile of the column.  The probes were 

constructed from #318 steel welding rods placed directly through the walls of the 

columns.  The three probes in each column were calibrated simultaneously by 

manipulating volumetric water content of soils from a dry condition to field saturation 

capacity.  The soil used was a sandy loam from the Santa Rita Experimental Range where 

all three of these species co-occur.  Physiological responses of the plants were measured 

to the decreasing availability of soil moisture (i.e., a dry-down experiment), and 
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conducted until the point at which individual plants were no longer able to maintain 

positive net photosynthesis. 

Photosynthetic gas exchange was measured using a LI-Cor 6400 Portable 

Photosynthesis Machine (Li-Cor Inc., Lincoln, Nebraska, USA).  The chamber conditions 

for these measurements were set to simulate the ambient temperature (30
 o

C) and light 

levels (photosynthetically active radiation was set to 1200 µmol m
-2

 s
-1

) in the glasshouse.  

The predawn, instantaneous chlorophyll fluorescence was measured using a Hansatech 

Fluorescence Monitoring System, FMS2 (Hansatech Instruments Ltd., Pentnry, Norfolk, 

England).  Photochemical efficiency (Fv/Fm) was measured throughout both experiments 

to make assessments of the up or down regulation of the biochemical machinery of 

photosynthesis.  Pre-dawn measurements were taken to mimimize any signal from light 

damage during the day.  The whole plant was dark adapted due to the timing of the 

measurements.  The last fully mature leaf on a tiller was used for measurement, and was 

further dark adapted for 15 minutes to ensure complete dark adaptation of the 

measurement area.  Initial fluorescence (Fo) was taken as reflectance to a low level light 

source (650 nm; 2 µmol m
-2

 s-
1
).  Maximal fluorescence (Fm) was determined by 

exposing the shoots to 0·5 s pulses of saturating pulse-modulated light (~ 3000 µmol m
-2

 

s
-1

 PPFD; 1 Hz). Fv/Fm was determined as: Fv = (Fm–Fo)/Fm.  The change in the tissue 

water potential of the grasses (Ψpd) as soil water content decreases was made using the 

pressure chamber technique (PMS Instrument Company, Corvallis, Oregon, USA; 

Schoelander et al. 1965). 
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Two experiments were conducted on the same set of plants.  The first was a dry-

down experiment where the plants’ responses could be monitored across a range of soil 

moisture values as the columns dried.  This experiment examined the tolerances of the 

species to low resource availability and the relationships between performance peaks 

rates of change in physiological parameters.  Our hypothesis was that the abundant 

species would out-perform both of the other less common species across most soil 

moisture values.  The experiment began with all plants being held in conditions where 

soils were at field capacity for 14 days.  Water was then with-held from pots and the 

experiment ended when the plants reached their photosynthetic compensation point.  The 

second experiment was a pulse addition experiment designed to address the pulse-use 

efficiency of each of the species, testing if the abundant species exhibited a more rapid 

response to the increase in soil water availability giving it a temporal advantage over co-

occurring species.  The plants began the second experiment just below their 

photosynthetic compensation points and measurements were taken.  The plants then all 

received a simulated 15mm rainfall event, which penetrated approximately 300mm into 

the soil after 30 minutes.  The treated grasses were then monitored as they up-regulated 

their function in response to the increased water availability, and continued to be 

monitored as they again down-regulated their functions as the soil moisture in the 

columns decreased until photosynthetic compensation was reached. 

 

Statistical analysis 
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 Linear regression was used to assess the response of individual species’ water 

status to the drying soil averaged across the depth of the columns as measured by TDR.  

Regression allowed for comparisons of the maintenance of water status for each species 

as the soil dried (regressing soil Ψ and plant Ψ).  Because the response was highly non-

linear – all three species exhibited a maintenance of near constant Ψ initially as the soil 

dried (relatively wet soil conditions) and then a rapid decrease in Ψ after a threshold soil 

water content (dry soil conditions) - the overall response was split for wet and dry soil 

moisture conditions and the regressions analyzed for wet and dry soil conditions 

separately. 

Leaf level responses between species were compared across the entire moisture 

gradient by a repeated measure response analysis (Potvin et al. 1990).  This analysis 

correlated the overall response of one species to the dry down event to the corresponding 

response to the same dry down event for another species.  This analysis utilizes the 

response trend over the entire gradient experienced by a species, and when comparing 

pairs of response curves, provides considerable statistical power.  Three such analyses 

were conducted to compare all combinations of species pairs.   

 A one-way ANOVA was conducted for three points along the dry down time-

series.  The first was the water potential where maximum photosynthetic rate was 

achieved for each of the species.  This point of maximum photosynthetic potential is 

important to compare the variation in the intrinsic ability of plants to rapidly take 

accumulate carbon.  A ‘field-operational’ point, at -1.15 MPa (average water potential for 

each species) was also chosen to be examined more closely as it represents a partial 
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drying of the soil and plant tissue that would be expected in a semi arid system were the 

plants grown naturally.  Finally, the water status of each species at photosynthetic 

compensations point was compared.  This point is critical to understanding the drought 

tolerance of the operating range of each of the species.   

The maximum photosynthetic rates each of the species achieved over the course 

of the pulse experiment were compared using one-way ANOVA.  These data were 

examined to assess whether one species was better ale to utilize a partial wetting event 

than the other species.  The number of days to maximum photosynthetic rate achieved 

during the pulse experiment was examined with a one-way ANOVA.  This was done to 

directly address the pulse resource use of the grass species being tested.  To address the 

stomatal control of the species in regulating their photosynthetic rates, the differences in 

days between maximum photosynthetic rate and maximum stomatal conductance were 

also compared between species using a one-way ANOVA. 

 

Results 

 Over the course of the dry down experiment there was a similar pattern of 

response for the change in tissue water potential as soil moisture changed for all three 

species.  All of the species were capable to some degree to maintain their tissue water 

status as the soil dried initially, followed by a sharp decline as the soil continued to dry.  

The responses were analyzed by a piecewise linear method, to address differences in 

maintenance versus loss of tissue water.  While the volumetric water content of the soil 

remained relatively moist, above 0.08 m
3
/m

3
, the native species was less able to maintain 
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its tissue water as the soil dried (Figure 1).  The two exotic species responded similarly, 

and were better able to maintain their tissue water potential despite initial soil drying.  As 

the soil continued to dry, beginning with volumetric water content below 0.08 m
3
/m

3
, all 

three species exhibited a sharp decline in tissue water content, though all species 

decreased dissimilarly (Figure 2).  The native species under both wet and dry soil 

conditions showed the greatest rate of decrease, while the uncommon exotic showed the 

least change in tissue water deficit as soil moisture decreased.   

 Photosynthetic rates and chlorophyll fluorescence values differed between the 

native and exotic species across the tissue water deficit gradient generated by the dry 

down experiment (Figures 3 & 4).  However, the exotic congeners showed no significant 

differences in these parameters as their tissues dried (Tables 1 & 2).  Thus, the exotics 

maintained similar responses across the gradient of tissue water deficit.  The responses of 

all three species across the gradient indicated a shared preference for the greatest 

availability of water within their tissues.  The native species exhibited lower 

photosynthetic capacity but was able to positively fix carbon until lower tissue water 

deficit values as compared to either of the exotics.  Interestingly, the native species 

exhibited a decrease in the instantaneous chlorophyll fluorescence across the range of 

tissue water potential values as compared to the exotics species which showed little or no 

change in their intrinsic efficiencies of photosystem II (Figure 4). 

The native and uncommon exotic exhibited differences in their maximum 

photosynthetic rates, with the native species having a lower maximum achievable 

photosynthetic rate (Figure 5).  The abundant exotic attained a maximum photosynthetic 
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rate that was intermediate of the two other species.  All species reached their maximum 

photosynthetic rates at similar tissue water deficits, near -0.55 MPa (p=0.6754), 

providing further evidence for shared a preference.    At the mid-dry point during the dry 

down, near -1.15 MPa, the photosynthetic rates of the native and uncommon exotic 

species both differed from the abundant exotic, but did not differ from each other (Figure 

6).  The photosynthetic rates for this comparison were taken from similar water deficits 

amongst all species (p=0.5162).  The analysis of water deficit at photosynthetic 

compensation point showed the exotic species to have similar tissue water deficits at 

which they could not longer productively fix carbon whereas the native persisted to 

greater tensions (Figure 7).  The native species can therefore persist and grow when it is 

generally drier than either of the exotics. 

The responses of the species to a pulse of water following a dry-down, examined 

the species’ abilities to respond rapidly to increases in soil moisture availability from a 

largely dormant condition.  There were no differences in the maximum photosynthetic 

rates for each of the species attained over the course of this pulse experiment (p=0.8220).  

All species were able to achieve the same degree of carbon fixation from the transient 

increase in water availability.  Additionally, the time to the maximum photosynthetic rate 

did not vary between species either (p=0.4054).  Rapid response to available soil 

moisture can be one means by which species are better able to take advantage in pulse 

driven systems, this did not occur in these species.  An ANOVA of the offset between 

maximum stomatal conductance and maximum photosynthetic rates revealed all three of 
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the species exhibited tight stomatal control as both maximum values for any individual 

were attained on the same day in all species (p=0.4355).   

 

Discussion 

This study tested the idea that in a shared preference system the physiological 

responses would reveal trade-offs capable of generating coexistence between similar 

species by measuring the operation envelope of three C4 grasses to a dry-down event and 

a rainfall simulation experiment.    It was predicted that a trade-off would occur between 

potential high photosynthetic rate and tolerance to low water availability defined here as 

the photosynthetic compensations point, and that the strategy would be mirrored in the 

response of other physiological traits.  Evidence was found for a trade-off between 

maximum performance under ideal conditions and tolerance to low resource conditions in 

the net assimilation rates of these species during the dry-down experiment.  Evidence was 

found for neither more rapid use of pulse water by any of the species tested nor 

differences in stomatal control as water status changed.  Though trade-offs were observed 

over the operational range for water availability in the species tested, they did not lead to 

the expected supporting differences in the use of pulsed water availability.  This indicates 

that despite the utility of measurement of the physiological responses in similar plant 

species to understanding the points at which trade-offs become important, the 

physiological responses may not be ideally coordinated to maximize use of pulsed water 

or to generate a conservative strategy. 



 

 

129 

As plants experience drought they often down-regulate their photosynthetic 

apparatus which can in part be detected through reductions in chlorophyll fluorescence 

(Maxwell & Johnson 2000).  Of the species tested here, the exotics maintained their 

intrinsic abilities to process light through photosystem II as they dried whereas the native 

differed significantly in its response, experiencing a reduction in fluorescence as its 

tissues dried.  The difference in the responses of the fluorescence values of the native and 

exotic species constitute two different strategies to dealing with water deficit.  The down-

regulation of the biochemical pathway during dry periods in the case of the native grass 

will require a corresponding up-regulation when water becomes available or re-growth of 

new leaf area, both of which may require significant energy investments and have 

impacts on competitive outcomes (Baruch & Gomez 1996, Nagel et al. 2004).  By not 

down-regulating their ability to fix light the exotics could potentially, simply open their 

stomata after water becomes available, a much more energy efficient strategy.  The 

difference between the strategy employed by the native and that of the exotics suggests 

the exotic species might be better adapted to exploiting variance in soil water availability 

as compared to protracted periods of high or low soil water status.  The use of a resource 

before a neighbor obtains it can reduce the performance of that neighbor and may be a 

driver of the success of the species that can utilize the resource early (Booth et al. 2003).   

The species tested here responded similarly to the simulated pulse of rainfall with 

no indication in either the maximum photosynthetic rate achieved or the time to reach 

that photosynthetic rate varying between species.  This contradicts with predictions about 

invasive species being better adapted to disturbances and therefore being likely to make 
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rapid use of available resources (Davis et al. 2000, Hobbs & Huenneke 1992).  Within 

this system the abundant exotic species is no better at making use of short term resource 

availabilities nor better able to rapidly up-regulate their metabolism.  In addition to the 

similarities between the species in their up-regulation they also showed the same type of 

stomatal control over their gas exchange.  Tight stomatal control over gas exchange in 

response to sudden water availability is a conservative strategy (Smith et al., 1997).  

Regulating water loss as the plant up-regulates its ability to fix carbon leaves water the 

plant can potentially draw upon later, but which a neighboring individual could also 

utilize.  Wasteful strategies, such as excessive water loss, may benefit a plant if it reduces 

water availability to a neighboring plant in situations of strong competition (Van Wijk et 

al. 2003).  Pulse adapted species which rely on preemption of resources would be 

expected to advantage most from this luxury consumption of available resources.   

In contrast to the measurements of fluorescence, photosynthetic rates reduce in 

response to tissue drying as stomata close to regulate water loss and maintain a favorable 

water balance that will allow the plant to persist (Chapin et al. 1987). The responsiveness 

of stomata to many signals, external and internal, makes the photosynthetic rate a useful 

response variable to assess the overall status of the plant.  Additionally, the chemical 

energy budget and carbon for both growth and reproductions are obtained through 

photosynthesis, and therefore a measure of the performance the plant achieves.  Using 

photosynthetic rate as a measure of performance for the similar species tested here, the 

results of the dry-down experiment indicated the abundant species did not attain greater 

performance across much of the water gradient experienced by the plants than did the two 
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less common species.  All three species generated similar response curves with a sharp 

decline once maintenance of tissue water status could not longer be maintained.  The 

sharp decline was followed by a reduction in slope as the plants reached their 

photosynthetic compensation points.  Though the curves had a similar shape there were 

differences between the species overall and at different points across the dry-down.  The 

uncommon exotic out performed the native species when the water deficit was minimal 

by contrast at the drier end of the scale the native species out performed the other two 

species.  The apparent trade-off observed between the higher potential photosynthetic rate 

of the uncommon exotic and the greater drought tolerance of the native, may be due to 

variation in their susceptibility to cavitation in their vessels.  One potential cause of this 

type of sensitivity is vessel size.  Larger vessels can supply water at a higher rate making 

high rates of photosynthesis possible, but they are also more likely to suffer from 

cavitation (Sperry et al. 2006).  Unexpectedly, the abundant exotic only achieved 

significantly greater photosynthetic rates than the less common species near the midway 

point, -1.15 MPa, between its maximum performance and its photosynthetic 

compensation point.  Under these field operational conditions of -1.15 MPa, the abundant 

exotic may be able to convert the greater photosynthetic rate to better competitive ability 

over these other two species.  The species which has the highest performance over the 

greatest total portion of the gradient is not necessarily the most likely to suppress 

neighboring species. 

The small portion of the resource gradient over which the abundant exotic out 

performs both the native and uncommon exotic does not rule out the importance of 
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resource availability as a driver of success within this community.  In a system where 

resource availabilities are chronically low, a species which can out perform its 

neighboring species at the very high resource can never naturally benefit from the 

potential superior performance if those conditions do not naturally occur.  Fertilization 

studies have shown that a change in the resource availability can alter the abundance of 

species in plant communities (Wilson & Tilman 1991).  The increase in the abundance of 

the species responding positively to the increased nutrient environment has been 

identified as a release from the constraints of limitations imposed a deficit of that 

resource allowing the superior competitor to dominate or shifting the resource that is 

limiting in the community (Grime 1979, Tilman 1985).  This same pattern, approached 

from the standpoint of the functional responses of species in the communities 

approximating the fundamental niche breadth of that resource axis, can simply be viewed 

as a shift in the resource availabilities altering the relative performances of the species 

considered.  It is possible that despite a limited range of resource availabilities over 

which a species is the superior performer it may still out-compete neighboring species if 

that is the most common environmental condition.  In the case of the species from this 

study the natural distribution of rainfall may influence the frequency of various soil 

moisture availabilities and what conditions are most common during the growing season 

of these species in the field.  The temporal variation may facilitate the persistence of the 

two uncommon species under conditions which do not favor maximal growth for any of 

the species individually by altering the competitive hierarchy temporarily (Sher et al. 

2004).   
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Overall the responses of the two exotic Eragrostis species to the dry down 

experiment were similar when compared with that of the native grass species.  Three 

characteristics were measured on these species: how the species maintained tissue water 

status as the soil dries, the ability of the species to capture light as their tissues dried, and 

the photosynthetic performance of the species as their tissues dried.  Because the plant-

soil interface and soil type can be important drivers of plant water status (Sperry et al. 

1998), soil moisture does not adequately encompass species response to drought and 

isolating the behavior of the plant from the particular soil used is important to 

understanding physiological strategies.  The strategies of the grass species to drying 

conditions were compared by examining the leaf level responses of photosynthetic rate 

and fluorescence to leaf water potential.  This allowed the responses of the drought as 

experienced by the plants to be compared as a process alone.  Two analyses were 

additionally carried out to address the plant-soil interface, one when while the soil was 

wet enough for the plants to maintain their water status and the other once the plants 

experienced tissue drying as the soil continued to dry.  Both of these indicated that the 

native grass had a greater water status at the same soil water availability than either of the 

two exotic grasses.  The exotic grasses only differed in their responses under the dry soil 

conditions with the uncommon exotic experiencing less water deficit under a given soil 

water availability than the abundant exotic. 

It is of note that all three species in this study exhibited a shared preference for the 

same resource availability levels.  This generates fundamentally different predictions 

about the interactions of these species and their environment than if that had each 
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exhibited their greatest performance at different resource availabilities.  In the case of 

shared preference interactions coexistence depends on the variation in responses of 

species under suboptimal conditions.  If conditions were more constantly optimal the 

species which has the ability to out perform the others under those conditions could 

potentially grow to abundance.  This could lead to the near monocultures if drawn to its 

logical conclusion.  Under the potentially greater natural variation and lower resource 

availabilities found in unfertilized conditions the species would be operating in the tails 

of their response curves, a condition which may facilitate greater species diversity.  

Shared preferences in communities are most likely to be observed between similar 

species which can be considered to be competitors due to their highly overlapping niches.  

The result is not uncommon despite the few studies whish state it explicitly (Wisheu 

1998).  Shared preferences have been found to occur across many scales from within 

plant species with different genotypes (Antonovics et al. 1971), to local community 

(Huenneke 1990) and across large gradients (Goldberg 1982).  The potential for shared 

preferences situations to be observed between naturally co-occurring species, and in 

particular similar species makes the exploration for the pattern and studies of its 

implications important considerations for future studies. 
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Figure 1 – Response of pre-dawn water potentials to “wet” soil conditions.  Volumetric 

soil moisture collected using time domain reflectometry and water potentials collected 

with pressure chamber technique.  Circle is native species, dash is uncommon exotic and 

triangle is abundant exotic.  The trend lines represent linear regression for each of the 

species responses. 
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Figure 2 – Response of pre-dawn water potentials to “dry” soil conditions.  Volumetric 

soil moisture collected using time domain reflectometry and water potentials collected 

with pressure chamber technique.  Circle is native species, dash is uncommon exotic and 

triangle is abundant exotic.  The trend lines represent linear regression for each of the 

species responses. 
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Figure 3 – Response of photosynthetic rates to water deficit.  Photosynthetic rates 

measured with gas exchange equipment, and water deficit taken pre-dawn using pressure 

chamber.  Circles and solid lines are native species, plus mark and dot-dashed line are 

uncommon exotic, and triangles and long-dashed line are abundant exotic. 
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Figure 4 – Response of chlorophyll fluorescence to water deficit.  Photosynthetic rates 

measured with gas exchange equipment, and water deficit taken pre-dawn using pressure 

chamber.  Circles and solid lines are native species, plus mark and dot-dashed line are 

uncommon exotic, and triangles and long-dashed line are abundant exotic.  The trend 

lines represent linear regression for each of the species responses. 
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Figure 5 – Maximum photosynthetic rates achieved during dry-down experiment for each 

of the three grass species.  Photosynthetic rates measured using gas exchange equipment. 
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Figure 6 – Photosynthetic rates at field operational water deficit measured during dry-

down experiment for each of the three grass species.  Photosynthetic rates measured 

using gas exchange equipment and water potentials measured using a pressure chamber. 

Photosynthetic Rate at Field Operational 
Water Deficit (-1.15 MPa)

Grass Species

Native Rare Exotic Abundant Exotic

P
h

o
to

s
y
n
th

e
ti
c
 R

a
te

 µ
m

o
l 
/ 

m
2
 s

e
c
 

0

5

10

15

20

25

30

F=12.574, p=0.0011

A

A

B

 

 



 

 

152 

Figure 7 – Predawn water potential at photosynthetic compensation point measured 

during dry-down experiment for each of the three grass species.  Photosynthetic rates 

measured using gas exchange equipment and water potentials measured using a pressure 

chamber. 
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Table 1 – Photosynthetic rate during dry-down 

Species Comparisons 

Photosynthetic Rate 

F Statistic p - value 

Native - Uncommon 

Exotic 

17.68 0.001 

Native – Abundant Exotic 7.52 0.007 

Uncommon Exotic - 

Abundant Exotic 

1.40 0.24 
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Table 2 – Fluorescence during dry-down 

Statistical Test F Statistic Probability > F 

Analysis of Variance F5,155=26.56 <0.001 

Species Effect Test F=0.8490 0.4298 

Predawn Effect Test F=14.78 <0.001 

Species by Predawn F=24.94 <0.001 

 

 

  

 


