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ABSTRACT 
 

Arid and semi-arid ecosystems of the southwestern U.S. are experiencing major 

changes that have profound impacts for community structure and ecosystem function.  

First, these ecosystems are experiencing dramatic shifts in vegetation composition as 

a result of the invasion of non-native species.  Second these ecosystems are predicted 

to undergo substantial shifts in climate regime, which include increases in the 

variability and frequency of extreme temperature and precipitation events.  It is not 

well understood how these current and predicted changes will affect the physiological 

performance of different plant types in arid and semi-arid ecosystems.  To address the 

effect of these changes, this dissertation focused on the photosynthetic response of a 

native and non-native grass species, and dominant shrub species to precipitation 

across contrasting soil surfaces in southeastern Arizona.  The native and non-native 

grasses were exposed to wet and dry seasonal precipitation and responses to 

precipitation events (‘pulses’) were measured over the course of a summer growing 

season.  To gain a mechanistic understanding of these patterns, the biochemical and 

diffusion limitations to photosynthetic function were measured over the course of a 

pulse period.  Building on this foundation, natural stands of the non-native grass 

species were exposed to sequences of different sized pulse events.  The physiological 

performance of a dominant shrub species, Larrea tridentata, was measured in order to 

determine the biochemical and diffusional constraints to photosynthetic function 

across seasons and contrasting soil surfaces.  The results showed that leaf area 

development of these grass species affects water availability and time lags in 
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photosynthetic response.  Initial soil moisture conditions across contrasting soil 

surfaces influence the magnitude of photosynthetic response in grasses.  Large 

photosynthetic responses of the non-native grass require large and consecutive 

precipitation pulses.  Co-limitation of photosynthesis of Larrea tridentata by 

diffusion and biochemistry does not illustrate typical trends across seasons and soil 

surfaces.  Overall results demonstrate the importance of determining the mechanisms 

responsible for observed leaf-level photosynthetic patterns across individual pulse 

events, seasons, and contrasting soil surfaces.  This is especially important for 

predicting the magnitude of the response of plant communities in arid and semi-arid 

ecosystems to species invasions and changes in climate.   
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INTRODUCTION 

 The globe is currently facing changes of extraordinary magnitude which have 

significant ramifications for plants and animals and the way they interact with their 

surrounding environment.  The most commonly recognized forms of global change 

include changes in atmospheric composition, changes in climate driven by greenhouse 

gases, increases in nitrogen deposition, changes in land use patterns, increases in habitat 

fragmentation, as well as increases in biological invasions (Dukes and Mooney 1999).  

Perhaps the most significant change is the rise from 280ppm in 1800 to 367ppm in 1999 

of CO2 concentration in the atmosphere, which has been linked to anthropogenic CO2 

emissions from the burning of fossil fuels (Houghton et al. 2001).  The rise in 

atmospheric CO2 concentration has caused the global mean temperature to rise 0.6°C 

since the beginning of the 20th century (Easterling et al. 2000) and is predicted to lead to 

major ecological shifts and changes in precipitation regimes (Houghton et al. 2001).  

These elements of global change can act individually or collectively to alter composition 

and functioning of Earth’s ecosystems (Dukes and Mooney 1999).  A mechanistic 

understanding of individual species and community response to resource limitations in a 

changing environment is necessary for the development of scientific understanding and 

effective management of communities that face elements of global change, especially 

climate change (Weltzin and McPherson 2003).       

 The southwestern U.S. is currently faced with two major elements of global 

change that have consequences from the individual species to the ecosystem level.  

Generally, changes in climate are predicted to affect ecosystems, with most regional 

 



   17 

climate models predicting an increase in variability of the timing, frequency, and the 

magnitude of rainfall events (Easterling et al. 2000).  The southwestern U.S. is predicted 

to experience an increase in the frequency of extreme hot events, longer heat waves, and 

an increase in the contribution of extreme precipitation events (Diffenbaugh et al. 2005). 

Arid and semiarid ecosystems of the Southwest are expected to be the most affected by 

changes in precipitation patterns, since biological processes across the broad spectrum of 

spatial and temporal scales are predominantly driven by precipitation (Weltzin and Tissue 

2003).  In conjunction with changes in precipitation patterns, arid and semiarid 

ecosystems of the Southwest are undergoing extreme changes in vegetation composition.  

Among the most prominent vegetation shifts observed in this region include the 

e

 

 

ncroachment of woody plants, such as the natives Prosopis glandulosa (honey mesquite) 

and Larrea tridentata (creosotebush), as well as the invasion of non-native grasses into 

historic grasslands (Grover and Musick 1990, Schlesinger et al. 1990, Archer 1995, 

Boutton et al. 1998, Kieft et al. 1998, Bahre 1991, 1993, Weltzin and McPherson 2000, 

Williams and Baruch 2000).  In local regions of the southwestern U.S., such as in 

southeastern Arizona, much of the grassland community is dominated by a non-native 

grass Eragrostis lehmanniana (Lehmann lovegrass) from southern Africa (McClaran and 

Van Devender 1995).  Vegetation change associated with the introduction of non-native 

plants has large ramifications for community structure and ecosystem processes 

(D’Antonio and Vitousek 1992, Mack et al. 2000), may alter rates and patterns of 

nutrient cycling (Vitousek and Walker 1989, D’Antonio and Vitousek 1992) and affect 
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the flux of energy and materials through ecosystems (Walker and Smith 1997, Mooney 

and Hobbs 2000, Huxman et al. 2004c).   

Arid and semi-arid ecosystems of southwestern U.S. are limited by water 

availability (Smith et al. 1997, McAuliffe 2003) across a broad spectrum of spatial and 

temporal scales (Loik et al. 2004), which can have significant impacts on community 

structure and ecosystem process (Noy-Meir 1973, Ehleringer et al. 1999).  A major 

defining feature of the climate of southwestern U.S. is the occurrence of the North 

American monsoon (Sheppard et al. 2002), which encompasses considerable seasonal 

variation in precipitation (Adams and Comrie 1997).  Most research across different 

ecosystems has focused on the effects of annual or seasonal variability in precipitation on 

ecosystem production (Knapp and Smith 2001, Knapp et al. 2002, Fay et al. 2003, 

Zavaleta et al. 2003, Huxman et al. 2004a).  In particular to the Sonoran Desert, this 

region has a bimodal distribution of precipitation with the majority of precipitation 

occurring during the winter and summer seasons (Smith et al. 1997).  In areas such as 

Arizona and New Mexico, up to 50% of the annual rainfall occurs as monsoonal storms 

from July through September (Sheppard et al. 2002).  The Sonoran Desert has the hottest 

environment of the four North American deserts (Chihuahuan, Great Basin, Mojave, and 

Sonoran) (Weiss and Overpeck 2005) and the majority of the precipitation that occurs in 

this region is lost through evaporation (Bailey 1981, Loik et al. 2004).  Thus, the 

occurrence of precipitation events is especially important for biological activity in these 

water-limited ecosystems. 
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The individual inputs of precipitation into arid and semiarid ecosystems are 

highly variable and mainly unpredictable (Schwinning and Sala 2004).  Arid and 

semiarid ecosystems are regularly water-limited systems with extended periods between 

precipitation inputs.  Water becomes available in these systems through discrete inputs of 

precipitation, or ‘pulses’ (Noy-Meir 1973).  The temporal distribution and the size-class 

distribution of daily precipitation events as well as the size-class distribution of time 

between pulse events are two fundamental characteristics of the temporal distribution of 

daily precipitation (Loik et al. 2004).  Precipitation pulse events between 2 and 5mm 

represent the most common precipitation events in these ecosystems (Loik et al. 2004, 

Schwinning and Sala 2004).  Precipitation pulses of this magnitude can elicit a response 

from soil microbial communities (Austin et al. 2004), stimulate root growth (Lauenroth et 

al. 1987) and increase carbon fixation in some plants (Sala and Lauenroth 1982, 

Schwinning et al. 2003).  However, it has been suggested that a minimum of 5mm is 

required to generate a plant response (Huxman et al. 2004b, Reynolds et al. 2004), and 

influence differential water use by distinctive plant types (Golluscio et al. 1998).  

Previous work in southeastern Arizona has demonstrated differences in gas exchange 

response to large precipitation pulses from the plant to ecosystem level, which was 

amplified by contrasting soil surface characteristics and timing of the precipitation pulse 

within a summer season (Huxman et al. 2004c, Potts et al. 2006, Ignace et al. 2006, 

Cable et al. in preparation).  This renewed interest in resource pulses of arid and semiarid 

ecosystems can ultimately lead to a general comprehension of how pulses impact 
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ecosystem processes, carbon and nutrient cycling, and community composition (Weltzin 

and Tissue 2003). 

In order to reach a better understanding of the implications of changes in 

precipitation on plant communities, we must include how the soil surface translates 

available water into biological activity.  Soil characteristics influence the availability of 

water for plant use by controlling the infiltration and percolation of water (McAuliffe 

2003).  For example, coarse textured (sandy) soils allow for rapid and deep movement of 

water following a rainfall event (Walter 1979, Noy-Meir 1973, Sala et al. 1996, 

McAuliffe 1994, McAuliffe 2003).  However, fine textured (clay-rich) soils have higher 

water holding capacity in shallow layers but tend to restrict deep percolation (McAuliffe 

1994, McAuliffe 2003).  The deep percolation and storage of moisture in coarse-textured 

soils will provide a source of soil moisture for plants that is more persistent through time 

than the source of soil moisture that is found on fine-textured soil (McAuliffe 2003).  

Thus, coarse textured soils may dampen seasonal variability in soil moisture by allowing 

deep percolation, while fine textured soils may amplify seasonal variability by restricting 

deep infiltration (Noy-Meir 1973, Burgess 1995, McAuliffe 1994, 1999b).  The spatial 

and temporal distributions of soil moisture strongly influence vegetation composition, 

structure and productivity in arid and semiarid regions (McAuliffe 2003).  The 

characteristics of contrasting soil types are important for plant carbon and water exchange 

(Smith et al. 1995, Hamerlynck et al. 2000, Hamerlynck et al. 2002, Hamerlynck et al. 

2004, Huxman et al. 2004b,c, Ignace et al. 2006) and ultimately ecosystem processes 

(Huxman et al. 2004b, c, Potts et al. 2006, Cable et al. in preparation).  Due to the pulsed 
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nature of precipitation inputs in arid and semiarid ecosystems (Noy-Meir 1973), it is 

important to include how the soil surface mediates the changes in antecedent soil 

moisture conditions in conjunction with changes in precipitation. 

 Plant communities and individual species can be highly variable in their response 

to precipitation pulses in arid and semiarid environments.  The ‘inverse texture 

hypothesis’ (Noy-Meir 1973) predicts that sandy soils should support higher productivity 

than fine-textured soils under low rainfall regimes owing to greater infiltration 

characteristics of coarse soils.  Sala et al. (1988) found that if annual precipitation is less 

than 370mm, then sandy soils were more productive than fine textured (clay-rich) soils.  

Conversely, if precipitation was above 370mm, then fine textured soils were more 

productive than sandy soils.  The Westoby-Bridges’ pulse-reserve model (Noy-Meir 

1973) is based on the sparse and highly variable occurrence of discrete precipitation 

inputs, and predicts that precipitation triggers pulses of primary production and results in 

reserves of carbon and energy that accumulate in plants.  Walter’s two-layer hypothesis 

suggests that coexistence between two different plant types, such as grasses and woody 

plants, occurs as a result of differences in root systems and the amount of summer rainfall 

(Burgess 1995).  Species differences in response to precipitation pulses can be attributed 

to distinctive water-use efficiencies and toleration of drought conditions (Smith et al. 

1997), diverse root distribution and density patterns (Cohen 1970, Ogle and Reynolds 

2004) and unique above-ground leaf area development (Flanagan et al. 2002, Ignace et 

al. 2006).  In additional to these plant characteristics, thresholds of precipitation for plant 

response (Schwinning and Sala 2004), lags in temporal response of plants to pulses (Ogle 
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and Reynolds 2004, Ignace et al. 2006), the morphological and physiological tradeoffs to 

being adapted to drought (Schwinning and Ehleringer 2001), and the link between pulses 

of precipitation and pulses of belowground carbon and nutrients (Austin et al. 2004) have 

all been suggested to be important for driving species differences in response to 

precipitation.  Understanding these plant functional responses to precipitation pulses, will 

aid in our comprehensive knowledge of how plant communities will respond to climate 

change. 

 This dissertation contributes to this previously established body of work that 

focuses on plant responses to precipitation pulses in the context of climate change in arid 

and semiarid ecosystems.  The goal of my dissertation is to understand how Sonoran 

desert species respond to pulses of precipitation within and across seasons.  An important 

component of this research includes understanding how soil surfaces mediate or amplify 

species differences in response to precipitation pulses that occur during different times of 

the season and vary in magnitude.  I observed how a dominant, long-lived evergreen 

shrub species, Larrea tridentata (creosotebush), changes its photosynthetic capacity 

across seasons and contrasting geomorphic soils.  I also addressed how plant 

physiological traits of a non-native invasive grass species, Eragrostis lehmanniana, and a 

native grass species, Heteropogon contortus, respond to the manipulation of precipitation 

pulses that occur throughout the summer growing season on the Santa Rita Experimental 

Range (SRER).  A precipitation manipulation experiment was used to mimic the effects 

of a wetter and drier than average precipitation regime and photosynthetic gas exchange 

and plant water status was measured for plant response over time to a precipitation pulse 
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event on SRER.  Understanding of the physiological response of these species to a single 

precipitation pulse was expanded by exposing Eragrostis lehmanniana to sequences of 

pulse events that varied in magnitude.  Ultimately this work leads to a mechanistic 

understanding of the photosynthetic up- and down-regulation of desert species to 

individual and collections of precipitation pulses within arid and semiarid ecosystems.  

Since these arid ecosystems represent approximately a third of Earth’s terrestrial 

ecosystems and are often water-limited, it is necessary to development a mechanistic 

basis for plant response to changes in climate. 
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PRESENT STUDY 

LEAF GAS EXCHANGE AND WATER STATUS RESPONSES OF A NATIVE 

AND NON-NATIVE GRASS SPECIES TO PRECIPITATION MANIPULATION 

ACROSS CONTRASTING SOIL SURFACES IN THE SONORAN DESERT 

 

(The methods, results, and conclusions of this study are presented in the paper 

appended to this dissertation.  The following is a summary of the most important findings 

in this document.  This paper has been accepted pending revisions for publication in 

Oecologia.)  

 

Arid and semi-arid regions of the southwestern U.S. are faced with two major 

global change factors that have implications for ecosystem structure and function.  First, 

changes in climate are predicted to affect these ecosystems, with most regional climate 

models predicting an increase in variability of the timing, frequency, and the magnitude 

of rainfall events (Easterling 2000).  In particular, the southwestern U.S. is predicted to 

experience an increase in the frequency of extreme temperature events, longer heat 

waves, and an increase in the contribution of extreme precipitation events (Diffenbaugh et 

al. 2005).  Arid and semiarid ecosystems are regularly limited by water with prolonged 

periods between inputs of precipitation (Noy-Meir 1973).  Water becomes available 

through highly variable and discrete inputs, or pulses (Noy-Meir 1973). Second, arid 

regions are also experiencing substantial vegetation change, such as 

 

 

the encroachment of 

woody plants into historic grasslands and the invasion of non-native grasses (Grover and 
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Musick 1990, Schlesinger et al. 1990, Archer 1995, Boutton et al. 1998, Kieft et al. 1998, 

Bahre 1991, 1993, Weltzin and McPherson 2000, Williams and Baruch 2000).  These 

kinds of species invasions are changing plant community structure and composition 

(Esque and Schwalbe 2002), altering rates and patterns of nutrient cycling (Vitousek and 

Walker 1989, D’Antonio and Vitousek 1992) and shifting the flux of energy and 

materials through ecosystems (Walker and Smith 1997, Mooney and Hobbs 2000, 

Huxman et al. 2004c).   

Soil surface characteristics are important for translating precipitation pulses into 

biological activity.  For example, coarse textured (sandy) soils allow for rapid and deep 

movement of water following a rainfall event (Walter 1979, Noy-Meir 1973, Sala et al. 

1996, McAuliffe 1994, McAuliffe 2003).  However, fine textured (clay-rich) soils have 

higher water holding capacity in shallow layers but tend to restrict deep percolation 

(McAuliffe 1994, McAuliffe 2003).  Thus, coarse textured soils may dampen seasonal 

variability in soil moisture by allowing deep percolation, while fine textured soils may 

amplify seasonal variability by restricting deep infiltration (Noy-Meir 1973, Burgess 

1995, McAuliffe 1994, 1999b).  Previous work has shown the importance of soil surface 

characteristics for translating precipitation into biological activity, especially for plant 

carbon and water exchange (Smith et al. 1995, Hamerlynck et al. 2000, Hamerlynck et 

al. 2002, Hamerlynck et al. 2004) and ultimately ecosystem processes (Huxman et al. 

2004b, c).  It is currently not well-understood how changes in climate and shifts in plant 

communities will interact with soil surface characteristics to influence plant responses to 

precipitation in arid and semi-arid systems.   
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The main question guiding this research is: How will global change in arid land 

ecosystems affect CO2 exchange with the atmosphere?  In the context of this overarching 

question the research focuses on answering two specific questions:  1) how do species (a 

native and a non-native grass) differ in their photosynthetic gas exchange response to 

precipitation pulses throughout the summer season and 2) how do soil surface 

characteristics influence leaf-level CO2 exchange for a native and non-native grass 

species?  I predicted that the timing of a precipitation pulse within the primary summer 

growing season would affect the size of physiological response: pre-monsoon response 

should be large and a peak monsoon response should be small.  Second, I predicted that 

E. lehmanniana, would have a more rapid photosynthetic response to precipitation events 

than the native grass species across sites due its water use characteristics.  Finally, I 

predicted that following a pulse, there would be larger proportional responses by plants 

on the sandy surface than on the clay surface due to the differences in water infiltration, 

percolation, and antecedent soil moisture conditions.  

A summer and winter precipitation manipulation experiment was conducted for 

two consecutive years across two different geomorphologic soil surfaces (sandy = 

Holocene-aged alluvium soil, clay = Pleistocene-aged alluvium soil) within the Santa 

Rita Experimental Range (SRER), located in southeastern Arizona.  Monoculture stands 

of a native grass species (Heteropogon contortus) and a non-native grass species 

(Eragrostis lehmanniana) were exposed to 50% above mean precipitation (wet) and 50% 

below mean precipitation (dry).  Changes in leaf-level gas exchange and plant water 
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status over a 15 day time course were measured in response to a 39mm pulse event in 

June and August of 2002 and 2003. 

Results from this work demonstrate that soil surface did not always amplify 

differences in plant response to a pulse event.  The timing of a single large pulse event 

within the summer season was most important for determining the magnitude of plant 

response.  For example, a pulse event at the beginning of the summer monsoon lead to a 

large change in photosynthetic gas exchange, whereas a pulse event during the peak of 

the summer monsoon simply maintained the previously high plant water status and plant 

photosynthesis.  Plant water status differences were a consequence of prolonged period of 

drought prior to June and continuously favorable soil moisture conditions observed prior 

to August.  Contrary to the prediction, E. lehmanniana did not demonstrate heightened 

photosynthetic performance over the native species in response to pulses across both soil 

surfaces.  E. lehmanniana had the lowest integrated photosynthetic response in June and 

August across water treatment and soil surface, except on the Holocene in June of 2003.  

Overall accumulated leaf-level CO2 response to a pulse event was dependent on 

antecedent soil moisture during the August pulse event, but not during the June pulse 

event.  Although E. lehmanniana has come to dominate throughout Arizona, this non-

native invasive species surprisingly does not demonstrate more rapid and larger 

physiological responses to precipitation than the native species across all soil surfaces.   
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PHOTOSYNTHETIC UP-REGULATION IN A NAITVE AND NON-NATIVE 

GRASS SPECIES IN RESPONSE TO PRECIPITATION MANIPULATION 

ACROSS CONTRASTING SOIL SURFACES 

 

(The methods, results, and conclusions of this study are presented in the paper 

appended to this dissertation.  The following is a summary of the most important findings 

in this document.  This paper will be submitted for publication in New Phytologist.) 

 

Arid and semi-arid ecosystems are spatially and temporally limited by water 

availability (Smith et al. 1997, McAuliffe 2003), which can have significant impacts on 

community structure and ecosystem process (Noy-Meir 1973, Ehleringer et al. 1999).  

Water in these arid regions becomes available through discrete precipitation events, or 

pulses (Noy-Meir 1973).  However, our current understanding of the spatial and temporal 

distribution of precipitation in these regions will change due to the impact of rising 

atmospheric CO2 levels on climate regimes.  Future changes in precipitation regimes 

across various regions of the United States are predicted to increase in the variability of 

timing, frequency, and rainfall size distributions (Easterling et al. 2000, Houghton et al. 

2001).  Increases in the frequency and duration of extreme precipitation and hot events 

are projected to affect the American Southwest (Diffenbaugh et al. 2005).   Soil surface 

characteristics can serve as an amplifier or mediator for differences in plant physiological 

response to these changes.  For example, coarse textured soils may dampen seasonal 

variability in soil moisture by allowing deep percolation, while fine textured soils may 
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amplify seasonal variability by restricting deep infiltration (Noy-Meir 1973, Burgess 

1995, McAuliffe 1994, 1999b).   

The main objective of this study was to understand how a native and non-native 

grass species up- and down-regulate photosynthetic capacity in response to precipitation 

pulses across contrasting soil surfaces.  Specifically, three research questions were 

addressed in this study: (1) How do a native (Heteropogon contortus) and a non-native 

(Eragrostis lehmanniana) C4 bunchgrass up- and down-regulate photosynthetic capacity 

and light conversion efficiency in response to a single precipitation pulse event during the 

start of the summer monsoon, (2) How do new and old leaves of H. contortus and E. 

lehmanniana differ in their response to precipitation pulses, and (3) How does 

photosynthetic up- and down-regulation differ between H. contortus and E. lehmanniana 

across two different geomorphologic soil surfaces (sandy = Holocene-aged alluvium soil, 

clay = Pleistocene-aged alluvium soil).  Previous work on the SRER has shown that E. 

lehmanniana can achieve maximum net assimilation of carbon faster than H. contortus 

immediately following a pulse event (Ignace et al. in review) and H. contortus can 

accumulate more carbon following a pulse event (Huxman et al. 2004c, Ignace et al. in 

review).  Therefore, I predicted that E. lehmanniana would be able to up-regulate 

photosynthetic capacity more efficiently than H. contortus across both soil surfaces.  New 

leaves that had developed after precipitation irrigation was applied were predicted to 

demonstrate higher photosynthetic capacity than old leaves of H. contortus and E. 

lehmanniana.  
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A summer and winter precipitation manipulation experiment was conducted 

across two different geomorphologic soil surfaces (sandy = Holocene-aged alluvium soil, 

clay = Pleistocene-aged alluvium soil) within the Santa Rita Experimental Range (SRER) 

located in southeastern Arizona since 2001.  Monoculture stands of a native grass species 

(Heteropogon contortus) and a non-native grass species (Eragrostis lehmanniana) were 

exposed to a wet summer and wet winter precipitation treatment.  A wet summer and 

winter precipitation treatment had 50% above mean precipitation.  The photosynthetic 

response to internal CO2 concentration (A-ci curves), light response curves (quantum 

efficiency across different light levels), pre-dawn water potential (plant water status), and 

chlorophyll fluorescence (chemical efficiency of PSII) were measured one day prior to 

and 1, 3, and 5 days following a 39mm pulse event on contrasting soil surfaces.  

The results from this study demonstrated how soil surfaces tend to amplify 

differences in the way plants up-regulate photosynthesis in response to a large 

precipitation pulse event at the beginning of the summer monsoon season.  A clay-rich 

soil surface, such as the Pleistocene will generally lead to enhanced efficiency of up-

regulation of photosynthesis and maximum photosynthetic rates in shallow-rooted desert 

grass species, due to its water holding capacity in shallow soil layers.  Old leaves of E. 

lehmanniana up-regulated photosynthesis to higher levels of maximum Anet than H. 

contortus across both soil surfaces on each day following the pulse event.  This result 

may be due to the primary limitation by stomatal conductance during dry inter-pulse 

periods for this species, as compared to the diffusive, biochemical and leaf area 

constraints on the native species.  H. contortus and E. lehmanniana allocated more 
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resources towards the increase in efficiency of up-regulation and maximum Anet rates of 

new leaves over old leaves across the sandy and clay-rich soil surfaces.  These results 

suggest different pulse use strategies between the native and non-native species, where 

the native species appeared to have been quicker to allocate photosynthetic capacity 

towards new leaf material.  Soil surface characteristics, time delays in photosynthetic up-

regulation, and tradeoffs associated with allocating resources towards new over old lead 

material will all interactively lead to a better mechanistic understanding of species 

specific responses to precipitation pulse events 

 

 

PHOTOSYNTHETIC UP-REGULATION OF A NON-NATIVE C4 GRASS TO 

DIFFERENT SIZED PRECIPITATION PULSES IN A SONORAN DESERT 

GRASSLAND  

 

 (The methods, results, and conclusions of this study are presented in the paper 

appended to this dissertation.  The following is a summary of the most important findings 

in this document.  This paper will be submitted for publication in Oecologia.) 

 

Arid and semiarid ecosystems are characterized with discrete inputs of 

precipitation, or pulses, which are highly variable and unpredictable (Noy-Meir 1973).  

Available water in these ecosystems varies across spatial and temporal scales (Smith et 

al. 1997, McAuliffe 2003, Loik et al. 2004), which can have significant impacts on 
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community structure and ecosystem process (Noy-Meir 1973, Ehleringer et al. 1999).  

However, our current understanding of the spatial and temporal distribution of 

precipitation in these regions will change due to the impact of rising atmospheric CO2 

levels on climate regimes.  Among the predictions for future change in the American 

southwest include increases in the frequency and duration of extreme precipitation and 

hot events (Diffenbaugh et al. 2005).  This scenario makes it necessary to understand the 

response of plants to single and a collection of precipitation pulse events.  

 

Schwinning 

and Sala (2004) suggest a hierarchical framework to describe how the magnitude of a 

pulse event triggers the magnitude and extent of an ecological response.  This idea is 

important for arid and semi-arid ecosystems that frequently experience extended periods 

of drought and have a precipitation regime that mostly consists of pulses of precipitation 

that are <5mm (Noy-Meir 1973, Schwinning and Sala 2004).  The implications of 

precipitation that is available on short time scales has received far less attention than 

precipitation varying across a season or annually in previous studies, but there is a 

renewed interest in establishing a mechanistic understanding of how individual 

precipitation pulses within a season can influence ecological responses (Weltzin and 

Tissue 2003, Schwinning et al. 2004).   

The main objective of this research was to understand how a non-native grass 

species up- and down-regulates its photosynthetic function in response to sequences of 

precipitation pulses varying in magnitude at the beginning of the summer growing 

season.  This work focused on the photosynthetic response to internal CO2 concentration 

and light conversion efficiency of a non-native species (Eragrostis lehmanniana) to small 
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and large precipitation pulses.  Although a summer pulse event that is at least 2mm can 

elicit a response from soil microbial communities (Austin et al. 2004), larger pulse sizes 

(Schwinning et al. 2003, Huxman et al. 2004, Reynolds et al. 2004), may be necessary to 

generate a response by plants.  Therefore, I predicted plants that received 0mm for the 

first pulse and a small second pulse (0 or 5mm) would demonstrate a small degree of up-

regulation of photosynthesis and low light conversion efficiency.  Previous work at the 

SRER has demonstrated that E. lehmanniana can up-regulate its photosynthesis 

immediately following (1 day post-pulse) a large (39mm) pulse event at the beginning of 

the summer growing season, when the plants have been exposed to an extended of 

drought (Ignace et al. in press).  However, E. lehmanniana was able to maintain high 

photosynthetic function throughout the summer growing season, which dampened an 

increase in plant function response to a large (39mm) pulse event during the peak of the 

summer growing season.  Using this previous knowledge, I predicted that E. 

lehmanniana would be able to maintain high photosynthetic function when exposed to a 

large first pulse event (15mm) and a large second pulse event (15mm).  While plants that 

were exposed to a large first pulse event (15mm) and a small second pulse event (5mm) 

would demonstrate heightened photosynthetic function and light conversion efficiency 

only immediately following the second pulse event and decrease quickly in plant function 

by day 7 of the pulse period. 

To accomplish the task of answering these questions, an in situ precipitation 

manipulation experiment was conducted on the Santa Rita Experimental Range (SRER), 

located in southeastern Arizona.  Natural stands of E. lehmanniana species received a 
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pre-conditioned pulse event of 0 or 15mm, followed by a second pulse event that was 0, 

5, or 15mm.  The photosynthetic response to internal CO2 concentration (A-ci curves), 

light response curves (quantum efficiency across different light levels), pre-dawn water 

potential (plant water status), and chlorophyll fluorescence (photo-chemical efficiency of 

PSII) were measured one day prior to and 1, 3, and 7 days following a pulse event.  

In-line with a previously suggested hierarchical framework to describe the 

magnitude of plant response to pulse events (Schwinning and Sala 2004), we found that 

plants that received two consecutive 15mm pulse events had high efficiency of 

photosynthetic up-regulation and maintained high photosynthetic rates for several days 

following the pulse event.  Plants that received 0mm as a pre-conditioning followed by 

5mm were able to achieve the highest photosynthetic rates above all other pulse sequence 

combinations one day following the second pulse event.  Prior to the second pulse event, 

plants that received no pre-conditioning did not demonstrate a strong relationship 

between stomatal conductance and photosynthetic rate.  Whereas photosynthetic rates 

were strongly driven by stomatal conductance across all pre-conditioning and second 

pulse event combinations post-pulse.  This non-native grass species has adapted to 

periodic availability of small precipitation pulses and appears to have the physiological 

ability to respond quickly to these small pulse events.  This is especially important in arid 

and semiarid ecosystems, where the majority of precipitations events are between 2 and 

5mm (Loik et al. 2004, Schwinning and Sala 2004).  Performing precipitation 

manipulation experiments on small time scales will aid in understanding the implications 
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of predicted future changes in the frequency and size-distribution of precipitation pulses 

in arid and semiarid ecosystems.    

 

SEASONAL CHANGES IN LIMITATIONS TO PHOTOSYNTHETIC 

FUNCTION OF LARREA TRIDENTATA (CREOSOTEBUSH) GROWING 

ACROSS CONTRASTING SOIL SURFACES IN THE SONORAN DESERT 

 

(The methods, results, and conclusions of this study are presented in the paper 

appended to this dissertation.  The following is a summary of the most important findings 

in this document.  This paper will be submitted for publication in the Journal of Arid 

Environments.) 

 

Patterns of precipitation events in arid and semi-arid ecosystems across seasons 

are highly variable and may play a strong role in determining community structure and 

ecosystem function (Noy-Meir 1973, McAuliffe 1994, 1995, 1999b, Parker 1995, 

Weltzin and McPherson 2003, Huxman et al. 2004c, Potts et al. 2006).  These 

ecosystems are also commonly water limited with extended drought periods, which can 

constrain plant level and ecosystem level processes (Noy-Meir 1973, Sala et al. 1996, 

Reynolds et al. 1999).  The amount of water that is available for plant use after 

precipitation events in these systems is strongly influenced by the soil surface (Smith et 

al. 1995, Hamerlynck et al. 2000, Hamerlynck et al. 2002, Hamerlynck et al. 2004, 

McAuliffe 2003, Huxman et al. 2004c, Ignace et al. in review, Potts et al. 2006).  The 
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implication of the interactive effects of precipitation variation and soil surface 

characteristics is currently not well understood.  Therefore, developing a mechanistic 

relationship between plant function characteristics across contrasting soil surfaces will 

provide a basis to understanding the potential effects of climate variability on ecological 

processes in the Southwestern U.S.  

The main question in our study is: How does soil surface affect photosynthetic 

function of a dominant, long-lived evergreen desert species, Larrea tridentata?  Since 

rainfall is bimodal on the Sonoran Desert, photosynthetic function was observed and 

compared across summer and winter seasons.  For the winter season, we predicted that 

photosynthetic capacity of plants on the sandy soil surface would be more constrained by 

biochemical limitations, or N content, than by diffusion through stomatal pores.  While 

photosynthetic function of plants on the clay surface would be mainly limited by 

diffusion.  This is a likely outcome because a sandy soil surface allows for deep 

infiltration and percolation of rainfall, and plants on these soils should exhibit less water 

stress throughout the course of dry and wet periods.  Despite these hydrological 

characteristics, these soils also tend to be N-limited (Smith et al. 1997) and due to the 

correlation found between nitrogen content and photosynthetic capacity of C3 plants 

(Evans 1989, Reich et al. 1995, 1998), we should observe lower productivity on sandy 

soils as opposed to clay-rich soils.  We expected to the opposite trend for the summer 

season.  For the summer season, we predicted that photosynthetic activity of plants 

located on the sandy soil surface would be more constrained by diffusion than by 

biochemical limitations.  While concurrently we predicted that plants on the clay surface 
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would not be limited by either N content or diffusion.  This scenario seems plausible 

since plants on the sandy soil surface will oscillate more often between high and low 

water status than plants on the clay-rich soil.  The contrasting experiences of water 

availability across these soils is due to the higher water holding capacity of clay-rich soil 

and water likely being less able to infiltrate deeply on sandy soils due to high evaporation 

rates during the summer season.  Establishing the link between soil hydrology and 

limitations for photosynthesis is important for understanding the dominance of this shrub 

across desert systems within the Southwestern United States. 

To address this question we focused on seasonal measurements of plant-water 

relations, leaf tissue content, and stomatal conductance of Larrea tridentata across 

contrasting sandy and clay-rich soil surfaces at the University of Arizona Desert 

Laboratory on Tumamoc Hill, Tucson, Arizona, USA.  Summer and winter 

measurements of pre-dawn water potential (Ψpd), %Nitrogen in leaf tissue, stomatal 

conductance (gs), and ∆ (carbon isotope discrimination, a proxy for photosynthetic 

function) were made on individual plants of Larrea tridentata across a sandy and clay 

soil surface.  Path analysis was used to determine the strength of the effects of %N, gs, 

and Ψpd on ∆.  Correlations between these variables were established, thus making path 

analysis a more appropriate analysis over common multiple regression techniques. 

The results demonstrate that soil surface characteristics of the sandy surface 

unexpectedly did not demonstrate benefits during dry periods and the negative 

relationship between N and ∆ was dependent on soil surface and season.  Overall from 

our path analyses, stomatal conductance was shown to be the main determinant of both N 
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and ∆, especially during the winter season.  Larrea tridentata on the sandy soil had 

significantly larger mean canopy volumes and had less %dieback compared to plants on 

the clay-rich soil surface, indicating deeper rooting systems of this shrub on sandy soils 

that allow for the extraction of water in deep soil layers and extended physiological 

activity during dry periods of the season (Smith et al. 1997).  Developing a framework 

for the constraints to physiological function across seasons will enhance our 

understanding of the dominance of this long-lived evergreen desert species throughout 

arid and semiarid ecosystems of the American southwest.   
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APPENDIX A 

LEAF GAS EXCHANGE AND WATER STATUS RESPONSES OF A NATIVE AND 

NON-NATIVE GRASS SPECIES TO PRECIPITATION MANIPULATION ACROSS 

CONTRASTING SOIL SURFACES IN THE SONORAN DESERT 

Danielle D. Ignace, Travis E. Huxman, Jake Weltzin, and David Williams 
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Abstract 

 Arid and semi-arid ecosystems of the southwestern U.S. are undergoing changes 

in vegetation composition and are predicted to experience shifts in climate.  To 

understand implications of these current and predicted changes, we conducted a 

precipitation manipulation experiment on the Santa Rita Experimental Range in 

southeastern Arizona.  The objectives of our study were to determine how soil surface 

and seasonal timing of rainfall events mediate the dynamics of leaf-level photosynthesis 

and plant water status of a native and non-native grass species in response to precipitation 

pulse events.  We followed a simulated precipitation event (pulse) that occurred prior to 

the onset of the North American monsoon (in June) and at the peak of the monsoon (in 

August) for 2002 and 2003.  We measured responses of pre-dawn water potential (Ψpd), 

photosynthetic rate (Anet), and stomatal conductance (gs) of native (Heteropogon 

contortus) and non-native (Eragrostis lehmanniana) C4 bunchgrasses on sandy and clay-

rich soil surfaces.  Soil surface did not always amplify differences in plant response to a 

pulse event.  A June pulse event lead to an increase in plant water status and 

photosynthesis.  Whereas the August pulse did not lead to an increase in plant water 

status and photosynthesis, due to favorable soil moisture conditions facilitating high plant 

performance during this period.  E. lehmanniana did not demonstrate heightened 

photosynthetic performance over the native species in response to pulses across both soil 

surfaces.  Overall accumulated leaf-level CO2 response to a pulse event was dependent on 

antecedent soil moisture during the August pulse event, but not during the June pulse 

event.  This work highlights the need to understand how desert species respond to pulse 
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events across contrasting soil surfaces in water limited systems that are predicted to 

experience changes in climate.  

Keywords:  Invasive grass species, Photosynthesis, Stomatal conductance, Precipitation 

manipulation, Santa Rita Experimental Range 
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Introduction 

Arid and semi-arid regions of the southwestern U.S. are faced with two major 

global change factors that have implications for ecosystem structure and function.  First, 

changes in climate are predicted to affect these ecosystems, with most regional climate 

models predicting an increase in variability of the timing, frequency, and the magnitude 

of rainfall events (Easterling et al. 2000).  In particular, the American Southwest is 

predicted to experience an increase in the frequency of extreme hot events, longer heat 

waves, and an increase in the contribution of extreme precipitation events (Diffenbaugh et 

al. 2005). 

 

 Second, invasions of non-native plant species are changing plant community 

structure and composition (Esque and Schwalbe 2002).  It is currently unknown how 

these two changes will interact to influence leaf to ecosystem level processes in arid and 

semi-arid systems.  In recent years there has been a heightened awareness that soil 

surface characteristics will strongly influence ecosystem structure and function, but 

current understanding of how the plant-soil-climate interaction will control ecosystem 

function is particularly lacking (Kerkhoff et al. 2004).   

Understanding the implications of climate change for arid and semi-arid 

ecosystems is important since these systems are commonly water limited, with extended 

periods between rainfall events.  Water becomes available in these systems through 

discrete inputs of rainfall, or ‘pulses’ (Noy-Meir 1973).  Most research across different 

ecosystems has focused on the effects of annual variability in precipitation on ecosystem 

production (Knapp and Smith 2001, Knapp et al. 2002, Fay et al. 2003, Zavaleta et al. 

2003, Huxman et al. 2004a).  Rainfall variability will also interact with antecedent soil 
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moisture to influence seasonal variability in water recharge and plant growth (Reynolds 

et al. 2004).  For example, early versus late growing season rainfall may have differential 

effects on physiological processes in plants due to variation in vegetative phenology 

among dominant species (Ogle and Reynolds 2004).  Therefore, a mechanistic 

understanding of how individual pulses within a season affect plant-to-ecosystem level 

processes is required to adequately understand ecosystem response to global change 

(Weltzin et al. 2003, Weltzin and Tissue 2003, Huxman et al. 2004b). 

 Vegetation change associated with the introduction of non-native plants has large 

ramifications for community structure and ecosystem processes (D’Antonio and Vitousek 

1992, Mack et al. 2000).  Encroachment of native woody plants, such as Prosopis 

glandulosa (honey mesquite) and Larrea tridentata (creosote bush) together with the 

invasion of non-native grasses into historic grasslands represent the most prominent 

vegetation shifts in the American Southwest (Grover and Musick 1990, Schlesinger et al. 

1990, Archer 1995, Boutton et al. 1998, Kieft et al. 1998, Bahre 1991, 1993, Weltzin and 

McPherson 2000, Williams and Baruch 2000).  These altered grasslands are also affected 

by changes in precipitation, enhanced nitrogen deposition, disturbance and habitat 

fragmentation (Dukes and Mooney 1999).  Invaders displacing native biota may alter 

rates and patterns of nutrient cycling (Vitousek and Walker 1989, D’Antonio and 

Vitousek 1992) and the flux of energy and materials through ecosystems (Walker and 

Smith 1997, Mooney and Hobbs 2000, Huxman et al. 2004c).   

In southeastern Arizona, much of the native grassland community has been 

invaded by the non-native grass Eragrostis lehmanniana (McClaran and Van Devender 
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1995). This aggressive C4 bunchgrass from southern Africa was introduced in southern 

Arizona during the 1930s (Anable et al. 1992).  The success of this non-native species is 

hypothetically due to its water-use characteristics; E. lehmanniana initiates growth 

several weeks before most native grasses and extracts soil water when most native 

grasses are dormant (Frasier and Cox 1994).  E. lehmanniana also maintains significant 

leaf area during dry, inter-pulse periods, potentially making it quite responsive 

physiologically to episodic rainfall as compared to native species.  However, only 

recently have studies shown how invasion of this grass alters CO2 and water exchange of 

grassland ecosystems (Huxman et al. 2004c, Potts et al. 2006).   

 We still lack the development of a fundamental quantitative theory of 

atmosphere-soil-vegetation dynamics for water-limited systems undergoing climate 

change, which may partly be due to poor integration and ecological application of these 

issues in experimentation (Kerkhoff et al. 2004).  Soil characteristics influence the 

availability of water for plant use by controlling the infiltration and percolation of water 

(McAuliffe 2003).  For example, coarse textured (sandy) soils allow for rapid and deep 

movement of water following a rainfall event (Walter 1979, Noy-Meir 1973, Sala et al. 

1996, McAuliffe 1994, McAuliffe 2003).  However, fine textured (clay-rich) soils have 

higher water holding capacity in shallow layers but tend to restrict deep percolation 

(McAuliffe 1994, McAuliffe 2003).  The deep percolation and storage of moisture in 

coarse-textured soils will provide a source of soil moisture for plants that is more 

persistent through time than the source of soil moisture that is found on fine-textured soil 

(McAuliffe 2003).  Thus, coarse textured soils may dampen seasonal variability in soil 
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moisture by allowing deep percolation, while fine textured soils may amplify seasonal 

variability by restricting deep infiltration (Noy-Meir 1973, Burgess 1995, McAuliffe 

1994, 1999b).  The characteristics of these two contrasting soil types are important for 

plant carbon and water exchange (Smith et al. 1995, Hamerlynck et al. 2000, 2002, 2004) 

and ultimately ecosystem processes (Huxman et al. 2004b, c).  Due to the pulsed nature 

of precipitation inputs (Noy-Meir 1973), it is important to include how the water becomes 

available through the soil to understand plant and ecosystem level responses to changes 

in antecedent soil moisture in conjunction with changes in precipitation.   

The main question guiding our research activities is: How will global change in 

arid land ecosystems affect CO2 exchange with the atmosphere?  In this paper we focus 

on how photosynthetic gas exchange at the leaf-level responds to rainfall pulses.  In the 

context of this overarching question our research focuses on answering two specific 

questions:  1) how do species (a native vs. non-native grass) differ in their response to 

precipitation pulses throughout the summer growing season and 2) how do soil surface 

characteristics influence leaf-level CO2 exchange for a native and non-native grass 

species?  We experimentally manipulated precipitation across two different 

geomorphologic soil surfaces (sandy = Holocene-aged alluvium soil, clay = Pleistocene-

aged alluvium soil) within the Santa Rita Experimental Range in southeastern Arizona for 

two consecutive years.  We predicted that the timing of a precipitation pulse within the 

summer season would elicit a large physiological pre-monsoon response and a small peak 

monsoon response.  Second, we predicted that E. lehmanniana would have a larger 

photosynthetic and water status response to precipitation events than the native grass 
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species across sites because of its water use characteristics.  Finally, we predicted that 

following a pulse, there would be larger functional responses by plants on the sandy 

surface than on the clay surface due to the differences in water infiltration, percolation, 

and antecedent soil moisture conditions. 

 

Materials and Methods 

Study site description 

The precipitation manipulation experiment was conducted at the Santa Rita 

Experimental Range (SRER), located 40 km south of Tucson, Arizona (McClaran and 

Van Devender 1995).  Elevation ranges from 900-1,300 m and annual rainfall ranges 

from 250-500 mm (McClaran and Van Devender 1995).  Plots were established beneath 

rainout manipulation shelters that were constructed on two different soil surfaces during 

the summer of 2001.  Three shelters (161 m2 covered area) were built on a Pleistocene-

aged and a Holocene-aged alluvial surface.  The Pleistocene surface is characterized by a 

well-developed argillic horizon at about 10-30 cm below the soil surface (McAuliffe 

1995), while the Holocene surface is characterized by a poorly developed and texturally 

homogeneous soil (McAuliffe 1995).  The sandy soil surface is the Holocene-aged 

alluvium soil (referred to as “Holocene” in figures) and the clay-rich soil surface is a 

Pleistocene-aged alluvium soil (referred to as “Pleistocene” in figures).  The soils on the 

Pleistocene surface contain 50% clay and 30% sand, whereas the Holocene surface soils 

contain 6% clay and 84% sand (gravimetric determination of 25 to 100 cm depths) 
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(Huxman et al. 2004c, English et al. 2005).  Across each soil surface, shelters were 

arranged in three replicated blocks.   

Each precipitation treatment was assigned randomly to one of twelve plots within 

each shelter using a randomized complete block design.  Each of the three shelters within 

a site covered 12 plots, where each plot (1.5 m x 1.8 m) was trenched to a depth of 1 m 

and time-domain reflectometry sensors were placed in each to depths of 15, 35 and 55 cm 

from the soil surface.  Huxman et al. (2004c) describes plot construction, plant densities 

and protocol for measuring LAI in these experimental plots.  Each plot was planted with 

greenhouse-grown transplants of either H. contortus or E. lehmanniana in the spring of 

2001.  A total of six plots of H. contortus and six plots E. lehmanniana were sampled at 

each site with an n=3 for each species and water treatment combination.     

Precipitation manipulation

 All twelve plots under each of the three shelters were prevented from receiving 

any natural precipitation.  This allowed us to accurately control the amount of 

precipitation each plot received throughout the entire year.  Therefore, natural 

precipitation occurring outside the shelters did not affect our comparisons of plant 

response to different precipitation treatments.  Plot irrigation was conducted to mimic the 

natural bi-seasonal rainfall pattern typical of southeastern Arizona.  Starting in July 2001 

we added water in parallel with the naturally occurring North American monsoon 

affecting nearby Tumacacori, Arizona.  Little to no rain occurs during the 3 month period 

before the onset of the summer monsoon (Adams and Comrie 1997).  All plots received 

identical amounts of water from July 2001 until June 2002.  On June 10, 2002, all plots 
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received a 39 mm irrigation pulse event.  The June pulse event marks the initiation of the 

summer growing season (a pre-monsoon effect).  Immediately following this pulse, we 

implemented a water treatment throughout the summer season.  The wet summer 

treatment received 50% more precipitation than the annual mean (hereafter “wet”).  The 

dry summer treatment received 50% less precipitation (hereafter “dry”).  On August 16, 

2002, wet plots received a 39 mm pulse and dry plots received a 12 mm pulse event.  The 

August pulse event has a peak monsoon and peak growing season effect.  The same 

watering regime was applied throughout the remainder of the year and the same watering 

treatments and pulse events were applied on June 10, 2003 and August 16, 2003.  We 

followed the dynamics of plant water relations and leaf-level H2O and CO2 exchange on 

one plant within each plot on the day before the pulse event and on 1, 3, 7, and 15 days 

following the pulse for plots of H. contortus and E. lehmanniana (n = 3) within the wet 

and dry water treatment. 

Plant measurements 

We randomly selected a recently fully expanded vegetative grass tiller within 

each plot and measured pre-dawn water potential (Ψpd) over the 15-day pulse period 

using a Scholander-type pressure chamber.  On the day following pre-dawn water 

potential measurements, we selected a different individual with a recently fully expanded 

leaf from each plot and measured leaf-level net assimilation rate (Anet) and stomatal 

conductance (gs) with a portable photosynthesis system (LI-6400, Li-Cor Inc., Lincoln, 

NE USA).  We randomly selected different individuals for the June and August pulse 

events in order to measure Ψpd, Anet, and gs.  Mid-morning values of Anet and gs were 
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collected between 0900 and 1100 hrs.  For the June and August pulse in 2003, we 

additionally made diurnal measurements of Anet and gs at the time periods of 0200-0400, 

0900-1100, 1100-1300 and 1300-1500 hrs for all plant, soil surface, and water treatment 

combinations.  The light source on the Li-6400 leaf cuvette was set at a light intensity of 

1500 µmol m-2 s-1.  Vapor pressure deficit, air temperature, and CO2 concentration of the 

cuvette were set to values close to ambient environmental conditions, and maintained 

constant for all measurements across the plots in both sites during that measurement 

period. 

Statistical analysis 

We used a split-split-plot ANOVA statistical analysis (JMP IN statistical 

software, version 4.0.4, SAS Institute Inc.) to determine the effects of soil surface 

(Holocene and Pleistocene), species (Heteropogon contortus and Eragrostis 

lehmanniana), water treatment (wet and dry), time (day of pulse period) and their 

interactions, on the response of plant function parameters of Ψpd, Anet, and gs (from one 

day before the pulse up to day 15 post-pulse).  Whole-plot factors included soil surface 

and time; split-plot factors included plant species, water treatment and their interaction 

with soil surface and; split-split-plot factors included all other interactions.  The same 

model structure was completed for every pulse event, except during the June 2002 pulse, 

where the plots had not yet been exposed to a wet and dry summer water treatment.  Ψpd, 

Anet, and gs were log-transformed in June 2002 to meet the assumptions of normality, and 

all other sample period met the assumptions of normality.  We used ANOVA statistical 

analysis to test for differences in integrated leaf-level net assimilation of carbon (over 

 



   57 

entire 15-day pulse period).  A simple regression was used (JMP IN statistical software, 

version 4.0.4, SAS Institute Inc.) to analyze the relationship between gs and Anet.   

 

Results   

June 2002 

In June 2002 Ψpd differed between species and was affected by a soil surface and 

time interaction (Table 1, Fig. 1a, b).  Across both surfaces, Ψpd became less negative 

after the pulse application, and slowly returned to more negative values by day 15.  Both 

H. contortus and E. lehmanniana initially had more negative Ψpd on the sandy soil 

surface than the clay surface.  H. contortus on the clay surface maintained the least 

negative Ψpd throughout the pulse period.   

Anet increased following the June 2002 pulse event, but Anet differed between 

species and over time (Table 1, Fig. 2a, b).  The two grasses had similar responses to the 

pulse on the sandy surface, while the clay surface amplified differences in physiological 

response of the two species.  For example, species differences were observed with H. 

contortus increasing to higher maximum Anet than E. lehmanniana.  E. lehmanniana on 

the clay surface responded to the pulse application with a change in approximately 5 

µmol m-2 s-1 and maintained the same Anet rate from day 3 to day 15 of the pulse period.  

Overall, both species responded to a pulse application by increasing gs, and these 

values differed between species and were affected by a species by time interaction (Table 

1, Fig. 3a, b).  On the sandy soil surface, both species reached similar maximum gs values 

by day 7 of the pulse period, and by day 15 decreased to gs levels that were lower than 
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those observed pre-pulse.  However, H. contortus on the clay surface took longer to reach 

maximum gs values, but maintained much higher gs rates than E. lehmanniana over the 

entire pulse period.  Whereas E. lehmanniana on the clay surface reached an early 

maximum gs by day 1 of the pulse period, these gs values were short-lived and quickly 

declined to pre-pulse values by day 3 of the pulse period. 

August 2002 

Following an August 2002 pulse event, Ψpd differed between the wet and dry 

treatments, and the effects of water treatment were affected by time and a species by time 

interaction (Table 1, Fig. 1c, d).  Generally, there was a lack of response to a pulse event.  

By day 3, all values across both surfaces became more negative (more water stressed) as 

soils began to dry.  On the sandy surface, plants exposed to the wet treatment maintained 

less negative Ψpd than those exposed to the dry treatment by day 7.  Whereas E. 

lehmanniana exposed to the dry treatment on the clay surface had the most negative Ψpd 

at the start of the experiment, they converged with the other treatments after the pulse 

application by day 7.   

Following the August 2002 pulse event, Anet was affected by time, soil surface, 

water treatment, the interaction between soil surface and water treatment, and the 

interaction of soil surface and species (Table 1, Fig. 2c, d).  On the sandy soil surface, 

initial Anet rates were between 10 and 15 µmol m-2 s-1 and Anet had decreased to rates 

lower than pre-pulse values by day 7 of the pulse period.  Initial Anet rates on the clay soil 

surface were slightly lower than those found on the sandy soil surface, but Anet similarly 

decreased to rates lower than pre-pulse values by day 7 of the pulse period. 
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gs values were significantly different across time, soil surface, water treatment, 

and the interaction between soil surface, water treatment, and species following an 

August 2002 pulse event (Table 1, Fig. 3c, d).  Values of gs were initially high and 

steadily decreased as the plots dried after the pulse was applied.  Values of gs on the 

sandy surface increased after the pulse application and all plants similarly decreased their 

gs to lower than pre-pulse values by day 7 of the pulse period.  On the clay surface, all 

treatment combinations showed an increase in gs after the pulse application, except for E. 

lehmanniana exposed to the wet treatment.  E. lehmanniana exposed to the dry treatment 

also maintained the lowest gs values throughout the entire pulse period.   

June 2003 

Following the June 2003 pulse event, Ψpd only differed across soil surface (Table 

1, Fig. 1e, f).  Initial Ψpd was the most negative for plants on the sandy soil surface, but 

both plant species across surfaces had less negative Ψpd after the pulse application.  By 

day 15 of the pulse period, both species returned to values near, although still less 

negative than pre-pulse Ψpd values.   

Anet differed between species, over time, across the soil surface and species 

interaction, and the soil surface, water treatment and species interaction during the June 

2003 pulse period (Table 1, Fig. 2e, f).  While Anet increased after the pulse application, 

each species achieved dissimilar maximum Anet on different days of the pulse period.  For 

example, E. lehmanniana, under both water treatments, reached a lower maximum Anet 

rate than H. contortus.  E. lehmanniana also reached its maximum Anet rate by day 3, 

whereas H. contortus reached its maximum Anet rate by day 7.  Although E. lehmanniana 
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reached maximum Anet rates quicker than H. contortus, both species decreased to similar 

Anet by day 15 of the pulse period as the plots dried out.  E. lehmanniana exposed to a 

wet treatment also had lower Anet values throughout most of the pulse period than E. 

lehmanniana exposed to the dry treatment. 

Results for gs during the June 2003 pulse show no statistically significantly 

differences across any factors or their interactions (Table 1, Fig. 3e, f).  However, both 

species showed a decrease in gs immediately following the June 2003 pulse event.   

August 2003  

There was a significant effect of time, species, water treatment, and the 

interaction between water treatment and time on Ψpd in response to a pulse event during 

the August 2003 pulse event (Table 1, Fig. 1g, h).  The August pulse event occurs during 

the peak of the summer monsoon, thus all the species and water treatment combinations 

initially have little water stress across both soil surfaces.  After the pulse event Ψpd 

gradually decrease as the plots dry across both soil surfaces.  By day 15 of the pulse 

period, the sandy soil surface amplifies differences in Ψpd across all species and water 

treatment combinations compared to the clay soil surface. 

Anet rates were different over time, between species and between water treatment 

in response to the pulse event (Table 1, Fig. 2g, h).  All plants had relatively high Anet 

rates at the start of the pulse period, while not all species and water treatment 

combinations responded with an increase in Anet after the pulse event.  By day 7 of the 

pulse period E. lehmanniana exposed to the dry water treatment had the lowest Anet rates.  
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Grass species in both water treatments across soil surfaces decreased to Anet rates equal to 

or less than pre-pulse values by day 15 of the pulse period.   

Following the August 2003 pulse event, there were significant differences in gs 

between water treatments and over time (Table 1, Fig. 3g, h).  Throughout most days of 

the pulse period, the wet treatments for both species had higher gs rates than plants 

exposed to the dry treatment.  Although not all plants responded with an increase in gs 

after the pulse event, all plants gradually decreased their gs rates to pre-pulse values by 

day 15 of the pulse period. 

Relationship between Anet and gs

There was no difference in the relationship between gs and Anet for H. contortus 

and E. lehmanniana when data were pooled across all seasons, treatments and years 

(Table 2, Fig. 4 a).  However, a difference in the Anet-gs relationship was observed 

between watering treatments and species for data collected in June; the relationship 

between gs and Anet for E. lehmanniana on the sandy surface exposed to the dry treatment 

had a shallower slope than all surface, plant and treatment combinations in the grouped 

data set, and E. lehmanniana on the clay surface exposed to the wet treatment showed a 

negative relationship (Fig. 4 b).  E. lehmanniana in June did not up-regulate 

photosynthetic capacity in concert with increases in stomatal aperture during the June 

pulse event.  No species, soil type or treatment effects were seen in the Anet-gs 

relationship in August in either year (Fig. 4 c).   
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Discussion 

We applied large pulses of moisture to experimental monocultures of a native (H. 

contortus) and non-native (E. lehmanniana) grass on two contrasting soil surfaces 

(Holocene and Pleistocene) in June (pre-monsoon) and August (peak monsoon season).  

We sought to understand how pulse events occurring at different times during the 

summer growing season influence leaf-level CO2 and H2O exchange, and how responses 

are modified by soil characteristics.  Responses to these environmental drivers are 

important for predicting how ecosystem processes may be modified by future changes in 

precipitation.   

 The ‘inverse texture hypothesis’ (Noy-Meir 1973) predicts that sandy soils should 

support higher productivity than fine-textured soils under low rainfall regimes owing to 

greater infiltration characteristics of coarse soils.  We predicted that the sandy, Holocene-

aged surface would allow for a relatively greater plant water status and photosynthetic 

response to precipitation than would the fine-textured clay soils developed on the 

Pleistocene-aged alluvium.  Ψpd only differed between soil surfaces during the June pulse 

events, where initial Ψpd values were more negative for plants on the sandy soil surface, 

while gs only differed during the August 2002 pulse event.  The August 2003 pulse event 

was the only pulse period that did not demonstrate any soil surface differences in all plant 

function parameters.  There were no differences in Anet rates between soil surfaces during 

the June 2002 or August 2003 pulse event.  When we integrate the photosynthetic 

responses across the entire 15-day pulse period for each pulse event, our results clearly 

did not follow the prediction.  There were generally no differences between soil surfaces 
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in response to a June or August pulse event when comparing the leaf-level accumulated 

CO2 across the entire 15-day pulse period (Figure 5c, d), which contradicts our original 

prediction.  Plant Ψpd responses to the pulse application on the sandy surface may be 

mostly due to initial soil moisture conditions, rather than soil water content following the 

pulse application.  Indeed, the clay soil surface has higher soil moisture storage initially 

than the sandy surface, regardless of watering treatments (Potts et al. 2006), likely 

resulting in greater plant water stress on the sandy surface prior to the pulse.    

The greater ability of the coarse soil on the sandy surface to release water 

promoted high rates of water uptake and leaf gas exchange during periods of high water 

content following rain, greatly exceeding the rates observed on fine-textured soil, despite 

lower absolute soil moisture storage.  Soil texture has been shown to strongly influence 

vegetation distribution (McAuliffe 2003), as well as plant performance (McAuliffe 1994, 

1999, Parker 1995, Smith et al. 1995, Hamerlynck et al. 2002, 2004).  Antecedent soil 

moisture can predict plant photosynthetic response across the sandy and clay soil surface 

(as integrated CO2 over the 15-day pulse period) during the August pulse event, when 

initial soil moisture conditions are more favorable compared to June (Figure 5b).  

Whereas, during the June pulse event, after a prolonged period of drought, there is no 

relationship between antecedent soil moisture and leaf-level accumulated CO2 across any 

soil surface (Figure 5a).  Our data suggest it is important to consider initial soil moisture 

conditions and changes in soil water content following rainfall events in order to 

understand plant responses to precipitation pulses (Reynolds et al. 2004, Ogle and 

Reynolds 2004). 
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 Because E. lehmanniana initiates growth earlier in the growing season than most 

native grasses and reduces soil water to very low values, thereby competitively excluding 

native species (Frasier and Cox 1994), we predicted that this non-native grass would 

show a greater response to rain pulses than H. contortus.  This prediction generally did 

not always hold for Ψpd and stomatal response to the precipitation events in June and 

August.  Ψpd did not differ between species during the June 2003 pulse event and gs 

differed between species only during June 2002.  Although Anet differed between species 

in specific interactions, this prediction does not always hold when we consider the 

integrated pulse period response.  During the June 2003 pulse event, there were no 

species differences in leaf-level response of accumulated CO2 over the entire 15-day 

pulse period, except for E. lehmanniana exposed to the wet water treatment (Figure 5c).  

During this pulse period, E. lehmanniana exposed to the wet treatment had significantly 

lower integrated CO2 than all other species and water treatment combinations (F1,16 = 

13.32, P = 0.002).  During the August pulse event, there were generally no species 

differences in response to the pulse event.  However, E. lehmanniana exposed to the dry 

water treatment had the lowest leaf-level accumulated CO2 (Figure 5d).  E. lehmanniana 

exposed to the wet treatment on the Pleistocene, during the June 2003 pulse event, 

showed no relationship between gs and Anet (Figure 4).  Thus, E. lehmanniana was unable 

to up-regulate photosynthesis after the June pulse application.  This unexpected result 

may be due to differences in leaf area.  E. lehmanniana (0.66 + 0.20 m2 m-2) exposed to a 

wet treatment has higher green leaf area index (LAI) than H. contortus (0.37 + 0.05 m2 
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m-2) (Yepez et al. 2005).  Even though all plots receive the same sized pulse event, E. 

lehmanniana exposed to the wet treatment has less water available per unit leaf area. 

The temporal shift in the time needed for plants to achieve maximum gas 

exchange may be explained by a combination of above-ground leaf area development and 

below-ground root characteristics.  For example, during the June pulse event, 

photosynthetic up-regulation in H. contortus is lagged compared to E. lehmanniana, 

because H. contortus must grow new leaves after the pulse, while E. lehmanniana 

maintains leaf material readily active once water is applied.   Flanagan et al. (2002) 

similarly observed that the magnitude of carbon fixation after a rainfall event was highly 

dependent on canopy leaf-area development.  However, the magnitude of the 

photosynthetic response is also determined by drought duration prior to water availability 

relieving moisture stress (Yan et al. 2000, Schwinning et al. 2002).  Since E. 

lehmanniana maintains green leaf tissue to take advantage of water when it becomes 

available after long periods of drought, it is able to up-regulate its photosynthesis quicker 

than H. contortus.  The spatial distribution and the density of roots can also influence 

plant response to precipitation pulses (Cohen 1970), especially in our comparisons of 

leaf-level responses of E. lehmanniana and H. contortus.  Although we did not rigorously 

test for differences in rooting patterns between these species, there is some evidence that 

suggests that E. lehmanniana has a higher density of its roots in shallow soil layers than 

H. contortus (Eilts, unpublished data).  As previously mentioned above, E. lehmanniana 

had higher green LAI than H. contortus during the June 2003 pulse period.  Thus, we 
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suggest that a combination of above- and below-ground plant characteristics is driving 

the differences in the speed of photosynthetic plant response to the pulse event.   

 The amount and timing of rainfall events has a strong influence on the 

physiological response of plants to increases in water availability (Huxman et al. 2004b).  

We predicted that a pulse event applied at the beginning of the growing season, in June, 

would produce a larger proportional plant response than a similar event applied in 

August, at the peak of the growing season.  Our results did not quite match this 

prediction.  Although our observations of Ψpd, Anet, and gs during the June pulse event 

produced an increase in plant functional response following the pulse event, plant 

function did not response to an August pulse event and decreased over time since the 

pulse event.  We hypothesize that this pattern occurs because favorable initial soil 

moisture conditions in August had maintained high plant function up to the August pulse 

event, and the post-pulse period represented a dry down.  Thus, an August pulse event 

across all soil, species and water treatments, has higher accumulated CO2 (15.8 + 1.0 mol 

m-2) than a June (13.0 + 1.0 mol m-2) pulse event (linear contrast, F1,32 = 7.65, P = 0.009).  

Such a pattern is similar to previous results of woody plants responding to pulses after a 

prolonged period of drought as compared to within growing season rainfall events 

(Williams and Ehleringer 2000, Snyder et al. 2004), where antecedent soil moisture is 

high.  Our results demonstrate that during the June pulse event, when soil moisture 

conditions are less favorable, there is little change in leaf-level accumulated CO2 over the 

15-day pulse period across different antecedent soil moisture levels (Figure 5a).  

However, during the August pulse event, when soil moisture conditions are favorable, 
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high antecedent soil moisture corresponds with high leaf-level accumulated CO2 (Figure 

5b).  These observations coincide with Reynolds et al. (2004), who suggested that future 

studies of plant responses to pulse events should take into account how soil water 

recharge and soil water availability are affected by antecedent soil moisture conditions 

(Reynolds et al. 2004, Ogle & Reynolds 2004). 

A decrease in stomatal conductance following the June 2003 pulse was an 

unexpected result, since the pulse lead to less negative Ψpd compared to pre-pulse values.  

This result is not indicative of stomatal closure, but rather the initiation of the plants up-

regulating photosynthetic activity.  For example, the decrease in gs rates after the pulse 

application was partially due to shifts in the time of maximum gs over the diurnal period 

(Fig. 6).  Maximum gs rates on day -1 of the pulse period were observed between 0900-

1100hrs.  However, the day after the pulse, nearly all species and water treatment 

combinations across soil surface did not achieve maximum gs until 1300-1500 hrs.  By 

day 3 of the pulse period, all plants on the Holocene surface had shifted their maximum 

gs rates to either 1300-1500 hrs.  This type of stomatal response may involve active 

osmoregulation by guard cells (Buckley 2005).  Arid land plants typically have maximal 

photosynthesis during the morning hours (Naumburg et al., 2003).  However, our results 

show how the up-regulation of photosynthesis in response to changes in water status will 

not respond in such a predictable manner.  Therefore, future studies will need to 

incorporate temporal shifts in maximum diurnal gas exchange rates in order to understand 

how plants and ecosystems respond to changes in climate. 

 

 



   68 

Conclusions 

The native H. contortus and non-native E. lehmanniana differed in their 

physiological response to a pulse of precipitation after an extended period of drought, but 

soil surface did not always amplify differences in plant function of these species 

throughout the summer growing seasons.  Surprisingly E. lehmanniana did not have a 

higher pulse response in all water treatments.  In fact, E. lehmanniana had the lowest 

integrated 15-day photosynthetic response to a pulse event.  After a prolonged period of 

drought, the June pulse event had unfavorable soil moisture conditions, which lead to a 

larger increase in plant function response.  While, favorable antecedent soil moisture 

conditions late in the summer growing season lead to maintained plant function and a 

dampened response to a large pulse event.  Our work highlights the need to incorporate 

soil surface characteristics and their influence on plant and ecosystem level CO2 and H2O 

exchange, as well as the need to understand plant response to single rainfall events.  

Including the sequences of individual rainfall events and their influence on soil moisture 

recharge is important for understanding within-season plant and ecosystem responses to 

rainfall variability (Reynolds et al. 2004).   
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Tables 

Table 1, Statistics summary from a split-split-plot ANOVA.  Degrees of freedom (df) 

and F-statistics from split-split-plot ANOVA for the response of pre-dawn water 

potential (Ψpd), photosynthetic rate (Anet), and stomatal conductance (gs).  * = P < 0.10, 

** = P < 0.05, *** = P < 0.01, **** = P < 0.001, and ― indicates non-significance.  

Factors that were not significant for any variable were not reported.  

             
     Variable       
Factors    df  Ψpd  Anet  gs   
June 2002 

Species   1,2  11.81*  21.16** 18.99** 
Time    1,2  ―  99.07*** ―  
Species*Time   1,2  ―  ―  13.64* 
Surface*Time   1,2  7.67*  ―  ― 
 
August 2002 
 
Surface   1,2  ―  24.33** 20.85** 
Time    1,2  86.95*** 30.03** 18.72** 
Water treatment  1,2  17.74** 19.46** 23.63** 
Surface*Water treatment 1,2  ―  18.43** ― 
Surface*Species  1,2  ―  9.92*  ― 
Species*Time   1,2  8.60*  ―  ― 
Surface*Water treatment 1,2  ―  ―  10.88* 
*Species 
 
June 2003 
  
Surface   1,2  46.70** ―  ― 
Species   1,2  ―  30.12** ― 
Time    1,2  ―  12.44*  ― 
Surface*Species  1,2  ―  7.80*  ― 
Surface*Water treatment 1,2  ―  10.66*  ―   
*Species     
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August 2003  
 
Species   1,2  94.79** 7.66*  ― 
Time    1,2  75.71*** 515.3****      95.2** 
Water treatment  1,2  34.52** 41.61**          31.67** 
Water treatment*Time 1,2  8.87*  ―  ― 
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Figure Legends 

Figure 1.  Pre-dawn water potential (MPa) over the pulse period, with measurements 

taken on days -1, 1, 3, 7, and 15.  Top four panels (a, b, c, & d) represent data taken in 

2002 and bottom four panels (e, f, g, & h) represent data taken in 2003.  Holocene-aged 

alluvium soil = sandy, Pleistocene-aged alluvium soil = clay-rich.  Left-hand panels (a, c, 

e, & g) represent results on the Holocene site and right-hand panels (b, d, f, & h) 

represent the Pleistocene site.  June data are on panels a, b, e, & f, and August data are on 

panels c, d, g, & h.  Square symbols represent H. contortus and circles represent E. 

lehmanniana.  Solid symbols demonstrate the wet treatment and open symbols represent 

the dry treatment.  Error bars represent + 1 standard error of the mean of 3 samples.  Note 

missing data for the dry treatment of June 2002, day 15 for August 2002, and day 7 of 

June 2003 on the Holocene site.   

 

Figure 2.  Net assimilation of carbon (µmol m-2 s-1) over the pulse period, with 

measurements taken on days -1, 1, 3, 7, and 15.  Positive values indicate fixed CO2 by the 

plants, and negative values indicate respired CO2.  Note missing data for the dry 

treatment in June 2002 and day 15 of August 2002.  See Figure 1 for detailed panel 

descriptions. 

 

Figure 3.  Stomatal conductance (mol m-2 s-1) over the pulse period, with measurements 

taken on days -1, 1, 3, 7, and 15.  Note missing data for the dry treatment for June of 

2002 and day 15 of August 2002.  See Figure 1 for detailed panel descriptions.   
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Figure 4.  Relationship between net assimilation of carbon (µmol m-2 s-1) and stomatal 

conductance (mol m-2 s-1).  Panel a is a comparison between H. contortus (●) and E. 

lehmanniana (○), where all data points from each month, year, site and water treatment 

are included for each species.  Panel b illustrates the relationship between gs and Anet for 

E. lehmanniana on the Holocene site with the dry treatment (■) and E. lehmanniana on 

the Pleistocene site with the wet treatment (▲) all other site, plant and treatment 

combinations (○), where the data points are from both years in June.  In panel c, a single 

line represents the same relationship for H. contortus (●) and E. lehmanniana (○), where 

data are from both years in August.  

 

Figure 5.  Leaf-level integrated CO2 (mol m-2) for each soil surface over the 15-day pulse 

period across antecedent soil moisture (water potential, MPa).  Each regression is for all 

species and water treatments during June 2003 and August 2003 (panels a & b) across the 

Holocene surface (●) and the Pleistocene surface (○).  Integrated CO2 for each species 

(H. contortus and E. lehmanniana) and water treatment (wet and dry) combinations 

within the Holocene and Pleistocene soil surfaces during June 2003 and August 2003 are 

shown in panel c & d.  June 2002 had the same values of integrated CO2, but is not 

plotted here since there was no dry water treatment during this pulse period.  Day 15 data 

was missing for August 2002, thus was not included in this analysis.  All integrated CO2 

are an average (n = 3) + 1 standard error. 
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Figure 6.  A representative diurnal curve (for most of the site, plant and water treatment 

combinations) of gs (mol m-2 s-1) within 5am-3pm for days -1, 1, and 3 following the June 

2003 pulse event.  gs at all times periods within the diurnal are means (n = 3) ± 1 standard 

error. 
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Figures 
Figure 1, Pre-dawn water potential response to a pulse event 
 
 
 

 

 

-1 0 1 3 7 15
-8

-6

-4

-2

0

Heteropogon wet
Heteropogon dry
Eragrostis wet
Eragrostis dry

2002

-8

-6

-4

-2

0

Holocene

a

c

-1 0 1 3 7 15
-8

-6

-4

-2

0

Pleistocene

-8

-6

-4

-2

0

b

d

June June

August August

Day of pulse
-1 0 1 3 7 15

-8

-6

-4

-2

0

-1 0 1 3 7 15
-8

-6

-4

-2

0

2003

-8

-6

-4

-2

0

-8

-6

-4

-2

0

e f

g h

June June

August August

Pr
e-

da
w

n 
w

at
er

 p
ot

en
tia

l (
M

Pa
)



   84 

Figure 2, Photosynthetic response to a pulse event 
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Figure 3, Stomatal conductance response to a pulse event  
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Figure 4, The relationship between stomatal conductance and photosynthetic rate 
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Figure 5, Integrated 15-day CO2 accumulation across antecedent soil moisture and 
soil surface 
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Figure 6, Diurnal stomatal conductance curve across the pulse period 
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APPENDIX B 
 

PHOTOSYNTHETIC UP-REGULATION IN A NATIVE AND NON-NATIVE GRASS 

SPECIES IN RESPONSE TO PRECIPITATION ACROSS CONTRASTING SOIL 

SURFACES 

Danielle D. Ignace, Travis E. Huxman, Jake Weltzin, and David G. Williams 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   90 

Abstract 

Arid and semi-arid ecosystems of the southwestern U.S. are predicted to undergo 

increases in variability of the timing, frequency, and magnitude of rainfall events.  In 

conjunction with changes in climate regimes, these ecosystems are facing changes in 

vegetation composition as a result of the invasion of non-native species.  Soil surface 

characteristics can amplify differences in plant physiological response to these global 

changes.  In order to understand the implications of these current and predicted changes, 

we conducted a precipitation manipulation experiment across contrasting soil surfaces on 

the Santa Rita Experimental Range, located in southeastern Arizona, during the 2005 

summer growing season.  Monoculture stands of a native (Heteropogon contortus) and 

non-native (Eragrostis lehmanniana) C4 bunchgrass were exposed to a winter and 

summer season that was applied with a 50% above average seasonal precipitation.  We 

followed a large simulated precipitation event (pulse) that occurred prior to (June) the 

onset of the North American summer monsoon.  We measured predawn water potential 

(Ψpd), chlorophyll fluorescence (Fv/Fm), quantum efficiency (ФPSII), and A-Ci curves for 

new and old leaves of H. contortus and E. lehmanniana across a sandy and a clay rich 

soil surface.  Old leaves of E. lehmanniana up-regulated photosynthesis to higher levels 

of maximum Anet than H. contortus across both soil surfaces on each day following the 

pulse event.  We hypothesized this was due to the primary limitation by stomatal 

conductance during dry inter-pulse periods for this species, as compared to the diffusive, 

biochemical and leaf area constraints on the native species.  H. contortus and E. 

lehmanniana allocated more resources towards the increase in efficiency of up-regulation 

 



   91 

and maximum Anet rates of new leaves over old leaves across the sandy and clay-rich soil 

surfaces.  This work demonstrates the importance of understanding the mechanism 

underlying the photosynthetic up-regulation of plants in response to a precipitation pulse 

at the onset of the summer growing season. 

 

Keywords:  A-Ci curve, Precipitation Pulses, Eragrostis lehmanniana, Santa Rita 

Experimental Range 
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Introduction 

Arid and semi-arid ecosystems are spatially and temporally limited by water 

availability (Smith et al. 1997, McAuliffe 2003), which can have significant impacts on 

community structure and ecosystem process (Noy-Meir 1973, Ehleringer et al. 1999).  

Water in these arid regions becomes available through discrete precipitation events, or 

pulses (Noy-Meir 1973).  However, our current understanding of the spatial and temporal 

distribution of precipitation in these regions will change due to the impact of changing 

climate regimes.  Future changes in precipitation regimes across various regions of the U. 

S. are predicted to increase in the variability of timing, frequency, and rainfall size 

distributions (Easterling et al. 2000, Houghton et al. 2001).  Increases in the frequency 

and duration of extreme precipitation and temperature events are projected to affect the 

southwestern U.S. (Diffenbaugh et al. 2005), which may have significant consequences 

for plant performance and community composition.

 

The southwestern U.S. has experienced dramatic changes in plant communities as 

the result of the introduction of non-native plants and the encroachment of native woody 

plants (Grover and Musick 1990, Schlesinger et al. 1990, McClaran and Van Devender 

1995, Archer 1995, Boutton et al. 1998, Kieft et al. 1998, Bahre 1991, 1993, Weltzin and 

McPherson 2000, Williams and Baruch 2000).  In local regions of the southwestern U.S., 

such as in southeastern Arizona, much of the grassland community is dominated by a 

non-native grass Eragrostis lehmanniana introduced from southern Africa.  E. 

lehmanniana was originally introduced in the 1930s (Anable et al. 1992) to control soil 

erosion and serve as forage for cattle (McClaran and Van Devender 1995).  The invasion 
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and dominance of non-native species is known to have significant impacts for community 

structure and ecosystem processes (D’Antonio and Vitousek 1992, Mack et al. 2000), 

such as the exchange of water and carbon between ecosystems and the atmosphere 

(Walker and Smith 1997, Mooney and Hobbs 2000, Huxman et al. 2004c).  The non-

responsiveness of E. lehmanniana to prescribed fire (Geiger and McPherson 2005) and 

its early and prolonged physiological activity during the growing season (Frasier and Cox 

1994, Huxman et al. 2004c) may all influence the dominance of E. lehmanniana over 

native plant communities.   

Although water availability is heterogeneous across multiple spatial and temporal 

scales, many previous studies have focused on the implications of precipitation variation 

across long time scales (Huxman et al. 2004b).  For example, ecosystem production is 

strongly influenced by seasonal and annual precipitation (Knapp and Smith 2001, Knapp 

et al. 2002, Fay et al. 2003, Zavaleta et al. 2003, Huxman et al. 2004a, b).  However, 

there is a renewed interest in establishing a mechanistic understanding of how individual 

precipitation pulses within a season can influence ecological responses (Weltzin and 

Tissue 2003, Schwinning et al. 2004).  Rainfall event size, the frequency of events, and 

the timing of events within a season have been shown to be important for ecological 

processes (Sala and Lauenroth 1982, Lauenroth et al. 1987, Golluscio et al. 1998, 

Schwinning et al. 2003, Huxman et al. 2004, Potts et al. 2006, Ignace et al. 2006, Cable 

et al. in preparation).  The size of a precipitation event is especially important in arid and 

semi-arid regions because much of the water gained from precipitation is quickly lost due 

to evaporation during the summer (Smith et al. 1997, Loik et al. 2004).  This 
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characteristic is important for arid and semi-arid ecosystems that frequently experience 

prolonged periods of drought and have a precipitation regime that mostly consists of 

discrete pulses of precipitation (Noy-Meir 1973) that are <5mm (Loik et al. 2004, 

Schwinning and Sala 2004).  Schwinning and Sala (2004) suggest a hierarchical 

framework to describe how the magnitude of a pulse event triggers the magnitude and 

extent of an ecological response.  A summer pulse event that is at least 2mm can elicit a 

response from soil microbial communities (Austin et al. 2004).  A precipitation pulse 

event that is 3mm (Schwinning et al. 2003) and at least 5mm have been shown to 

increase carbon fixation in some plants (Huxman et al. 2004, Reynolds et al. 2004).  The 

magnitude and duration of plant response to precipitation pulses is important in arid and 

semiarid ecosystems that are predicted to undergo changes in pulse size distribution 

(Diffenbaugh et al. 2005).   

Soil surface characteristics translate precipitation into biological activity.  Soil 

characteristics control the way precipitation infiltrates and percolates through the soil 

layers, and ultimately influences how soil moisture is distributed and becomes available 

for plant use (McAuliffe 2003).  For example, coarse textured (sandy) soils allow for 

rapid and deep movement of water following a rainfall event (Walter 1979, Noy-Meir 

1973, Sala et al. 1996, McAuliffe 1994, McAuliffe 2003).  The deep percolation and 

storage of moisture in coarse-textured soils will provide a source of soil moisture for 

plants that is more persistent through time than in fine-textured soil (McAuliffe 2003).  

Thus, coarse textured soils may dampen seasonal variability in soil moisture by allowing 

deep percolation of relatively small rainfall events.  Fine textured (clay-rich) soils have 
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higher water holding capacity in shallow layers and tend to restrict deep percolation 

(McAuliffe 1994, McAuliffe 2003), which may amplify seasonal variability by restricting 

infiltration (Noy-Meir 1973, Burgess 1995, McAuliffe 1994, 1999b).  The characteristics 

of these two contrasting soil types have been shown to be important for plant 

physiological activity (Smith et al. 1995, Hamerlynck et al. 2000, Hamerlynck et al. 

2002, Hamerlynck et al. 2004) as well as ecosystem carbon and water flux dynamics 

(Huxman et al. 2004b, c).  Due to the pulsed nature of precipitation inputs (Noy-Meir 

1973), it is important to include how the soil surface will convert precipitation events into 

biologically significant events in conjunction with changes in precipitation.   

Once water is translated through the soil surface into biologically available water, 

plants have particular physiological adaptations that influence plant response to 

precipitation (Ehleringer and Mooney 1983).  Stomata play an important role in plant 

carbon gain because water is lost to the atmosphere through the same pathway that CO2 is 

diffused into the plant.  Stomata commonly limit photosynthesis in plants (Farquhar and 

Sharkey 1982) and the well-established trade-off between water loss and carbon gain can 

play a strong role in guiding stomatal behavior.  The limitation of diffusion through 

stomatal pores is strong in water-limited environments (Farquhar and Sharkey 1982), 

such as arid and semiarid ecosystems.  The C4 photosynthetic pathway is common to hot 

desert environments and bestows advantages of enhanced water-use-efficiency for plants 

in these environments (Smith et al. 1997).  This adaptation among other physiological, 

morphological and phenological adaptations are important for influencing how desert 

plants cope with spatial and temporal variability in water availability within arid 
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environments (Schwinning and Ehleringer 2001, Schwinning et al. 2004, Schwinning et 

al. 2005).  Desert plants may also display species-specific up- or down-regulation of 

photosynthetic capacity in response to variability in precipitation, especially in relation to 

the variability in the timing and magnitude of precipitation pulses in these arid 

environments. 

The main objective of this study is to understand how a native (Heteropogon 

contortus) and a non-native (Eragrostis lehmanniana) C4 bunchgrass species up-regulate 

photosynthetic processes in response to a large precipitation pulse event at the onset of 

the summer growing season across contrasting soil surfaces.  The specific research 

questions that we addressed in this study were: (1) How do a native and a non-native 

grass species differ in their up-regulation of photosynthesis between old and new leaves 

in response to a single precipitation pulse event, and (2) How does photosynthetic up-

regulation differ between H. contortus and E. lehmanniana across two different 

geomorphologic soil surfaces (sandy = Holocene-aged alluvium soil, clay = Pleistocene-

aged alluvium soil).  In order to address these questions we took advantage of a 

precipitation experiment on the Santa Rita Experimental Range, located in southeastern 

Arizona.  We applied the winter and summer season with a 50% above average seasonal 

precipitation regime since 2001 for monoculture stands of H. contortus and E. 

lehmanniana across the Holocene- and Pleistocene-aged soil surfaces.  We applied a 

39mm pulse event at the onset of the summer growing season.  We then measured plant 

water status (Ψpd, pre-dawn water potential), photochemical efficiency of photosystem 

two (Fv/Fm, chlorophyll fluorescence), the quantum yield of electron transport through 
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photosystem two (ФPSII, the quantum efficiency of PSII) and the photosynthetic up-

regulation (A-Ci response curves) on new and old leaves of H. contortus and E. 

lehmanniana on one day prior to and 1, 3, and 5 days following a pulse event.     

 Previous work on the SRER has shown that E. lehmanniana can achieve 

maximum net assimilation of carbon faster than H. contortus immediately following a 

pulse event (Ignace et al. 2006), but H. contortus accumulates more carbon following a 

pulse event (Huxman et al. 2004c, Ignace et al. 2006).  Therefore, we predicted that E. 

lehmanniana would initially have more efficient up-regulation of photosynthesis and 

higher maximum Anet rates than H. contortus across both soil surfaces.  Old leaves that 

have been retained by the plant will typically have lower photosynthetic capacity than 

younger leaves (Mooney 1972, Chabot and Hicks 1982).  Previous work has 

demonstrated that photosynthetic capacity recovers quicker than total leaf area in 

response to increased soil water availability after a prolonged drought (Comstock and 

Ehleringer 1986).  Furthermore, this work found that leaf area development was the 

major limiting factor to whole-plant carbon gain during a leaf-flushing period that lasted 

for several weeks and physiological capacity decreased more rapidly than leaf area as the 

soils began to dry (Comstock and Ehleringer 1986).  Therefore, we predicted new leaves 

that had developed after precipitation irrigation was applied would demonstrate higher 

efficiency of photosynthetic up-regulation and maximum Anet rates than old leaves for 

both species.  Understanding the combination of leaf area development and ability to 

respond to large precipitation pulses will give insight into species functional responses 

within an arid ecosystem that faces changes in its current climate regime. 
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Materials and Methods 

Study site description 

We conducted a precipitation manipulation experiment at the Santa Rita 

Experimental Range (SRER), which utilizes a previously established infrastructure 

(Huxman et al. 2004c, Fravolini et al. 2005, English et al. 2005, Potts et al. 2006, Ignace 

et al. 2006).  Plots were established beneath rainout manipulation shelters that were 

constructed on two different soil surfaces during the summer of 2001.  Three rainout 

shelters (161 m2 covered area) were constructed on a Pleistocene-aged surface and a 

Holocene-aged surface.  The Pleistocene surface is characterized by a well-developed 

argillic horizon at about 10-30 cm below the soil surface (McAuliffe 1995), while the 

Holocene surface is characterized by a poorly developed and texturally homogeneous soil 

(McAuliffe 1995).  The sandy soil surface = Holocene-aged alluvium soil (hereafter 

“Holocene” in figures and tables) and the clay-rich soil surface = Pleistocene-aged 

alluvium soil (hereafter “Pleistocene” in figures and tables).  The soils on the Pleistocene 

surface contain 50% clay and 30% sand, whereas the Holocene surface soils contain 6% 

clay and 84% sand (gravimetric determination of 25 to 100 cm depths) (Huxman et al. 

2004c, English et al. 2005).  Across each soil surface, shelters were arranged in three 

replicated blocks.   

Each of the three shelters within a site covered 12 plots.  Each precipitation 

treatment was assigned randomly to one of twelve plots within each shelter using a 

randomized complete block design.  Each plot (1.5 m x 1.8 m) was trenched to a depth of 

1 m and time-domain reflectometry sensors were placed in each plot to a depth of 15, 35 
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and 55 cm from the soil surface.  Each plot was planted with greenhouse-grown 

transplants of either H. contortus or E. lehmanniana in the spring of 2001.  Huxman et al. 

(2004c) describes the protocol for measuring leaf area index (LAI) in these experimental 

plots.  6 plots of H. contortus and 6 plots E. lehmanniana were sampled at each site.      

Precipitation manipulation

Since 2001 winter and summer precipitation has been manipulated across both 

soil surfaces.  All plots receiving irrigation experienced a seasonal precipitation regime 

similar to the natural bi-seasonal rainfall pattern typical of southeastern Arizona.  Starting 

in July 2001 we added water in parallel with the naturally occurring North American 

monsoon affecting nearby Tumacacori, Arizona.  We successfully restricted natural 

precipitation from entering any of the plots under each shelter, which allowed us to 

control precipitation occurring on each plot through the course of the year.  Little to no 

rain occurs during the three month period before the onset of the summer monsoon 

(Adams and Comrie 1997) and all plots were exposed to 90 days of drought prior to the 

first summer pulse event (June of every year).     

On June 10, 2005, all plots received a 39 mm irrigation pulse event, which 

initiates the start of the summer growing season (a pre-monsoon effect).  We measured 

pre-dawn water potential, chlorophyll fluorescence, quantum efficiency and A-Ci 

response curves for old and new leaves of H. contortus and E. lehmanniana across both 

soil surfaces on day -1 and 1, 3, and 5 days following a June 15, 2005 (39mm) pulse 

event.   
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Leaf water potential and chlorophyll fluorescence 

 We randomly selected a vegetative grass tiller within each plot and measured pre-

dawn water potential, Ψpd (MPa) using a Scholander-type pressure chamber from one day 

prior to the pulse event and 1, 3, and 5 days following the pulse event.  We randomly 

selected a different vegetative tiller from an individual plant within each plot to make 

pre-dawn (dark adapted) chlorophyll fluorescence (Fv/Fm) measurements by using a 

Hansatech fluorimeter (Model FMS1, Hansatech, Kings Lynn, UK).  Fv/Fm gives the 

photochemical efficiency of PSII, or the efficiency of excitation transfer (Barker and 

Adams 1997).  Each leaf was clipped to the optic fiber of the fluorimeter and was 

exposed to a saturating light intensity (5000 µmol m-2 s-1) for 0.7 seconds.   

Quantum efficiency 

 We measured quantum efficiency of H. contortus and E. lehmanniana by using a 

portable Hansatech fluorimeter (Model FMS1, Hansatech, Kings Lynn, UK) over the 

course of the pulse period (day -1, and 1, 3, and 5 days following the pulse event).  

Quantum efficiency was measured on the same leaf that was used to measure pre-dawn 

chlorophyll fluorescence.  All quantum efficiency measurements were made during the 

day and each leaf was dark-adapted for 10 minutes using the leaf clips attached to the 

fluorimeter.  Due to battery constraints, we programmed the quartz halogen actinic light 

source in the fluorimeter to low (0 µmol m-2 s-1) and high (1070 µmol m-2 s-1) light levels.  

The leaf was exposed to each light level for five minutes.  After five minutes was allowed 

for the plant to reach a steady state, the fluorimeter measured the quantum efficiency of 

PSII (ФPSII).  ФPSII is the quantum efficiency of PSII, or the quantum yield of electron 
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transport through PSII, and indicates the potential for down-regulation of PSII across the 

different light levels.  ФPSII is calculated as (Fm’ – Fs)/Fm’ (Genty et al. 1989), where 

Fm’ is the light-adapted fluorescence maximum and Fs is the steady-state fluorescence 

yield.   

CO2 response curves 

Using a portable photosynthesis system (LI-6400, Li-Cor Inc., Lincoln, NE USA), 

we measured net assimilation of carbon (Anet) in response to internal CO2 concentration 

levels (A-Ci curves).  We measured A-Ci curves on the same leaves that were used to 

measure chlorophyll fluorescence and quantum efficiency and we measured the same 

individual leaf throughout the entire pulse period.  A-Ci curves were measured on the 

same recently unfolded leaf for each day of the pulse period (day -1 and 1, 3, and 5 days 

following the pulse event) between 0800 and 1600 hrs.  The response of Anet was 

measured across external CO2 concentrations set at 50, 75, 100, 150, 200, 300, 375, 800 

and 1500 (µmol mol-1).  By day 3 following the pulse event, each plant had grown a new 

leaf.  Therefore, we measured A-Ci response curves on the new leaves in addition to the 

old leaves measured since prior to the pulse event.  Light intensity inside the leaf cuvette 

was held constant at 2000 µmol m-2 s-1, temperature was held constant at 30°C across all 

CO2 concentrations, while variation in VPD was minimized over the entire A-Ci response 

curve. 

We fit a non-linear least-squares regression across all the data from each A-Ci 

response curves of these C4 bunchgrasses.  By fitting an exponential model we were able 

to estimate efficiency of photosynthetic up-regulation from the initial linear portion of the 
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A-Ci curve when Ci concentrations are low.  Therefore, a steep slope of this initial linear 

portion of the A-Ci curve indicates high efficiency and the plant is quick to up-regulation 

photosynthetic function.  Across this linear portion of the A-Ci curve, Anet increases until 

a plateau is reached.  This Anet response indicates that photosynthesis is limited by PEP 

regeneration at high Ci concentration, and Anet has reached maximum net assimilation of 

carbon (Amax).  Taken together, the efficiency (steepness of initial slope) and Amax 

(plateau at maximum Anet), are indicators of photosynthetic up-regulation, or 

photosynthetic function.  This framework is also used to determine the sensitivity of 

stomata to Ci.  A steep decline in stomatal conductance (gs), from low to high Ci, 

indicates high sensitivity to Ci.  A steep decline in gs in conjunction with a steep increase 

in Anet starting from low Ci indicates a coordinated up-regulation of Anet and gs.  Any 

differences between leaf age of both species across the pulse period are demonstrated by 

non-overlapping confidence intervals from the non-linear regression fits. 

Statistical analysis 

We used a repeated measures MANOVA statistical analysis (JMP IN statistical 

software, version 4.0.4, SAS Institute Inc.) to determine the effects of soil surface 

(Holocene and Pleistocene), species (Heteropogon contortus and Eragrostis 

lehmanniana), leaf age (old and new), time (day of pulse period) and the full factorial of 

interactions from this group, on the response of plant function parameters Ψpd, Fv/Fm, 

ФPSII, and Anet at ambient CO2 concentration from one day before the pulse up to day 5 

post-pulse.   
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Results 

Pre-dawn water potential 

 Overall, Ψpd differed by time, a time-by-species interaction and a time-by-species 

by soil surface interaction (Table 1, Figure 1).  Within the Holocene, there was no 

significant difference in Ψpd values between H. contortus and E. lehmanniana over the 

course of the entire 5 day pulse period (Figure 1a, F2,1 = 0.14, P = .88).  Pre-pulse 

potential values for both species were approximately -7 MPa.  One day following the 

pulse event both species quickly responded by increasing plant water status to 

approximately -1 MPa, which was maintained for the remainder of the pulse period.   

 Within the Pleistocene soil surface, Ψpd differed by time and a time-by-species 

interaction (Table 1, Figure 1b).  Prior to the pulse event, E. lehmanniana had 

significantly more negative pre-dawn water potential values than H. contortus on the 

Pleistocene soil surface (Figure 1b).  By one day following the pulse event, E. 

lehmanniana had significantly more favorable water status than H. contortus.  By day 3 

of the pulse period both species converged to the same plant water status and maintained 

these values until the end of the pulse period. 

Pre-dawn chlorophyll fluorescence 

 On the Holocene soil surface there were no significant differences of Fv/Fm 

between old leaves of H. contortus and E. lehmanniana over the course of the entire 

pulse period (Figure 2c).  There were also no significant differences of Fv/Fm between 

new leaves of H. contortus and E. lehmanniana (Figure 2c).   
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 On the Pleistocene soil surface old leaves of H. contortus and E. lehmanniana 

differed by a time-by-species interaction (Table 2, Figure 2d).  H. contortus had higher 

Fv/Fm than old leaves of E. lehmanniana one day prior to and one day following the pulse 

event (Figure 2d).  By day 3 of the pulse period, old leaves of E. lehmanniana increased 

Fv/Fm to values above old leaves of H. contortus.  New leaves of both species had higher 

Fv/Fm than old leaves on day 3 and 5 of the pulse period.  Chlorophyll fluorescence 

patterns followed patterns of pre-dawn water potential Ψpd) across both soil surfaces. 

Light response curves

 Old leaves of E. lehmanniana had higher ФPSII than H. contortus over the course 

of the 5 day pulse period on the Holocene soil surface (Figure 2a).  The highest ФPSII 

values for E. lehmanniana were seen on day 3 and the highest ФPSII values for H. 

contortus were seen prior to the pulse event.  New leaves of H. contortus had 

significantly higher ФPSII than old leaves on day 3 and 5 of the pulse period.  While new 

leaves of E. lehmanniana had no heightened ФPSII over old leaves of E. lehmanniana 

throughout day 3 and 5 of the pulse period.  The highest efficiencies occurred on the day 

prior to the pulse event for both species.  There were no species or leaf age differences on 

the Pleistocene across the entire pulse period (Figure 2b). 

Old leaf A-Ci response curves

 Old leaves of H. contortus (Figure 3a) and E. lehmanniana (Figure 4a) on the 

Holocene soil surface had no or marginal up-regulation of photosynthetic function on day 

1 of the pulse period.  By day 3 of the pulse period H. contortus (Figure 3a) and E. 

lehmanniana (Figure 4a) there was little change in photosynthetic function from day 1 to 
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day 3 of the pulse period.  However, H. contortus had increased stomatal sensitivity to Ci 

by day 3 of the pulse period (Figure 3c).  While for E. lehmanniana there was no change 

in stomatal sensitivity to Ci over the entire pulse period (Figure 4c).  By day 5 of the 

pulse period H. contortus (Figure 3a) and E. lehmanniana (Figure 4a) has increase their 

efficiency of up-regulation to maximum photosynthesis.  The highest Amax values 

occurred on day 5 of the pulse period for both species. 

 Old leaves of H. contortus on the Pleistocene soil surface gradually up-regulated 

photosynthesis from day 1 to day 5 of the pulse period (Figure 3b).  Specifically, there 

was a step-wise increase in efficiency of photosynthetic up-regulation from day 1 to day 

5 of the pulse period, with little differences between Amax across days (Figure 3b).  

However, there was no observed changed in stomatal sensitivity to Ci over the entire 

pulse period for H. contortus (Figure 3d).  Old leaves of E. lehmanniana on the 

Pleistocene had a very similar pattern in the way photosynthetic function increase in a 

step-wise fashion from day 1 to day 5 of the pulse period, and little differences between 

Amax across days (Figure 4b).  E. lehmanniana stomatal responsiveness and sensitivity to 

Ci was highest on day 3 of the pulse period on the Pleistocene (Figure 4d).   

Old leaves E. lehmanniana on day 5 of the pulse period on the Holocene (Figure 

4a) and across days on the Pleistocene (Figure 4b) were more efficient at up-regulating 

photosynthesis and achieved higher Amax than H. contortus.  Old leaves of E. 

lehmanniana (Figure 4c) had stronger sensitivity of stomata to Ci than H. contortus 

(Figure 3c) the Holocene, whereas H. contortus (Figure 3d) had stronger sensitivity of 

stomata to Ci than E. lehmanniana (Figure 4d) on the Pleistocene across the pulse period. 
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New leaf A-Ci response curves

 New leaves of H. contortus on the Holocene soil surface had the most efficient 

up-regulation of photosynthesis and highest Amax values on day 3 of the pulse period 

(Figure 5a).  While there were no differences in its stomatal sensitivity to Ci from day 3 

to day 5 of the pulse period, except at very low Ci concentrations (Figure 5c).  New 

leaves of E. lehmanniana on the Holocene soil surface had increased efficiency of up-

regulation from day 3 to day 5 of the pulse period, but there were no differences in Amax 

(Figure 6a).  New leaves of E. lehmanniana had increased stomatal sensitivity to Ci in a 

coordinated manner with Anet from day 3 to day 5 of the pulse period (Figure 6c).   

 New leaves of H. contortus on the Pleistocene soil surface had similar efficiency 

of up-regulation between days 3 and 5 of the pulse period, while Amax was slightly higher 

on day than Amax on day 3 of the pulse period (Figure 5b).  New leaves of H. contortus 

had stomatal sensitivity to Ci that was higher on day 3 than day 5 of the pulse period 

(Figure 5d).  New leaves of E. lehmanniana on the Pleistocene soil surface had much 

higher efficiency of photosynthetic up-regulation on day 5 compared to day 3 of the pulse 

period, while there were no differences in Amax between day 3 and 5 (Figure 6b).  New 

leaves of E. lehmanniana had a coordinate up-regulated of Anet and gs to Ci across day 3 

and day 5 on the Pleistocene (Figure 6d). 

 New leaves H. contortus were more efficient than new leaves of E. lehmanniana 

and the highest Amax values occurred on day 3 of the pulse period for new leaves of H. 

contortus on the Holocene.  Whereas new leaves of E. lehmanniana were more efficient 
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at up-regulating photosynthesis than new leaves of H. contortus on the Pleistocene by day 

5 of the pulse period. 

New leaves of H. contortus on the Holocene (Figure 5a) were more efficient at 

up-regulating to higher Amax rates than old leaves of H. contortus on the Holocene 

(Figure 3a).  There were no differences in efficiencies or Amax rates between new (Figure 

5b) and old (Figure 3b) leaves of H. contortus on the Pleistocene.  New leaves of E. 

lehmanniana (Figure 6a) on the Holocene had similar efficiencies to, but higher Amax 

rates than old leaves of E. lehmanniana on day 5 of the pulse period (Figure 4a).  On day 

3 of the pulse period new and old leaves, there were no differences in efficiencies or Amax 

between new and old leaves of E. lehmanniana.  By day 5 of the pulse period, new leaves 

of E. lehmanniana on the Pleistocene (Figure 6b) had higher efficiency of up-regulation, 

but similar Amax rates than old leaves on the Pleistocene (Figure 4b). 

  

Discussion 

 We sought to understand how a native (Heteropogon contortus) and a non-native 

(Eragrostis lehmanniana) C4 perennial bunchgrass species up-regulate photosynthesis in 

response to a large precipitation pulse event across contrasting soil surfaces at the onset 

of the summer monsoon season.  Imbedded in the complexities of the way these plants 

change plant water status, efficiencies, and maximum photosynthetic capacity, is the 

manner in which these plants allocate resources towards new leaf material compared to 

old leaf material given a large pulse of soil moisture.  Thus demonstrating a trade-off 

between allocating photosynthetic capacity towards new leaf material versus old leaf 
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material.  This work can help to clarify the mechanistic basis to the physiological 

performance of these species in response to a single pulse event and collection of pulse 

events that vary in magnitude within the growing season.   

 Based on previous work on the SRER (Huxman et al. 2004c, Potts et al. 2006, 

Ignace et al. 2006), we predicted that E. lehmanniana would have faster up-regulation of 

photosynthesis than H. contortus.  In-line with this prediction, we found that old leaves E. 

lehmanniana on the Holocene (Figure 4a) were more efficient at up-regulating 

photosynthesis and achieved higher Amax than H. contortus on the Holocene (Figure 3a) 

late in the pulse period and across the pulse period on the Pleistocene (Figure 3b, 4b).  

This coincides with previous work on the SRER, where E. lehmanniana was able to 

achieve maximum Anet one day following a 39mm pulse event, while H. contortus took 

three days to achieve maximum Anet (Ignace et al. 2006).  This result is partially of 

function of the differences in leaf area development strategy between the two species.  

For example, H. contortus must grow new leaves after water becomes available, while E. 

lehmanniana maintains leaf material that can quickly fully expand and become active 

once water is available.  Thus, H. contortus will experience a time lag in its up-regulation 

of photosynthetic function, which may be due to having to allocate more carbon towards 

growth and less resource allocation towards photosynthetic activity.  Such lag times in 

leaf gas exchange rates after water becomes available has been observed for Bouteloua 

gracilis (Sala et al. 1982).  Since the growth of new roots or leaves could take days, there 

will be a delayed benefit observed through high photosynthetic rates.  Flanagan et al. 

(2002) similarly observed that the magnitude of carbon fixation after a rainfall event was 
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highly dependent on canopy leaf-area development.  However, Ogle and Reynolds (2004) 

suggested that pulse threshold for biological responses to rainfall will depend on patterns 

of root distribution.  Lauenroth et al. (1987) found that a grass species, Bouteloua gricilis, 

was able to initiate root growth in response to pulse events that ranged from 5 to 15mm in 

magnitude.  E. lehmanniana has also been shown to have a higher density of its roots in 

shallow soil layers than H. contortus (Eilts, unpublished data), which could lead to high 

water extraction from the soil and high photosynthetic rates above other native species 

(Ignace et al. 2006).  Patterns of above- and below-ground growth dynamics may 

interactively influence the magnitude and swiftness of up-regulation of leaf-level gas 

exchange from the occurrence of the pulse event.  

Species have restricted sensitivities for pulse size and duration, so they filter pulse 

signals in different ways (Schwinning and Sala 2004).  Hence when a dry period is 

interrupted with a sudden surge in precipitation, plants are not in an optimal state to 

utilize the pulse.  It was surprising that although H. contortus on the Pleistocene had 

considerably better plant water status than E. lehmanniana (Figure 1b) prior to the pulse 

event, this did not translate into higher efficiencies and Amax rates of old leaves over the 

non-native species post-pulse (Figure 3,4).  This may be explained by plant 

responsiveness and sensitivity to pulse events given antecedent soil moisture conditions 

prior to the pulse event.  For example, Golluscio et al. (1998) found that grasses in the 

Patagonian steppe always responded to large rainfall events, but their response was 

greater during dry years.  While previous work at SRER has shown that C4 perennial 

grass species, such as Heteropogon contortus and Eragrostis lehmanniana, did not 
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dramatically increase gas exchange rates when a large (12 and 39mm) pulse event was 

applied during the peak of the summer monsoon, when soil moisture conditions are 

extremely favorable and physiological function was already high (Ignace et al. 2006).  

Such a pattern is similar to previous results of woody plants responding to pulses after a 

prolonged period of drought as compared to within growing season rainfall events 

(Williams and Ehleringer 2000, Snyder et al. 2004), given high antecedent soil moisture 

conditions.  Consideration of antecedent soil moisture conditions is an important and 

often neglected aspect of plant responses to precipitation pulse events (Reynolds et al. 

2004).      

 Soil surface characteristics can be a strong drive of vegetation distribution 

(McAuliffe 2003), as well as plant physiological performance (McAuliffe 1994, 1999, 

Parker 1995, Smith et al. 1995, Hamerlynck et al. 2002, 2004).  The ‘inverse texture 

hypothesis’ (Noy-Meir 1973) predicts that sandy textured soils should support higher 

productivity than fine-textured soils under low rainfall regimes due to the greater 

infiltration and percolation characteristics of coarse textured soils.  In accordance with 

our original prediction, old leaves of both species on the Pleistocene were able to be more 

efficient at up-regulating to higher Amax than plants on the Holocene (Figure 3, 4, 5, 6).  

However, once plants grew new leaf material, there were little differences observed in 

efficiencies and Amax rates, except for H. contortus on Holocene having the highest 

overall photosynthetic function on day 3 of the pulse period (Figure 5a).  This outcome 

may be the result of more favorable initial soil moisture conditions found on the 

Pleistocene compared to the Holocene.  Clay-rich soils, such as the Pleistocene, are 
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known to have higher water-holding capacity in shallow soil layers than sandy soils 

(McAuliffe 1994, 2003).  Since deep percolation of water is restricted in clay-rich soils, 

the amount of water that is available for plants may be amplified after large precipitation 

pulses.  The clay soil surface has higher soil moisture storage initially than the sandy 

surface, regardless of watering treatments (Potts et al. 2006), likely resulting in greater 

plant water stress on the sandy surface prior to the pulse.  Thus, plants on the Pleistocene 

may be able to maintain higher gas exchange rates longer than plants found on the 

Holocene soil surface.  The manner in which soil surfaces intercept and translate 

precipitation pulse events will determine the strength and duration of plant responses 

after an extended period of drought. 

 We predicted that new leaves of both species would demonstrate higher 

photosynthetic function than old leaves across all soil surfaces.  Our results showed that 

new leaves of H. contortus (Figure 5) and E. lehmanniana (Figure 6) were quick to up-

regulate to higher photosynthetic rates than old leaves (Figure 3, 4) across the Holocene, 

but not the Pleistocene.  H. contortus on the Holocene had the most efficient up-

regulation and highest Amax rates over E. lehmanniana on day 3 of the pulse period, 

suggesting a heightened ability to up-regulate and maintain photosynthetic activity over 

the non-native species (Figure 5a).  This outcome may be the result of H. contortus more 

efficiently using a large pulse event after having grown new leaf material.  Potential 

carbon gain has been suggested to be greater if the plant could synthesize photosynthetic 

enzymes to increase photosynthetic efficiency, grow rain roots to support higher rates of 

gas exchange, or grow more leaves to increase whole plant photosynthetic rates 
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(Schwinning and Sala 2004).  Plants can be expected to maximize the ratio of allocation 

to non-photosynthetic tissues and photosynthetic rate in relation to pulse use (Schwinning 

and Ehleringer 2001).  Thus a really large pulse event, such as 39mm, will trigger a broad 

spectrum of more costly and more delayed adjustments in plant function (Schwinning and 

Sala 2004).  Plants in arid ecosystems will display morphological and physiological 

tradeoffs that prevent them from being suitably adapted to periods of drought and high 

soil moisture availability (Schwinning and Ehleringer 2001), and species pulse responses 

may differ as a result of having distinct pulse use strategies.   

 Soil surface tends to amplify differences in the way plants regulate photosynthetic 

function before and following a large precipitation pulse.  A clay-rich soil surface, such 

as the Pleistocene will generally lead to enhanced up-regulation of photosynthesis in 

shallow-rooted desert grass species, due to its water holding capacity in shallow soil 

layers.  Although old leaves of the non-native species may have slightly greater 

photosynthetic capacity than the native species, this did not translate into heightened new 

leaf up-regulation. These results suggest different pulse use strategies between the native 

and non-native species, where the native species appeared to have been quicker to 

allocate photosynthetic capacity towards new leaf material.  Soil surface characteristics, 

time delays in photosynthetic up-regulation, and tradeoffs associated with allocating 

resources towards new over old lead material will all interactively lead to a better 

mechanistic understanding of species specific responses to precipitation pulse events. 

 

 

 



   113 

Acknowledgements 

 

 The authors would like to acknowledge Dave Williams, Jake Weltzin for site 

construction of the shelter experiment (USDA-CSREES, Grant #00-35101-9380) and 

Nate Pierce, Victor Resco de Dios, Jennifer Schomp, Amelia Hazard and Kevin Gilliam 

assisted in field work.  Additional field equipment was generously provided by Steve 

Archer and Dave Williams.  Danielle Ignace was funded by the Alfred P. Sloan 

Fellowship.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   114 

Literature Cited   

Adams DK, Comrie AC  (1997)  The North American Monsoon.  Bulletin of the 

American Meteorological Society 78(10):2197-2213. 

Anable ME, McClaran MP, Ruyle GB  (1992)  Spread of introduced Lehmann lovegrass 

Eragrostis lehmanniana Nees in southern Arizona, USA. Biological Conservation 

61:181-188. 

Archer SR  (1995)  Tree-grass dynamics in a Prosopis-thornscrub savanna parkland: 

reconstructing the past and predicting the future.  Ecoscience 2: 83-99. 

Austin AT, Yahdjian L, Stark JM, Belnap J, Porporato A, Norton U, Ravetta DA, 

Schaeffer SM  (2004)  Water pulses and biogeochemical cycles in arid and 

semiarid ecosystems.  Oecologia 141:221-235. 

Bahre CJ  (1991)  A legacy of change: historic human impact on vegetation in the 

Arizona Borderlands.  University of Arizona Press, Tucson, Arizona, USA. 

Bahre CJ, Shelton ML  (1993)  Historic vegetation change, mesquite increases, and 

climate in southeastern Arizona.  Journal of Biogeography 20(5):489-504. 

Barker DH and Adams WW  (1997)  The xanthophyll cycle and energy dissipation in 

differently oriented faces of the cactus Opuntia macrorhiza.  Oecologia 109:353-

361. 

Boutton TW, Archer SR, Midwood AJ, Zitzer SF, Bol R  (1998)  delta C-13 values of 

soil organic carbon and their use in documenting vegetation change in a 

subtropical savanna ecosystem.  Geoderma 82: 5-41. 

 



   115 

Burgess TL  (1995)  Desert grassland, mixed shrub savanna, shrub steppe, or semidesert 

scrub? The dilemma of coexisting growth forms.  In: McClaran MP, Van 

Devender TR (eds) The Desert Grassland.  University of Arizona Press, Tucson, 

Arizona, USA, pp 31-67. 

Cable JM, Huxman TE, Weltzin J, Williams DG  (In preparation)  Soil respiration 

response to precipitation: the effects of grass and soil surface on soil moisture.   

Chabot BF and Hicks DJ  (1982)  The ecology of leaf life spans.  Annu Rev Ecol Syst 

13:229-259. 

Comstock J and Ehleringer J  (1986)  Canopy dynamics and carbon gain in response to 

soil water availability in Encelia frutescens Gray, a drought-deciduous shrub.  

Oecologia 68:271-278. 

D’Antiono CM, Vitousek PM  (1992)  Biological invasions by exotic grasses, the grass-

fire cycle and global change.  Annual Review of Ecology and Systematics 23:63-

87. 

Diffenbaugh NS, Pal JS, Trapp RJ, Giorgi F  (2005)  Fine-scale processes regulate the 

response of extreme events to global climate change.  Proceedings of the National 

Academy of Sciences of the United States of America 102: 15774-15778. 

Easterling DR, Meehl CA, Parmesan C, Changnon SA, Karl TR, Mearns LO  (2000)  

Climate extremes: observations, modeling, and impacts.  Science 289:2068-2074.   

Ehleringer JR, Schwinning S, Gebauer R  (1999)  Water use in arid land ecosystems.  In 

Press MC(ed) Advances in plant physiological ecology.  Blackwell Science, 

Oxford. 

 



   116 

English NB, Weltzin JF, Fravolini A, Thomas L, Williams DG  (2005)  The influence of 

soil texture and vegetation on soil moisture under rainout shelters in a semi-desert 

grassland.  Journal of Arid Environments 63:324-343. 

Fay PA, Carlisle JD, Knapp AK, Blair JM, Collins SL  (2003)  Productivity responses to 

altered rainfall patterns in a C-4 dominated grassland.  Oecologia 137:245-251. 

Flanagan LB, Wever LA, Carlson PJ  (2002)  Seasonal and interannual variation in 

carbon dioxide exchange and carbon balance in a northern temperature grassland.  

Global Change Biology 8:599-615. 

Frasier GW, Cox JR  (1994)  Water-balance in a pure stand of Lehmann’s Lovegrass.  

Journal of Range Management 47:373-378. 

Fravolini A, Hultine KR, Brugnoli E, Gazal R, English NB, Williams DG  (2005)  

Precipitation pulse use by an invasive woody legume: the role of soil texture and 

pulse size.  Oecologia 144:618-627. 

Geiger EL and McPherson GR  (2005)  Response of semi-desert grasslands invaded by 

non-native grasses to altered disturbance regimes.  Journal of Biogeography 

32:895-902. 

Genty B, Briantais JM,  Baker NR  (1989)  The relationship between the quantum yield 

of photosynthetic electron transport and quenching of chlorophyll fluorescence.  

Biochimica et Biophysica Acta 990:87-92. 

Golluscio RA, Sala OE, Lauenroth WK  (1998)  Differential use of large summer rainfall 

events by shrubs and grasses: a manipulative experiment in the Patagonian steppe.  

Oecologia 115:17-25. 

 



   117 

Grover HD, Musick HB  (1990)  Shrubland encroachment in southern New Mexico, 

U.S.A.:  An analysis of desertification processes in the American Southwest.  

Climate Change 17:305-330. 

Hamerlynck EP, McAuliffe JR, Smith SD  (2000)  Effects of surface and sub-surface soil 

horizon on seasonal performance of Larrea tridentata (creosotebush).  Functional 

Ecology 14:596-606. 

Hamerlynck EP, McAuliffe JR, McDonald EV, Smith SD  (2002)  Ecological responses 

of two Mojave Desert shrubs to soil horizon development and soil water dynamics.  

Ecology 83:768-779. 

Hamerlynck EP, Huxman TE, McAuliffe JR, Smith SD  (2004)  Carbon isotope 

discrimination and foliar nutrient status of Larrea tridentata (creosote bush) in 

contrasting Mojave Desert soils.  Oecologia 138:210-215. 

Houghton JT, Ding Y, Griggs DJ, Noguer M, van der Linder PF, Dai X, Maskell K, 

Johnson CA  (2001)  Climate Change 2001: the scientific basis.  Contribution of 

Working Group 1 to the Third Assessment Report of the Intergovernmental Panel 

on Climate Change.  Cambridge, UK: Cambridge University Press. 

Huxman TE, Smith MD, Fay PA, Knapp AK, Shaw MR, Loik ME, Smith SD, Tissue 

DT, Zak JC, Weltzin JF, Pockman WT, Sala OE, Haddad BM, Harte J, Koch GW, 

Schwinning S, Small EE, Williams DG  (2004a)  Convergence across biomes to a 

common rain-use efficiency.  Nature 429:651-654. 

 



   118 

Huxman TE, Snyder KA, Tissue D, Leffler AJ, Ogle K, Pockman WT, Sandquist DR, 

Potts DL, Schwinning S  (2004b)  Precipitation pulses and carbon fluxes in 

semiarid and arid ecosystems.  Oecologia 141:254-268. 

Huxman TE, Cable JM, Ignace DD, Eilts JA, English NB, Weltzin J, Williams DG  

(2004c)  Response of net ecosystem gas exchange to a simulated precipitation 

pulse in a  semi-arid grassland: the role of native versus non-native grasses and 

soil texture.  Oecologia 141:295-305. 

Ignace DD, Huxman TE, Weltzin J, Williams DG  (2006)  Leaf gas exchange and water 

status responses of a native and non-native grass to precipitation across 

contrasting soil surfaces in the Sonoran Desert.  Oecologia In review. 

Kieft TL, White CS, Loftin SR, Aguilar R, Craig JA, Skaar DA  (1998)  Temporal 

dynamics in soil carbon and nitrogen resources at a grassland-shrubland ecotone.  

Ecology 79: 671-683. 

Knapp AK, Smith MD  (2001)  Variation among biomes in temporal dynamics of 

aboveground primary production.  Science 291:481-484. 

Knapp AK, Fay PH, Blair JM, Collins SL, Smith MD, Carlisle JD, Harper CW, Danner 

BT, Lett MS, McCarron JK  (2002)  Rainfall variability, carbon cycling, and plant 

species diversity in a mesic grassland.  Science 298:2202-2205. 

Lauenroth WK, Sala OE, Milchunas DG, Lathrop RW  (1987)  Root dynamics of 

Bouteloua gracilis during short-term recovery from drought.  Funct Ecol 1:117-

124. 

 



   119 

Loik ME, Breshears DD, Lauenroth WK, Belnap J  (2004) A multi-scale perspective of 

water pulses in dryland ecosystems: climatology and ecohydrology of the western 

USA.  Oecologia 141:269-281. 

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA  (2000)  Biotic 

invasion: causes, epidemiology, global consequences, and control.  Ecological 

Applications 10: 689-710. 

McAuliffe JR  (1994)  Landscape evolution, soil formation and ecological patterns and 

processes in Sonoran Desert bajadas.  Ecological Monographs 64:111-148. 

McAuliffe JR  (1995)  Landscape evolution, soil formation and Arizona’s desert 

grasslands.  In: McClaran MP, VanDevender TR (eds)  The desert grassland.  

University of Arizona Press, Tucson, Arizona, USA, pp 100-129. 

McAuliffe JR  (1999b)  The Sonoran Desert: landscape complexity and ecological 

diversity.  In: Robichaux R (ed)  Ecology of Sonoran Desert Plants and 

Communities.  University of Arizona Press, Tucson, Arizona, USA, pp 87-104.  

McAuliffe JR  (2003)  The interface between precipitation and vegetation: The 

importance of soils in arid and semi-arid environments.  In: Weltzin JF, 

McPherson GR, (eds)  Changing Precipitation Regimes and Terrestrial 

Ecosystems: A North American Perspective.  University of Arizona Press, 

Tucson, Arizona, USA, pp 9-27. 

McClaran MP, Van Devender TR  (1995)  The Desert Grassland. University of Arizona 

Press, Tucson, Arizona, USA. 

Mooney HA  (1972)  The carbon balance of plants.  Annu Rev Ecol Syst 3:315-346. 

 



   120 

Mooney HA, Hobbs RJ  (2000)  Global change and invasive species: where do we go 

from here?   In: Mooney HA, Hobbs RJ (eds) Invasive species in a changing 

world.  Island Press, Washington, USA, pp 425-434. 

Noy-Meir I  (1973)  Desert ecosystems: environment and producers.  Annual Review of 

Ecology and Systematics 4:51-58. 

Ogle K, Reynolds JF  (2004)  Plant responses to precipitation in desert ecosystems:  

integrating functional types, pulses, thresholds, and delays.  Oecologia 141:282-

294. 

Potts DL, Huxman TE, Cable JM, English NB, Ignace DD, Eilts JA, Mason MJ, 

Weltzin JF, Williams DG  (2006)  Antecedent moisture and seasonal precipitation 

influence the response of canopy-scale carbon and water exchange to rainfall pulses 

in a semi-arid grassland.  New Phytologist 170:849-860. 

Parker KC  (1995)  Effects of complex geomorphic history on soil and vegetation 

patterns on arid alluvial fans.  Journal of Arid Environments 30:19-39. 

Reynolds JF, Paul RK, Ogle K, Fernandez RJ  (2004)  Modifying the ‘pulse-reserve’ 

paradigm for deserts of North America:  precipitation pulses, soil water, and plant 

responses.  Oecologia 141:194-210. 

Sala OE, Lauenroth WK  (1982)  Small rainfall events: an ecological role in semiarid 

regions.  Oecologia 53:301-304. 

Sala OE, Lauenroth WK, Parton WJ  (1982)  Plant recovery following prolonged drought 

in a shortgrass steppe.  Agric Meteorol 27:4-58. 

 



   121 

Sala A, Smith SD, Devitt DA  (1996)  Water use by Tamariz ramosissima and associated 

phreatophytes in a Mojave Desert floodplain.  Ecological Applications 6:888-898. 

Schlesinger WH, Reynolds JF, Cunningham GL, Hueneke LF, Jarrell WM, Virginia RA, 

Whitford WG  (1990)  Biological feedbacks in global desertification.  Science 

247:1043-1048. 

Schwinning S and Ehleringer JR  (2001)  Water use trade-offs and optimal adaptations to 

pulse-driven arid ecosystems.  J Ecol 89:464-480. 

Schwinning S, Starr BI, Ehleringer JR  (2003)  Dominant cold desert plants do not 

partition warm season precipitation by event size.  Oecologia 136:252-260. 

Schwinning S, Sala OE, Loik ME, Ehleringer JR  (2004)  Thresholds, memory, and 

seasonality: understanding pulse dynamics in arid/semi-arid ecosystems.  

Oecologia 141:191-193. 

Schwinning S and Sala OE  (2004)  Hierarchy of responses to resource pulses in arid and 

semi-arid ecosystems.  Oecologia 141:211-220. 

Smith SD, Herr CA, Leary KL, Piorkowski JM  (1995)  Soil-plant water relations in a 

Mojave Desert mixed shrub community : a comparison of three geomorphic 

surfaces.  Journal of Arid Environments  29:339-351. 

Smith SD, Monson RK, Anderson JE  (1997)  Physiological Ecology of North American 

Deserts Plants.  Springer, Berlin Heidelberg New York.   

Snyder KA, Donovan LA, James JJ, Tiller RL, Richards JH  (2004)  Extensive summer 

water pulses do not necessarily lead to canopy growth of Great Basin and 

northern Mojave Desert shrubs.  Oecologia 141(2):325-334. 

 



   122 

Walker LR, Smith SD  (1997)  Impacts of invasive plants on community and ecosystem 

properties.  In: Luken JO, Thieret JW (eds)  Assessment and Management of Plant 

Invasions.  Springer, New York, NY, USA, pp 69-86. 

Walter H  (1979)  Vegetation of the earth and ecological systems of the geo-biosphere, 

2nd edn.  Springer-Verlag, New York, USA.  

Weltzin JF, McPherson GR  (2000)  Implications of precipitation redistribution for shifts 

in temperate savanna ecotones.  Ecology 81:1902-1913. 

Welztin JF, Tissue DT  (2003)  Resource pulses in arid environments-patterns of rain, 

patterns of life.  New Phytologist 157:171-173.   

Williams DG, Baruch Z  (2000)  African grass invasion in the Americas: ecosystem 

consequences and the role of ecophysiology.  Biological Invasions 2:123-140. 

Williams DG, Ehleringer JR  (2000)  Intra- and interspecific variation for summer 

precipitation use in pinyon-juniper woodlands.  Ecological Monographs 70:517-

537. 

Zavaleta ES, Thomas BD, Chiariello NR, Asner GP, Shaw MR, Field CB  (2003)  Plants 

reverse warming effect on ecosystem water balance.  Proceedings of the National 

Academy of Sciences of the United States of America 100(17): 9892-9893. 

 

 

 



   123 

Tables 

Table 1, Statistics summary from a repeated measures MANOVA for the response of 

plant water status.  Degrees of freedom (df) and F-statistics from a repeated measures 

MANOVA for the response of pre-dawn water potential (Ψpd) for Heteropogon contortus 

and Eragrostis lehmanniana.  * = P < 0.10, ** = P < 0.05, *** = P < 0.01, **** = P < 

0.001, and – indicates non-significance.  Factors that were not significant for any variable 

were not reported.  

             
    Variable        
Factors    df  Ψpd       
 
All treatments 
Time    2,5  103.9**** 
Time x Species  2,5  9.3** 
Time x Soil surface x 
Species   2,5  5.6** 
 
 
Pleistocene 
Time    3,2  80.0*** 
Time x Species  3,2  20.7** 
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Table 2, Statistics summary from a repeated measures MANOVA for  the response of  

chlorophyll fluorescence.  Degrees of freedom (df) and F-statistics from a repeated 

measures MANOVA for the response of pre-dawn chlorophyll fluorescence (Fv/Fm) for 

old and new leaves of Heteropogon contortus and Eragrostis lehmanniana.  * = P < 0.10, 

** = P < 0.05, *** = P < 0.01, **** = P < 0.001, and – indicates non-significance.  

Factors that were not significant for any variable were not reported.  

             
    Variable        
Factors    df  Fv/Fm       
 
Holocene 
Old leaves 
Species   1,4  ― 
Time    3,2  ― 
Time x Species  3,2                   ― 
 
Holocene 
Old vs. new leaves 
Leaf age   1,17  12.4*** 
 
Holocene new leaves 
Species   1,7  ― 
Time    1,7  ― 
Time x Species  1,7  ― 
 
 
Pleistocene 
Old leaves     
Time x Species   3,18  7.0*** 
 
Pleistocene 
Old vs. new leaves 
Leaf age   1,35  4.3** 
 
Pleistocene new leaves 
Species   1,15  3.4* 
Time    1,15  4.5** 
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Table 3, Statistics summary from a repeated measures MANOVA for the response of 

photosynthetic rate.  Degrees of freedom (df) and F-statistics from a repeated measures 

MANOVA for the response of Net assimilation of carbon (Anet, µmol m-2 s-1) for old and 

new leaves of Heteropogon contortus and Eragrostis lehmanniana.  * = P < 0.10, ** = P 

< 0.05, *** = P < 0.01, **** = P < 0.001, and – indicates non-significance.  Factors that 

were not significant for any variable were not reported.  

             
    Variable        
Factors    df  Anet       
 
Holocene 
Old leaves 
Species   1,7  128.7**** 
Time    3,5  194.4**** 
Time x Species  3,5                   5.9**                    
 
Holocene 
Old vs. new leaves 
Leaf age   1,14  186.4**** 
Species x leaf age  1,14  28.9**** 
Time    1,14  12.3*** 
Time x species   1,14  186.3**** 
Time x leaf age  1,14  409.8**** 
Time x species x  
leaf age   1,14  119.2**** 
 
Holocene new leaves 
Species   1,7  6.2** 
Time    1,7  93.5**** 
Time x Species  1,7  201.6**** 
 
 
Pleistocene 
Old leaves   
Species   1,4  995.0****   
Time     3,2  7309**** 
Time x species   3,2  4342**** 
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Pleistocene 
Old vs. new leaves 
Time x species x 
leaf age   1,14  3.7* 
 
Pleistocene new leaves 
Species   1,10  2.9* 
Time x species   1,10  4.9** 
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Figure Legends 
 
Figure 1.  Pre-dawn water potential (MPa) on one day prior to and 1, 3, and 5 days 

following the pulse event.  Panel (a) represents results for the Holocene soil surface and 

panel (b) represents data for the Pleistocene soil surface.  (●) represents data for 

Heteropogon contortus and (○) represents data for Eragrostis lehmanniana.  Error bars 

are + 1 standard error (n = 3). 

 

Figure 2. The response of quantum efficiency of PSII (ФPSII) to high Photon flux density 

(1070 µmol m-2 s-1) on the Holocene and Pleistocene soil surface from one day prior to 

the pulse event and 1, 3, and 5 days following the pulse event (Panels a-b).  Pre-dawn 

chlorophyll fluorescence (Fv/Fm) on the Holocene and Pleistocene soil surface from one 

day prior to the pulse event and 1, 3, and 5 days following the pulse event (Panels c-d).  

Circles represent data for old leaves, and triangles represent data for new leaves of 

Heteropogon contortus and Eragrostis lehmanniana.  Closed symbols represent H. 

contortus and open symbols represent E. lehmanniana.  Error bars represent + 1 standard 

error (n = 3). 

 

Figure 3.  The response of Anet and gs to internal CO2 concentration on 1, 3, and 5 days 

following the pulse event for old leaves of H. contortus on the Holocene (panels a & c) 

and the Pleistocene (panels b & d) soil surface.  Solid line represents the response of Anet 

on day 1, medium dashed line represent the response of Anet on day 3, and a long dashed 
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line represents the response of Anet on day 5 of the pulse period.  Each curve represents 

three curves per day, surrounded by 95% confidence intervals. 

 

Figure 4.  The response of Anet and gs to internal CO2 concentration on 1, 3, and 5 days 

following the pulse event for old leaves of E. lehmanniana on the Holocene and the 

Pleistocene soil surface.  See Figure 3 legend for panel and symbol description. 

 

Figure 5.  The response of Anet and gs to internal CO2 concentration on 1, 3, and 5 days 

following the pulse event for new leaves of H. contortus on the Holocene (panels a & c) 

and the Pleistocene (panels b & d) soil surface.  Dashed line represents the response of 

Anet on day 3, and a solid line represents the response of Anet on day 5 of the pulse period.  

Each curve represents three curves per day, surrounded by 95% confidence intervals. 

 

Figure 6.  The response of Anet and gs to internal CO2 concentration on 1, 3, and 5 days 

following the pulse event for new leaves of E. lehmanniana on the Holocene (panels a & 

c) and the Pleistocene (panels b & d) soil surface.  See Figure 5 legend for panel and 

symbol description. 

 

Figure 7.  Net assimilation of carbon (Anet, µmol m-2 s-1) at ambient CO2 concentration 

(375ppm) and maximum Anet (from A-ci curves) for old and new leaves of H. contortus 

and E. lehmanniana on 1 day prior to and 1, 3, and 5 days following the pulse event.  

Panel (a) shows H. contortus on the Holocene, (b) H. contortus on the Pleistocene, (c) E. 
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lehmanniana on the Holocene, and (d) E. lehmanniana on the Pleistocene soil surface.  

Data points are means + 1 standard error. 
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Figures 

 

Figure 1, Pre-dawn water potential response to a pulse event across soil surface 
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Figure 2, Response of quantum efficiency of PSII to high photon flux density and 
response of pre-dawn chlorophyll fluorescence to a pulse event across soil surface 
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Figure 3, A-Ci curves for old leaves of Heteropogon contortus in response to a pulse 
event across soil surface 
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Figure 4, A-Ci curves for old leaves of Eragrostis lehmanniana in response to a pulse 
event across soil surface 
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Figure 5, A-Ci curves for new leaves of Heteropogon contortus in response to a pulse 
event across soil surface 
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Figure 6, A-Ci curves for new leaves of Eragrostis lehmanniana in response to a pulse 
event across soil surface 
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Figure 7, Anet at ambient CO2 concentration and maximum Anet for old and new leaves of 
H. contortus and E. lehmanniana in response to a pulse event across soil surface 
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APPENDIX C 

PHOTOSYNTHETIC UP-REGULATION OF A NON-NATIVE C4 GRASS TO 

DIFFERENT SIZED PRECIPITATION PULSES IN A SONORAN DESERT 

GRASSLAND 

Danielle D. Ignace and Travis E. Huxman 
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Abstract 

Arid and semiarid ecosystems of the southwestern U.S. are expected to 

experience changes in the frequency and distribution of precipitation patterns.  

Precipitation in these water-limited systems mostly consists of pulse events that are less 

than 5mm.  In order to understand the implications of changes in the frequency and 

distribution of different sized precipitation pulse events, we conducted an in situ 

precipitation manipulation experiment on the Santa Rita Experimental Range, located in 

southeastern Arizona.  During the 2005 summer growing season natural stands of a non-

native invasive species, Eragrostis lehmanniana, were exposed to a pre-conditioning 

precipitation pulse event (0 or 15mm), followed by a second pulse event (5 or 15mm).  

We measured predawn water potential (Ψpd), chlorophyll fluorescence (Fv/Fm), quantum 

efficiency (ФPSII), and A-Ci curves.  Our results showed that plant water status only 

differed prior to the second pulse event and a large pulse event did not increase plant 

water status above levels after a small pulse event.  Plants that received 0mm as a pre-

conditioning followed by 5mm were able to achieve the highest photosynthetic rates 

above all other pulse sequence combinations one day following the second pulse event.  

Plants that received two consecutive large (15mm) pulse events had high quantum 

efficiency and were able to maintain high photosynthetic function several days following 

the second pulse event.  Prior to the second pulse event, plants that received no pre-

conditioning did not demonstrate a strong relationship between stomatal conductance and 

photosynthetic rate.  Photosynthetic rates were strongly driven by stomatal conductance 

across all pre-conditioning and second pulse event combinations post-pulse.  This work 
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highlights the need to mechanistically understand how the sequences of individual 

rainfall events affect leaf level processes in water limited systems. 

 

Keywords:  A-Ci curve, Light response curve, Precipitation pulse, Eragrostis 

lehmanniana, Santa Rita Experimental Range 
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Introduction 

Arid and semi-arid ecosystems are spatially and temporally limited by water 

availability (Smith et al. 1997, McAuliffe 2003), which can have significant impacts on 

community structure and ecosystem process (Noy-Meir 1973, Ehleringer et al. 1999).  

Water in these arid regions becomes available through highly variable, and often highly 

unpredictable, discrete precipitation events, or ‘pulses’ (Noy-Meir 1973).  Our current 

understanding of the spatial and temporal distribution of precipitation in these regions 

will change due to predictions of future changes in precipitation regimes across various 

regions of the United States.  Some of these predicted changes include increases in the 

variability of timing, frequency, and rainfall size distributions (Easterling et al. 2000, 

Houghton et al. 2001).  In particular to the southwestern U.S., predictions include 

increases in the frequency and duration of extreme precipitation and hot events 

(Diffenbaugh et al. 2005).   

Although water availability is heterogeneous across multiple spatial and temporal 

scales, many previous studies have focused on the implications of precipitation variation 

across long time scales (Huxman et al. 2004b).  For example, ecosystem production is 

strongly influenced by seasonal and annual precipitation (Knapp and Smith 2001, Knapp 

et al. 2002, Fay et al. 2003, Zavaleta et al. 2003, Huxman et al. 2004a, b).  The 

implications of precipitation that is available on short time scales has received far less 

attention in previous studies, but there is a renewed interest in establishing a mechanistic 

understanding of how individual precipitation pulses within a season can influence 

ecological responses (Weltzin and Tissue 2003, Schwinning et al. 2004).  Rainfall event 
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size, the frequency of events, and the timing of events within a season have been shown 

to be important for ecological processes (Knapp et al. 2002, Schwinning et al. 2003, 

Schwinning and Sala 2004, Ogle and Reynolds 2004, Reynolds et al. 2004, Huxman et 

al. 2004c, Ignace et al. 2006, Potts et al. 2006, Cable et al. in preparation).  The size of a 

precipitation event is especially important in arid and semi-arid regions because much of 

the water gained from precipitation is quickly lost due to evaporation during the summer 

(Smith et al. 1997, Loik et al. 2004). 

There is a fundamental need to understand the implications of projected increases 

in the variability of precipitation distribution since arid and semi-arid ecosystems 

frequently experience prolonged periods of drought.  A large portion of the precipitation 

that occurs in these regions mostly consist of discrete pulses of precipitation (Noy-Meir 

1973) that are <5mm (Schwinning and Sala 2004, Loik et al. 2004).  Small events 

(<5mm) account for 26% and large events (>30mm) account for 20% of the precipitation 

events in southeastern Arizona (Loik et al. 2004).  A summer pulse event that is at least 

2mm can elicit a response from soil microbial communities (Austin et al. 2004) and soil 

microbial crusts (Cable and Huxman 2004).  A precipitation pulse event that is 3mm in 

size has been shown to increase carbon fixation in some plants (Schwinning et al. 2003), 

and others suggest that a minimum of 5mm is necessary to generate a response of plants 

(Huxman et al. 2004b, Reynolds et al. 2004).  Schwinning and Sala (2004) suggest a 

hierarchical framework to describe how the magnitude of a pulse event triggers the 

magnitude and extent of an ecological response.  The temporal distribution and the size-

class distribution of daily precipitation events as well as the size-class distribution of time 
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between pulse events are two fundamental characteristics of the temporal distribution of 

daily precipitation (Loik et al. 2004).  Variation is these two characteristics may give rise 

to dramatically different ecological responses. 

The southwestern U.S. has experienced dramatic changes in plant communities as 

the result of the introduction of non-native plants and the encroachment of woody plants 

(Grover and Musick 1990, Schlesinger et al. 1990, McClaran and Van Devender 1995, 

Archer 1995, Boutton et al. 1998, Kieft et al. 1998, Bahre 1991, 1993, Weltzin and 

McPherson 2000, Williams and Baruch 2000).  In some areas of southeastern Arizona, 

native grassland communities have become dominated by an invasive non-native grass 

species, Eragrostis lehmanniana (Lehmann lovegrass), from southern Africa.  Previous 

work has suggested that its water-use characteristics (Frasier and Cox 1994) and its 

physiological maintenance throughout the growing season (Frasier and Cox 1994, 

Huxman et al. 2004c, Ignace et al. 2006) are partly responsible for E. lehmanniana’s 

dominance on arid communities.  An increase in the abundance of non-native species is 

known to have significant impacts for community structure and ecosystem processes 

(D’Antonio and Vitousek 1992, Mack et al. 2000), such as the exchange of water and 

carbon between ecosystems and the atmosphere (Walker and Smith 1997, Mooney and 

Hobbs 2000, Huxman et al. 2004c).  Therefore, it is important to understand the 

physiological advantage this non-native species maintains over other native species. 

The main objective of this study is to understand how a non-native grass species, 

Eragrostis lehmanniana, changes its photosynthetic function in response to sequences of 

precipitation pulse events that vary in magnitude.  In order to address this topic we 
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implemented an in situ precipitation manipulation experiment on the Santa Rita 

Experimental Range (SRER), located in southeastern Arizona at the beginning of the 

2005 summer growing season.  Natural stands of E. lehmanniana species received a pre-

conditioning pulse event of 0 or 15mm, followed by a second pulse event that was 5 or 

15mm.  We then measured plant water status (Ψpd, pre-dawn water potential), 

photochemical efficiency of photosystem two (Fv/Fm, chlorophyll fluorescence), the 

quantum yield of electron transport through photosystem two (ФPSII, the quantum 

efficiency of PSII) and the photosynthetic up-regulation (A-Ci response curves) of E. 

lehmanniana one day prior to and 1, 3, and 7 days following a pulse event.  We relied on 

a previously developed hierarchical framework (Schwinning and Sala 2004) to guide our 

predictions of the response of E. lehmanniana to sequences of pulse events that vary in 

magnitude.  Although a summer pulse event that is at least 2mm can elicit a response 

from soil microbial communities (Austin et al. 2004), a pulse size of 3mm (Schwinning 

et al. 2003) or at least 5mm (Huxman et al. 2004, Reynolds et al. 2004) may be necessary 

to generate a response of plants.  Therefore, we predicted that plants that received 0mm 

pre-conditioning and a small second pulse (5mm) would demonstrate a small up-

regulation of biological activity.  Previous work at the SRER demonstrated that E. 

lehmanniana can increase leaf-level carbon fixation within a day following a large 

(39mm) pulse event at the beginning of the summer growing season, after the plants have 

been exposed to an extended of drought (Ignace et al. 2006).  However, E. lehmanniana 

was able to maintain high photosynthetic function throughout the summer growing 

season, which dampened an increase in plant function response to a large (39mm) pulse 
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event during the peak of the summer growing season.  Using this previous knowledge, we 

predicted that E. lehmanniana would be able to maintain high photosynthetic function 

when exposed to a 15mm pre-conditioning and a large second pulse event (15mm).  

Whereas plants that were exposed to a large first pulse event (15mm) and a small second 

pulse event (5mm) would demonstrate heightened photosynthetic up-regulation only 

immediately following the second pulse event and decrease quickly in plant function by 

day 7 of the pulse period as soils dry. 

 

Materials and Methods 

Study site description 

 A short-term in situ precipitation manipulation experiment was implemented 

within the Santa Rita Experimental Range (SRER), located in southeastern Arizona.  The 

20,000-ha SRER is located approximately 40 km south of Tucson, Arizona, its elevation 

ranges from 900-1,300 m and annual rainfall ranges from 250-500 mm (McClaran and 

Van Devender 1995).  50-60% of the total annual rainfall occurs between the months of 

July and September (Anable 1989). 

Although a mixture of grasses, forbs, shrubs, small trees and cacti can be found on the 

SRER, a non-native invasive C4 bunchgrass, Eragrostis lehmanniana (Lehmann 

lovegrass), has come to dominate in this area (McClaran and Van Devender 1995). 

We partitioned natural stands of Eragrostis lehmanniana, located on a sandy-

loam soil surface, into 30 plots (2m x 1m) separated by 0.5m.  We trenched each plot at a 

depth of 10cm in order to restrict the exchange of water with the surrounding soil 
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environment.  This experiment was implemented in addition to the occurrence of natural 

precipitation.  Although it is typical for southeastern Arizona to experience an extended 

period of drought prior to the onset of the summer monsoon (Adams and Comrie 1997), 

southeastern Arizona did receive a small rainfall event in the month prior to the initiation 

of our experiment.  However, there was no naturally occurring rainfall event that 

occurred during the period that would affect the comparisons of our study.  Irrigation was 

initiated in May, 2005 and each precipitation treatment was randomly assigned to each 

plot.  

Precipitation manipulation

All plots received a series of two pulse events that varied in magnitude.  On May 

29, 2005 all plots received a pre-conditioning pulse event that was either a 0 (control 

group) or 15mm (pre-treatment group).  On June 5, 2005 (7 days following the pre-

conditioning pulse event) all plots that received a 0 or 15mm initial pulse event, were 

given a second pulse event that was 5 or 15mm.  Thus the possible combinations of a 

series of two pulse events (pre-conditioning followed by second pulse event) are 0,5mm, 

0,15mm, 15,5mm, and 15,15mm.  We measured pre-dawn water potential, chlorophyll 

fluorescence, light response curves, and A-ci response curves for E. lehmanniana on one 

day prior to the second pulse event and 1, 3, and 7 days following the second pulse event. 

Leaf water potential and chlorophyll fluorescence 

 We randomly selected a vegetative grass tiller within each plot to measure pre-

dawn water potential, Ψpd (MPa) using a Scholander-type pressure chamber.  We 

randomly selected a different vegetative tiller and made pre-dawn chlorophyll 
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fluorescence(Fv/Fm) measurements using the fluorimeter (Model FMS1, Hansatech, 

Kings Lynn, UK).  Since each chlorophyll fluorescence measurement was taken during 

pre-dawn, each leaf is already dark adapted.  Fv/Fm is calculated by the fluorimeter, where 

Fv is the light-adapted variable fluorescence and Fm is the light-adapted fluorescence 

maximum.  Fv/Fm gives the photochemical efficiency of PSII, or the efficiency of 

excitation transfer (Barker and Adams 1997).  Each leaf was clipped to the optic fiber of 

the fluorimeter and was exposed to a saturating light intensity (5000 µmol m-2 s-1) for 0.7 

seconds.   

Light response curves 

 Light response curves were measured on the same leaf used to measure pre-dawn 

chlorophyll fluorescence using a portable fluorimeter (Model FMS1, Hansatech, Kings 

Lynn, UK) over the course of the pulse period (day -1, and 1, 3, and 7 days following the 

pulse event).  Each leaf was dark-adapted for 10 minutes using the leaf clips attached to 

the fluorimeter.  We programmed the quartz halogen actinic light source in the 

fluorimeter to vary across 0, 39, 182, 445, 1070 and 1568 µmol m-2 s-1.  The leaf was 

exposed to each light level for five minutes.  After five minutes was allowed for the plant 

to reach a steady state, the Hansatech fluorimeter measured the quantum efficiency of 

PSII (ФPSII).  ФPSII is the quantum efficiency of PSII, or the quantum yield of electron 

transport through PSII, and indicates the potential for down-regulation of PSII across the 

different light levels.  ФPSII is calculated as (Fm’ – Fs)/Fm’ by the fluorimeter (Genty et 

al. 1989), where Fm’ is the light-adapted fluorescence maximum and Fs is the steady-state 

fluorescence yield.    
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CO2 response curves 

We randomly selected the most recently uncurled leaf from a vegetative tiller 

within each plot and used a portable photosynthesis system (LI-6400, Li-Cor Inc., 

Lincoln, NE USA) to measure the response of net assimilation of carbon (Anet) to internal 

CO2 concentration levels (A-Ci curves).  A-Ci curves were performed on the same leaves 

that were used for pre-dawn chlorophyll fluorescence and light response curves.  A-Ci 

curves were measured on a different vegetative tiller for each day of the pulse period 

(days -1 and 1, 3, and 7 days following the second pulse event) between 0800 and 1600 

hrs.  The response of Anet was measured across CO2 concentrations set at 50, 75, 100, 

150, 200, 300, 375, 800 and 1500 (µmol mol-1).  Light intensity inside the leaf cuvette 

was held constant at 2000 µmol m-2 s-1, temperature was held constant at 30°C across all 

CO2 concentrations, while variation in VPD was minimized over the entire A-Ci response 

curve. 

We fit a non-linear least-squares regression across all the data from each A-Ci 

response curves of these C4 bunchgrasses.  By fitting an exponential model we were able 

to estimate the efficiency of photosynthetic up-regulation from the initial linear portion of 

the A-Ci curve when Ci concentrations are low.  Therefore, a steep slope of this initial 

linear portion of the A-Ci curve indicates high efficiency and the plant is quick to up-

regulation photosynthetic function to maximum Anet rates.  Across this linear portion of 

the A-Ci curve, Anet increases until a plateau is reached.  This Anet response indicates that 

photosynthesis is limited by PEP regeneration at high Ci concentration, and Anet has 

reached maximum net assimilation of carbon (Amax).  Taken together, the efficiency 
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(steepness of initial slope) and Amax (plateau at maximum Anet), are indicators of 

photosynthetic up-regulation, or photosynthetic function.  Any differences between 

treatments across the pulse period are demonstrated by non-overlapping confidence 

intervals from the non-linear regression fits.  Operating internal CO2 concentration is the 

estimated CO2 concentration inside the leaf when the leaf is exposed to ambient 

atmospheric CO2 concentrations of 375 µmol mol-1 inside the cuvette of the LI-6400.  

Thus we were able to determine the Anet and gs rates at operating internal CO2 

concentration. 

Statistical analysis 

We used a repeated measures MANOVA statistical analysis (JMP IN statistical 

software, version 4.0.4, SAS Institute Inc.) to determine the effects of pre-conditioning 

(0mm=control, and 15mm=pre-treatment group), time (from one day before the pulse and 

1, 3, and 7 days following the second pulse event day of pulse period) and their 

interactions on the response of operating ci, Anet and gs at operating Ci, pre-dawn Fv/Fm, 

and Ψpd for plants given a 5mm and 15mm second pulse event.  Linear contrast was used 

to test for differences between means of response variables on an individual day of the 

pulse period. 

 

Results 

Pre-dawn water potential 

 Plants in the control group (0mm pre-conditioning) and pre-treatment group 

(15mm pre-conditioning) significantly differed by time (Figure 1a, F3,3 = 15.41, P = 
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0.025) and a time by pre-conditioning interaction (Figure 1a, F3,3 = 15.16, P = 0.026).  

Plants that received a pre-treatment of 15mm had the least negative Ψpd (best plant water 

status) on one day prior to the second pulse event, and steadily became more negative on 

each day of the pulse period (Figure 1a).  Plants that were in the control group (0mm pre-

treatment) experienced little change in Ψpd from one day prior to the pulse event and post 

pulse (Figure 1a).  On day -1, plants that received a pre-treatment of 15mm (-1.1+0.14 

MPa) had significantly less negative Ψpd (F1,5 = 10.8, P = 0.022) than plants in the control 

group (-1.3+0.09 MPa). 

 Plants in the control and pre-treatment group that were given a 5mm second pulse 

event were nearly significantly different over time (Figure 1b, F3,3 = 7.99, P = 0.06).  On 

day -1, plants that received a pre-treatment of 15mm (-1.1+0.14 MPa) had significantly 

less negative Ψpd (F1,5 = 10.8, P = 0.022) than plants in the control group (-1.3+0.09 

MPa) (Figure 1b).  The least negative Ψpd values were seen on one day following the 

pulse event, and steadily decreased by day 7 of the pulse period (Figure 1b). 

 Plants from the control and pre-treatment group that received a 15mm second 

pulse event differed by pulse treatment (Figure 1c, F1,5 = 10.5, P = 0.0229).  On day -1, 

plants that received a pre-treatment of 15mm (-1.1+0.14 MPa) had significantly less 

negative Ψpd (F1,5 = 10.8, P = 0.022) than plants in the control group (-1.3+0.09 MPa).  

This pattern continued up to one day following the second pulse event.  By day 3 of the 

pulse period, plants in the control and pre-treatment groups converged to the same Ψpd 

and maintained these values until day 7 of the pulse period (Figure 1c). 
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Chlorophyll fluorescence 

 Plants that were in the control group and plants in the pre-treatment group 

decreased to the lowest Fv/Fm by day 7 of the pulse period (Figure 2a).  There were no 

significant differences between plants that were exposed to these pre-conditioning events 

over the course of the entire pulse period.    

Plants that received a pre-treatment prior to a 5mm pulse event maintained high 

Fv/Fm values throughout the entire 7 day pulse period (Figure 2b).  While plants that did 

not receive a pre-treatment prior to a 5mm pulse event steadily lowered Fv/Fm values over 

time up to day 7 of the pulse period (Figure 2b).  There were no significant differences 

between plants in the control and pre-treatment group that received 5mm for the second 

pulse event. 

 Plants in the control and pre-treatment group did not differ in their response to a 

pre-treatment if the second pulse event was 15mm (Figure 2c).  Plants that were in the 

control group and those that received a pre-treatment had similar Fv/Fm values over time 

and similarly decreased by day 7 of the pulse period.   

 On day 3 of the pulse period, plants from the control group that received 15mm as 

a second pulse event (0.81+0.012) had significantly higher (F1,10 = 5.55, P = 0.04) Fv/Fm 

than plants that received 5mm as a second pulse event (0.77+0.012). 

 On day 7 of the pulse period, plants from the pre-treatment group that received 

5mm as a second pulse event (0.813+0.014) had significantly higher (F1,10 = 6.01, P = 

0.034) Fv/Fm than plants that received 15mm as a second pulse event (0.76+0.014). 
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Light response curves 

There was little change in the response in ФPSII to PFD from day -1 to day 1 of 

the pulse period to a 5mm pulse event if the plants were given a pre-treatment of 15mm 

(Figure 3a).  If plants received a 15mm pulse event and give a 15mm pre-treatment, 

ФPSII was higher than the plants that received a 5mm pulse event and a pre-treatment, on 

day 1 and across all light levels (indicated by non-overlapping error bars).   

If plants received 0mm prior to the second pulse event, there was little difference 

in the response of ФPSII to PFD from day -1 to day 1 of the pulse period for plants that 

received a 5mm and 15mm second pulse event (Figure 3b).  Plants that received a 5mm 

pulse event only had slightly higher ФPSII at low light levels.    

CO2 response curves 

Pre-pulse 

On one day prior to the pulse event, plants that received 0mm prior to the second 

pulse event showed little photosynthetic up-regulation, as indicated by lack of increase in 

Amax (Figure 1a).  Plants that received 15mm as a pre-treatment to the second pulse event 

showed higher Amax rates than plants that received 0mm on day -1.  Plants in the control 

group (279+34.2 µmol mol-1) had significantly higher (F1,17 = 118.4, P < 0.001) operating 

internal CO2 concentration than plants in the pre-treatment group (178+20.3 µmol mol-1).  

While plants that received a 15mm pre-treatment (8.0+0.01 µmol m-2 s-1) had 

significantly higher (F1,17 = 103.13, P < 0.001) Anet at operating internal CO2 values than 

plants in the control group (4.3+2.1 µmol m-2 s-1).  The same pattern was seen for gs, 

where gs rates in the pre-treatment group (0.07+0.005 mol m-2 s-1) were significantly 
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higher (F1,17 = 10.7, P = 0.004) than gs rates in the control group (0.045+0.01 mol m-2 s-

1). 

5mm pulse response 

 On day 1 of the pulse period, plants that received a pre-treatment did not 

demonstrate heightened efficiency of photosynthetic up-regulation and Amax rates were 

not as high as plants that were in the control group.  This was further evident in Anet rates 

at operating internal CO2 concentration, where Anet rates for plants in the control group 

(20.0+3.2 µmol m-2 s-1) had significantly higher (F1,17 = 37.7, P < 0.001) Anet rates at 

operating CO2 concentration for plants in the pre-treatment group (13.6+2.3 µmol m-2 s-

1).  While gs rates for plants in the control group (0.19+0.04 mol m-2 s-1) had significantly 

higher (F1,17 = 90.7, P < 0.001) values than plants in the pre-treatment group (0.10+0.01 

mol m-2 s-1).  These differences in Anet and gs occurred at operating internal CO2 

concentrations that were not significantly different for plants in the control and pre-

treatment group.  

By day 3 of the pulse period, plants that received a pre-treatment group had 

higher efficiency of photosynthetic up-regulation and demonstrated higher Amax rates 

than plants in the control group.  Plants in the pre-treatment group (156+8.4 µmol mol-1) 

had significantly lower (F1,17 = 5.01, P = 0.04) operating internal CO2 concentration than 

plants in the control group (250.2+4.7 µmol mol-1).  At these operating CO2 

concentrations, there were no significant differences in Anet at operating CO2 

concentration for plants in the control and pre-treatment groups.  However, plants in the 
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control group (0.13+0.03 mol m-2 s-1) did have significantly higher (F1,17 = 6.6, P = 0.02) 

gs rates than plants in the pre-treatment group (0.11+0.01 mol m-2 s-1).    

By day 7 of the pulse period, both treatment groups had down-regulated 

photosynthetic function, with decreases in efficiencies and Amax rates.  Plants that have 

received a pre-treatment had slightly higher Amax rates than plants in the control group.  

Plants in the control group (354.3+4.3 µmol mol-1) had significantly higher (F1,17 = 5.9, P 

= 0.03) operating internal CO2 concentration than plants in the pre-treatment group 

(262.7+8.5 µmol mol-1).  This result translated into plants in the pre-treatment group 

(5.8+1.98 µmol m-2 s-1) having significantly higher (F1,17 = 7.2, P = 0.016) Anet rates at 

operating CO2 concentration than plants in the control group (-1.8+0.33 µmol m-2 s-1).  

While there were no significant differences in gs rates between plants in the control group 

versus plants in the pre-treatment group.  Both treatment groups had up-regulated the 

most on day 1 of the pulse period. 

15mm pulse response 

 On day 1 of the pulse period, plants that received a pre-treatment up-regulated had 

higher efficiency of photosynthetic up-regulation and higher Amax rates than plants in the 

control group.  Plants in the control group (199+14.8 µmol mol-1) had significantly higher 

(F1,17 = 48.5, P < 0.001) operating internal CO2 concentration than plants in the pre-

treatment group (70.5+6.6 µmol mol-1).  This resulted in plants in the pre-treatment group 

(20.8+1.9 µmol m-2 s-1) having significantly higher (F1,17 = 86.9, P < 0.001) Anet rates at 

operating CO2 concentration than plants in the control group (2.9+0.47 µmol m-2 s-1).  In 

coordination with Anet, plants in the pre-treatment group (0.12+0.1 mol m-2 s-1) had 
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significantly higher (F1,17 = 51.3, P < 0.001) gs rates than plants in the control group 

(0.03+0.002 mol m-2 s-1).  

By day 3 of the pulse period, plants in the control group had similar efficiency of 

photosynthetic up-regulation, but had higher Amax rates than the plants that received a 

pre-treatment.  There were no significant differences in operating internal CO2 

concentration between plants in the control and pre-treatment groups.  However, plants in 

the control group (34.6+0.9 µmol m-2 s-1) had significantly higher (F1,17 = 59.0, P < 

0.001) Anet rates at operating CO2 concentration than plants in the pre-treatment group 

(23.2+2.5 µmol m-2 s-1).  A similar pattern was found for gs, where plants in the control 

group (0.27+0.03 mol m-2 s-1) had significantly higher (F1,17 = 17.8, P < 0.001) gs rates 

than plants in the pre-treatment group (0.18+0.01 mol m-2 s-1).  

By day 7 of the pulse period, there was little difference between plants in the 

control group and pre-treatment group in relation to their efficiency of photosynthetic up-

regulation and Amax rates.  Plants in the pre-treatment group (226.8+28.4 µmol mol-1) had 

operating internal CO2 concentration that was significantly higher (F1,17 = 9.54, P = 

0.007) than the control group (142.9+16.3 µmol mol-1).  While there were no significant 

differences in gs rates between treatment groups, Anet rates for plants in the pre-treatment 

group (22.3+1.4 µmol m-2 s-1) at operating CO2 concentration were significantly higher 

(F1,17 = 15.4, P = 0.001) than plants in the control group (11.1+1.3 µmol m-2 s-1). 

Anet and gs at operating CO2 concentration 

 Anet for plants in the control and pre-treatment group that received a 5mm second 

pulse were significantly different by time and a time by pre-conditioning interaction 
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(Table 1, Figure 5a).  Each treatment group had the highest Anet at operating internal CO2 

concentration on day 1 following the pulse event and steadily decreased to Anet below 

pre-pulse values by day 7 of the pulse period.  gs for plants that received a 5mm second 

pulse significantly differed by time and a time by pre-conditioning interaction (Table 1, 

Figure 6a).  Plants in the control group had the largest increase in gs from day -1 to day 1 

of the pulse period and steadily decline to day 7.  While plants in the pre-treatment group 

changed little in gs rates throughout the entire pulse period.  Operating internal CO2 

concentration for plants in the control and pre-treatment group that received a 5mm 

second pulse significantly differed by pre-conditioning, time, and a time by pre-

conditioning interaction (Table 1, Figure 7a).  Both treatment groups decrease ci from day 

-1 to day 1 and increased incrementally up to day 7. 

 Anet for plants in the control and pre-treatment group that received a 15mm second 

pulse were significantly different by pre-conditioning treatment, time, and a time by pre-

conditioning interaction (Table 1, Figure 5b).  Plants in the control group had little 

change in Anet rates from day -1 to day 1 following the pulse, had a steep increase by day 

3 of the pulse period and decreased to day 7 of the pulse period.  While plants in the pre-

treatment group steadily increased from day -1 and maintained similar Anet from day 3 to 

day 7 of the pulse period.  gs for the control and pre-treatment groups that received a 

15mm second pulse were significantly different by time and a time by pre-conditioning 

interaction (Table 1, Figure 6b).  Both treatments followed the same pattern through time 

as the Anet results.  Operating CO2 concentration for plants in the control and pre-
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treatment groups that received a 15mm pulse was significantly different by time and a 

time by pre-conditioning interaction (Table 1, Figure 7b). 

 One day prior to the second pulse event plants that received 0mm in pre-

conditioning had no relationship between gs and Anet (r2 = 0.001, P = 0.89) at operating 

internal CO2 concentration (Figure 8a).  Whereas plants that received a 15mm pre-

treatment had a strong relationship between gs and Anet (r2 = 0.76, P < 0.0001) and an 

equation of y = -7.8 + 236.5x.  Anet at operating internal CO2 concentration was found to 

be strongly dependent on gs across all days following the second pulse event for all water 

treatment combinations (Figure 8a).   

Overall there were strong relationships between gs and Anet for all pulse treatment 

combinations across all days following the pulse event.  Plants that received 0mm pre-

conditioning followed by a 5mm second pulse event had a strong relationship between gs 

and Anet (r2 = 0.65, P = 0.0003) and a line equation of y = -5.5 + 105.9x (Figure 8b).  

Plants that received 15mm pre-conditioning prior to the 5mm second pulse event 

demonstrated a strong dependence of Anet on gs (r2 = 0.65, P < 0.0001) and an equation of 

y = 0.02 + 108.0x (Figure 8b).  Similar patterns were observed for plants that received 

0mm pre-conditioning and a 15mm second pulse event (r2 = 0.93, P < 0.0001; y = 0.48 + 

118.8x) and plants that received 15mm pre-conditioning and 15mm second pulse event 

(r2 = 0.57, P < 0.0001; y = 5.8 + 109.3x) (Figure 8b). 
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Discussion 

 The main objective of our study was to understand how a non-native grass 

species, Eragrostis lehmanniana, changed photosynthetic function in response to 

sequences of precipitation pulses varying in magnitude at the beginning of the summer 

growing season.  We found that E. lehmanniana was the most responsive to a small pulse 

event, given no pre-treatment, and two consecutive large pulse events are needed for the 

maintenance of photosynthetic function for several days.  The size of an individual pulse 

event is important for determining the response of biological activity in arid and semi-

arid ecosystems (Austin et al. 2004, Schwinning et al. 2003, Huxman et al. 2004, 

Reynolds et al. 2004.  Since most of the rainfall events that occur in arid and semi-arid 

regions are <5mm (Loik et al. 2004) and projected changes in climate include increases 

in the variability of timing, frequency, and rainfall size distributions (Easterling et al. 

2000, Houghton et al. 2001), there is a fundamental need to understand plant responses to 

sequences of individual rainfall events that vary in magnitude.  

Components of the plant community, from soil microbes to higher plants, will 

have distinctive responses to a suite of pulse events that vary in size.  An unexpected 

result from our study was that plants in the control group that received a 5mm second 

pulse were able to up-regulate photosynthesis to the highest Amax levels above all other 

pulse sequence combinations one day following the second pulse event (Figure 4b,e), 

including plants that received two consecutive 15mm pulse events.  These results may be 

explained by the sensitivity of plants to single small rainfall events after prolonged 

drought conditions.  Schwinning and Sala (2004) developed a hierarchical framework for 
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plant response, where small pulses only trigger a small number of minor ecological 

events and larger pulses trigger a broader set of ecological events.  A small pulse event 

(<5mm) has been suggested to be a sufficient amount of precipitation to initiate a 

biological response in microbial activity (Austin et al. 2004) and Schwinning et al. 

(2003) determined that summer rain events that are at least 3mm in magnitude are often 

necessary to increase carbon fixation.  However, others suggest that a minimum of 5mm 

is necessary to generate a response from plants to whole ecosystems (Huxman et al. 

2004b, Reynolds et al. 2004).  A pulse event as small as 5mm has been observed to elicit 

an increase in gas exchange rates for a C4 perennial grass, such as Bouteloua gracilis 

within one day following the pulse event (Sala and Lauenroth 1982).  Eragrostis 

lehmanniana tends to remain in a state where it can quickly take advantage of resources 

when they become available due to the dynamics of leaf area development (Huxman et 

al. 2004c).  Our results suggest that on a short time-scale (days following a pulse event), 

this non-native perennial grass species exposed to larger rainfall events may not 

necessarily up-regulate photosynthesis to higher levels than what is observed in the 

current precipitation regime.  

The Westoby-Bridges’ pulse-reserve model (Noy-Meir 1973) is based on the 

sparse and highly variable occurrence of discrete precipitation inputs, and predicts that a 

pulse event will trigger a production response, such as germination, growth or 

reproduction.  A portion of this production will be allocated to reserves, such as for seeds, 

roots, or stems (Ogle and Reynolds 2004).  Schwinning et al. (2003) suggested a 

threshold for plant response to event sizes, above which plants require carbon investment 
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for growth or photosynthetic enzymes.  Corresponding with our original prediction we 

found that plants that received two consecutive 15mm pulses were able very efficiently 

up-regulate photosynthesis to high Amax rates on day 1 and maintain high Amax rates 

throughout the pulse period (Figure 4e, f, g).  Plants exposed to these consecutive pulse 

events had better pre-pulse plant water status up to day 1 of the pulse period (Figure 1c) 

and higher quantum efficiency (Figure 3a), demonstrating more resources available water 

to increase light efficiency and increase assimilation rates.   

Plants can demonstrate a lag time in up-regulation of physiological activity to a 

pulse event, which will have a strong impact for understanding the consequences of pulse 

events that vary in magnitude (Ogle and Reynolds 2004).  For example, plants that 

received no pre-conditioning followed by a 15mm second pulse event had a lag in time to 

increase efficiency and Amax rates on day 3 (Figure 4f) and quickly declined by day 7 

(Figure 4g) of the pulse period.  Previous work that found Eragrostis lehmanniana did 

not increase to maximum gas exchange rates until day 3 following a 39mm pulse event 

after a prolonged period of drought (Ignace et al. 2006).  The lag in time to up-regulate 

photosynthetic function may be explained by the way plants allocate carbon in response 

to a large pulse event.  For example, Lauenroth et al. (1987) found Bouteloua gricilis 

initiated a root growth response to 5 and 15mm pulse events.  Cohen (1970) suggested 

that a threshold for a biological response to a rain event will depend on the function of 

rooting patterns.  On the other hand, Schwinning et al. (2003) found that small summer 

events (2 and 6mm) had no significant effects on water status or photosynthetic rates in 

both grasses and shrubs.  Furthermore, a minimal pulse size may be required to trigger 
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growth responses, which typically exceed the amount needed to generate a response of an 

increase in photosynthesis or may even require sequences of multiple rain events 

(Schwinning and Sala 2004).  When a pulse of precipitation occurs after prolonged 

drought, plants are often not in an optimal state to use the increase in soil moisture 

(Schwinning and Ehleringer 2001), making plant response predictions a difficult task.    

The implications of the variability in the size distribution of pulse events may be 

dependent on previous soil moisture conditions.  We found that plants that were pre-

treated with 15mm followed by a 5mm pulse event changed little in terms of their 

efficiency of up-regulation of photosynthetic function and Amax rates from day -1 to day 1 

(Figure 4a, b).  Golluscio et al. (1998) found that grasses in the Patagonian steppe always 

responded to large rainfall events, but their response was greater during dry years.  While 

previous work at SRER has shown that C4 perennial grass species, such as Heteropogon 

contortus and Eragrostis lehmanniana, did not increase gas exchange rates when a large 

(12 and 39mm) pulse event was applied during the peak of the summer monsoon, when 

soil moisture conditions are extremely favorable and photosynthetic function was already 

high (Ignace et al. 2006).  Such a pattern is similar to previous results of woody plants 

responding to pulses after a prolonged period of drought as compared to within growing 

season rainfall events (Williams and Ehleringer 2000, Snyder et al. 2004), where 

antecedent soil moisture is high.  Thus the pre-conditioning, or antecedent soil moisture 

conditions will dampen plant physiological response to large pulse events.  These 

observations coincide with Reynolds et al. (2004), who suggested that future studies of 

plant responses to pulse events should take into account how soil water recharge and soil 
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water availability are affected by antecedent soil moisture conditions (Reynolds et al. 

2004, Ogle & Reynolds 2004), since antecedent soil moisture may dampen or amplify the 

effect of precipitation pulses on plant growth or photosynthetic rates (Reynolds et al. 

2004).  

Characteristics that describe the way plants up-regulate their photosynthesis may 

provide the underlying mechanisms for the response to precipitation pulse events.  For 

example, analyses of our A-Ci curves demonstrated that Anet (Figure 5) and gs (Figure 6) 

at operating internal CO2 concentration (Figure 7) was always the highest in plants that 

did not receive a pre-treatment of 15mm prior to receiving a 5mm or 15mm second pulse 

event, while there was little change in these parameters for plants that received a 15mm 

pre-treatment.  There may be higher pulse use efficiency if for plants that had no pre-

conditioning following by a 5mm pulse event, because these plants are optimally adapted 

to maximize the use of small pulse events.  A pulse size of this magnitude likely does not 

trigger new growth, and up-regulation does not last long as the small pulse of soil 

moisture quickly dries out.  Whereas plants that received 15mm as a second pulse event 

maximized gas exchange rates on day 3 following the pulse event.  These results are in 

line with the hierarchical framework suggested by Schwinning and Sala (2004), where a 

larger pulse event (15mm) generated a larger photosynthesis response than a small pulse 

event (5mm).  Although this pattern was dependent on whether or not the plants received 

a pre-treatment to these pulse events, this outcome suggests that plants may be using 

other “signal-filtering” mechanisms, such as duration of drought, to determine the 

response to a pulse of soil moisture (Schwinning and Sala 2004).   

 



   162 

In the current study we found that prior to the pulse event net photosynthetic rates 

were strongly dependent on stomatal conductance if plants received a 15mm pre-

conditioning (Figure 8a).  After the pulse event, all water treatment combinations 

regardless of pre-conditioning and magnitude of second pulse had a strong relationship 

between Anet and gs (Figure 8b).  Stomatal conductance is well known to be sensitive to 

its surrounding environment, including light, CO2 concentration, humidity, temperature, 

and water availability (Smith et al. 1997).  Plants experience a trade-off in the amount of 

water lost to the atmosphere through the stomatal pores while CO2 is diffused into the 

plant.  If plants in this ecosystem are given sequences of pulse events varying in 

magnitude, then stomatal conductance is a strong driver of photosynthetic rates.  

Whereas, during a period of drought stomatal conductance has shut down and there is no 

influence on the up-regulation of photosynthetic rates.  Species have restricted 

sensitivities for pulse size and duration, thus they will filter pulse signals in different 

ways (Schwinning and Sala 2004).     

Our results showed that the sensitivity of Eragrostis lehmanniana to a pulse event 

was strong for plants if they did not have a pre-conditioning watering event.  In-line with 

a previously suggested hierarchical framework to describe the magnitude of plant 

response to pulse events (Schwinning and Sala 2004), we found that plants that received 

two consecutive 15mm pulse events had initially high photosynthetic capacity and 

maintained up-regulation for several days following the pulse event.  Plants also 

demonstrated that there was no enhanced benefit of receiving a large pulse event over a 

small pulse event after being exposed to drought (no pre-conditioning treatment).  Thus, 
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this non-native grass species appears to have the physiological ability to respond to small 

pulse events.  This is especially important in arid and semiarid ecosystems, where most of 

the precipitation events are less than 5mm (Loik et al. 2004, Schwinning and Sala 2004).  

The current study demonstrates that understanding the mechanisms for photosynthetic 

response of plants to precipitation pulses is dependent on pulse size and the occurrence of 

previous precipitation pulse events.  Performing precipitation manipulation experiments 

on small time scales will aid in understanding ecological responses to variation in 

precipitation in arid and semiarid ecosystems.    
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Tables 

Table 1, Statistics summary from a repeated measures MANOVA for the response of 

Anet, gs, and Ci.  Degrees of freedom (df) and F-statistics from a repeated measures 

MANOVA for the response of Anet and gs at operating internal CO2 concentration, and Ci 

to pre-conditioning and time within each pulse treatment (5 or 15mm second pulse).  * = 

P < 0.05, ** = P < 0.01, *** = P < 0.001, and ― indicates non-significance.  Factors that 

were not significant for any variable were not reported.  

             
    Variable        
Treatment   df  Anet  gs   Ci  
 
 
5mm 
Pre-conditioning  1,7  ―  157***          103*** 
Time    3,5  2080*** 31810***         1235*** 
Pre-conditioning x 
Time    3,5  4973*** 133260***          282*** 
 
15mm 
Pre-conditioning  1,10  101*** ―           ― 
Time    3,8  3060*** 3885***          136*** 
Pre-conditioning x 
Time     3,8  598*** 1942***           88***
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Figure Legends 
 
Figure 1.  Pre-dawn water potential (MPa) from one day prior to and 1, 3, and 7 days 

following the pulse event.  Plants that received 0mm for the first pulse event (control 

group) are represented by (●), and plants that received 15mm for the first pulse event 

(pre-treatment group) are represented by (○).  Panel (a) illustrates the control and pre-

treatment group that did not receive a second pulse event.  Panel (b) illustrates the control 

and pre-treatment group that received a 5mm second pulse event.  Panel (c) illustrates the 

control and pre-treatment group that received a 15mm second pulse event.  Error bars 

represent + 1 standard error (n = 5). 

 

Figure 2.  Chlorophyll fluorescence (Fv/Fm) from one day prior to and 1, 3, and 7 days 

following the pulse event.  Panel (a) illustrates the control (0mm 1st pulse) and pre-

treatment (15mm 1st pulse) over time.  Panel (b) shows plants that received a 5mm 2nd 

pulse event.  Panel (c) shows plants that received a 15mm 2nd pulse event.  (●) represents 

plants that did not receive a pre-treatment.  (○) represents plants that received a 15mm 

pre-treatment.  Error bars represent + 1 standard error (n = 6).   

 

Figure 3.  The response of quantum efficiency of PSII (ФPSII) to Photon flux density 

(µmol m-2 s-1) from one day prior to the pulse event and 1 day following the pulse event.  

Panel (a) represents plants that received a 15mm pre-treatment and 0, 5, and 15mm as a 

second pulse event and panel (b) represents plants that received 0mm (control group) and 

0, 5, and 15mm pulse event.  Each curve is an average of 2-6 light response curves. 
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Figure 4.  The response of net assimilation of carbon (µmol m-2 s-1) to internal CO2 

concentration (µmol mol-1) from one day prior to the pulse event and 1, 3, and 7 days 

following the pulse event.  Panel (a) represents control and pre-treatment data for day -1.  

Panels (b-d) represent plants that received a 5mm second pulse event, and panels (e-g) 

show plants that received a 15mm pulse event.  A solid line (―) represents the control 

group with plants that did not receive any pre-treatment.  Each solid line is surrounded by 

95% confidence intervals, represented with a dash-dot-dot line (−··).  A dashed line (− −) 

represents plants that received a 15mm pre-treatment.  Each dashed line is surrounded by 

95% confidence intervals, shown with a dotted line (···).  Raw data is shown in grey open 

symbols.  Plants that received 0mm as a first pulse (control group) are represented by (○).  

Plants that received 15mm as a pre-conditioning are represented by (□).  Each arrow 

represents gas exchange observed at the operating internal CO2 concentration.  Each 

curve is an average of 2-6 CO2 response curves. 

 

Figure 5.  Net assimilation of carbon (µmol m-2 s-1) at operating internal CO2 

concentration from one day prior to the second pulse event and 1, 3, and 7 days following 

the second pulse event.  Plants in the control (0mm 1st pulse) and pre-treatment (15mm 1st 

pulse) group that received a 5mm second pulse event are shown in panel (a).  Plants in 

the control and pre-treatment group that received a 15mm second pulse event are shown 

in panel (b).  Plants in the control group are represented by (●), and plants in the pre-

treatment group are represented by (○).  Error bars represent + 1 standard error. 
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Figure 6.  Stomatal conductance (mol m-1 s-1) at operating internal CO2 concentration 

from one day prior to the second pulse event and 1, 3, and 7 days following the second 

pulse event.  See Figure legend 5 for panel and symbol description. 

 

Figure 7.  Operating internal CO2 concentration (µmol mol-1) from one day prior to the 

second pulse event and 1, 3, and 7 days following the second pulse event.  See Figure 

legend 5 for panel and symbol description.   

 

Figure 8.  Relationship between net assimilation of carbon (µmol m-2 s-1) and stomatal 

conductance (mol m-2 s-1) at operating internal CO2 concentration.  Panel (a) represents 

data taken from pre-pulse (day -1) for plants that received 0mm and 15mm pre-

conditioning.  Panel (b) represents data across the remaining days of the pulse period (1-

7) for each pre-treatment (0 or 15mm) and second pulse (5 or 15mm) combination. 

 

 



   175 

Figures 

Figure 1, Response of pre-dawn water potential to pulse sequence 
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Figure 2, Response of chlorophyll fluorescence to pulse sequence 
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Figure 3, Response of quantum efficiency to photon flux density following a pulse 
sequence 
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Figure 4, Response of A-Ci curves to pulse sequence 
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Figure 5, Response of photosynthetic rate to operating internal CO2 concentration 
following a pulse sequence 
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Figure 6, Response of stomatal conductance to operating internal CO2 concentration 
following a pulse sequence 
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Figure 7, Response of operating internal CO2 concentration following a pulse sequence 
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Figure 8, Relationship between photosynthetic rate and stomatal conductance at operating 
internal CO2 concentration 
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APPENDIX D 

SEASONAL CHANGES IN LIMITATIONS TO PHOTOSYNTHETIC FUNCTION OF 

LARREA TRIDENTATA (CREOSOTEBUSH) GROWING ACROSS CONTRASTING 

SOIL SURFACES IN THE SONORAN DESERT 

 
Danielle D. Ignace and Travis E. Huxman 
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Abstract 

 Plant community structure co-varies with surface and sub-surface soil 

characteristics in the southwestern U.S.  These patterns likely arise from plant 

physiological responses to precipitation.  Soil surface characteristics will have a strong 

impact on physiological plant performance due to their role in controlling infiltration and 

percolation of rainfall.  Our study site, located at the University of Arizona Desert 

Laboratory on Tumamoc Hill, is within in a region that is dominated by a bimodal 

(winter and summer) precipitation regime.  We evaluated the seasonal dynamics of 

photosynthesis in a dominant, long-lived evergreen shrub species, Larrea tridentata 

(creosotebush), in order to understand the influence of soil surface characteristics and 

seasonal water availability.  We made winter (October to March) and summer (July to 

September) season measurements of pre-dawn water potential (Ψpd), stomatal 

conductance (gs), leaf tissue nitrogen content (%N), and determined stable carbon isotope 

discrimination (∆) in order to evaluate the limitations to photosynthetic function across 

contrasting soil surfaces.  By using path analysis we were able to determine the relative 

influences of %N, gs and Ψpd on ∆ across different soils and seasons.  Across the 

contrasting soil surfaces, gs was shown to be the main driver of %N and ∆, especially 

during the winter season.  Plants on the sandy soil surface demonstrated that gs and %N 

had equivalent positive and negative impacts on ∆ during the winter season.  Path 

analysis of these multiple limiting factors of ∆ during the summer season demonstrated 

no influence of gs and %N on ∆, while the influence of Ψpd on gs and %N depended on 

soil surface.  However, there was important information in the dynamics of these plant 
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function parameters over the course of the season.  Early during the summer season 

plants on the clay surface had higher ∆ and lower %N than plants on the sandy soil 

surface.  During the peak of the summer monsoon season, plants on the clay soil surface 

demonstrated higher %N content than plants on the sandy soil surface.  While there were 

no differences in ∆ between sites, plants on the clay surface had higher %N content and 

gs late in the summer season.  Dynamics of these plant function parameters did not 

illustrate any differences between soil surfaces within the winter season.  Plant size 

distribution of Larrea tridentata across these soil surfaces may play a strong role in 

determining physiological performance across seasons in this ecosystem.  Due to the 

differences in the occurrence of precipitation during the winter and summer seasons, our 

study highlights the need to include the influence of soil surface characteristics for 

understanding how plant physiological performance varies over seasons within arid and 

semi-arid ecosystems. 

 

 

 

 

Key words:  Larrea tridentata, Leaf tissue nitrogen, Carbon isotope discrimination, 

Photosynthetic gas exchange, Pre-dawn water potential, University of Arizona Desert 

Laboratory on Tumamoc Hill  
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Introduction 
 

Patterns of precipitation events in arid and semi-arid ecosystems are highly 

variable and may play a strong role in determining community structure and ecosystem 

function (Noy-Meir 1973, McAuliffe 1994, 1995, 1999b, Parker 1995, Weltzin and 

McPherson 2003, Huxman et al. 2004c, Potts et al. 2006).  These ecosystems have 

extended drought periods, which can constrain ecosystem processes (Noy-Meir 1973, 

Sala et al. 1996, Reynolds et al. 1999).  The amount of water that is available for plant 

use after precipitation events in these systems is strongly influenced by the soil surface 

(Smith et al. 1995, Hamerlynck et al. 2000, Hamerlynck et al. 2002, Hamerlynck et al. 

2004, McAuliffe 2003, Huxman et al. 2004c, Ignace et al. in review, Potts et al. 2006).  

The way precipitation variation and soil surface characteristics may interactively 

influence plant function is currently not well understood.  Developing a mechanistic 

understanding of plant function characteristics as influenced by may allow for a better 

understanding of the potential effects of climate variability and climate change on 

ecological processes in the southwestern U.S.  

The southwestern U.S. currently faces major vegetation shifts as a result of the 

encroachment of woody plants, such as the natives Prosopis glandulosa (honey mesquite) 

and Larrea tridentata (creosotebush), as well as the invasion of non-native grasses into 

historic grasslands (Grover and Musick 1990, Schlesinger et al. 1990, Archer 1995, 

Boutton et al. 1998, Kieft et al. 1998, Bahre 1991, 1993, Weltzin and McPherson 2000, 

Williams and Baruch 2000).  Larrea tridentata is the most abundant perennial of the 

North American warm deserts and has an extensive distribution in the Mojave Desert, 

 



   187 

which has a winter-dominated precipitation regime, and the Chihuahuan Desert, which 

has summer-dominated precipitation regime (Smith et al. 1997).  Larrea tridentata is also 

dominant in areas of the Sonoran Desert, which has a winter and summer dominated 

precipitation regime (Smith et al. 1997).  Larrea tridentata has phonological and 

morphological adaptations that allow this plant to become so widespread in these desert 

areas (Smith et al. 1997).  Classified as a true drought-resisting species, Larrea tridentata 

can maintain physiological activity and grow throughout the course of a year (Oechel et 

al. 1972, Smith et al. 1997).  It is currently not well developed how Larrea tridentata will 

alter its physiological performance throughout the course of the year as a function of soil 

surface characteristics. 

 Soil surface structure creates various soil moisture environments which influence 

plant distribution and community structure (McAuliffe 1995, 1999b, McAuliffe 2003).  

Soil surfaces establish moisture environments by controlling the infiltration and 

percolation of water through the soil profile, affecting plant functional types present 

within a given community (McAuliffe 2003).  For example, coarse textured (sandy) soils 

allow for rapid and deep movement of precipitation through the soil profile (Walter 1979, 

Noy-Meir 1973, Sala et al. 1996, McAuliffe 1994, McAuliffe 2003), which may provide 

an environment suitable for large, deeply rooted plants.  In contrast, fine textured (clay-

rich) soils have higher water holding capacity in shallow layers and tend to restrict deep 

percolation (McAuliffe 1994, McAuliffe 2003), which may allow mostly small, shallow 

rooted plants to persist in this environment.  Larrea tridentata has been shown to have 

deep rooting systems on soil surfaces that allow for deep infiltration and percolation of 
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water (Burk and Dick-Peddie 1973, Beatley 1974, Lathja and Whitford 1989, Gile et al. 

1998, Atchley et al. 1999).  Larrea species are abundant in the Sonoran and Mojave 

Deserts, where soils are rich in clay and have high water holding capacity in shallow soil 

layers (McAuliffe 1991, 1994).  However, the increase in abundance of wood plants such 

as Prosopis spp. and Larrea tridentata is coincident with grazing in the southwestern 

U.S. (Grover and Musick 1990, Schlesinger et al. 1990), and is much more rampant on 

soils that allow for deep infiltration of water (McAuliffe 2003).  Soil surface strongly 

influences the distribution of plants within a community due to species specific responses 

to variation in soil moisture conditions (McAuliffe 1994, 1995, 1999b, McAuliffe 2003).  

The characteristics of contrasting soil types are known to be important for plant 

physiological responses to precipitation events (Smith et al. 1995, Hamerlynck et al. 

2000, Hamerlynck et al. 2002, Hamerlynck et al. 2004).  For example, plant water 

relations, leaf-level gas exchange, and leaf nitrogen content have all been shown to vary 

in Larrea tridentata, as well as Ambrosia dumosa, across contrasting soils in the Mojave 

Desert (Hamerlynck et al. 2000, Hamerlynck et al. 2002, Hamerlynck et al. 2004).  

Larrea tridentata, with a deep rooting system, can remain photosynthetically active 

during dry periods by utilizing water deep within the soil profile (Smith et al. 1997).  

Leaf nitrogen content has been shown to be high on soils that have greater infiltration and 

deep percolation of water (Burke and Dick-Peddie 1973, Beatley 1974, Lathja and 

Whitford 1989, Gile et al. 1998, Atchley et al. 1999).  Additionally, caliche (calcium 

carbonate deposits) within the soil profile can affect the degree of water stress in Larrea 

tridentata during different levels of precipitation (Cunningham & Burk 1973).  These 
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studies suggest that soil characteristics that influence the seasonal distribution of water 

can affect plant function, potentially influencing community and ecosystem level 

processes.   

The main question in our study is: How does soil surface affect photosynthetic 

function of a dominant, long-lived evergreen desert species, Larrea tridentata?  Within 

the context of this overarching, we specifically addressed how photosynthetic function of 

L. tridentata is constrained through biochemical and diffusional limitations.  The 

biochemical constraint on photosynthetic function is a result of nutrient limitation, and 

the diffusional constraint on photosynthetic function is due to stomatal conductance.  

Since rainfall is bimodal on the Sonoran Desert, we were able to contrast the limitations 

to photosynthetic function across summer and winter seasons.  We focused on seasonal 

measurements of pre-dawn water potential (Ψpd), leaf nutrient content (% Nitrogen), 

stomatal conductance (gs) and carbon isotope discrimination (∆) throughout the summer 

monsoon and winter seasons across contrasting sandy and clay-rich soil surfaces, within a 

Sonoran Desert ecosystem.  We used path analysis to determine the strength of the direct 

effects of %N and gs and the indirect effects of Ψpd on ∆.  For the winter season, we 

predicted that photosynthetic capacity of plants on the sandy soil surface would be more 

constrained by biochemical limitations, or N content, than by diffusion through stomatal 

pores.  While photosynthetic function of plants on the clay surface would be mainly 

limited by diffusion.  The hydrological dynamics on these soils should enable plants on 

these soils to be less water stressed throughout the course of dry and wet periods.  

Despite these hydrological characteristics, these sandy soils also tend to be N-limited 
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(Smith et al. 1997).  Since a strong correlation has been found between nitrogen content 

and photosynthetic capacity of C3 plants (Evans 1989, Reich et al. 1995, 1998), we 

should observe lower photosynthetic performance on sandy soils as opposed to clay-rich 

soils.  In contrast to the winter season predictions, we predicted that photosynthetic 

capacity of plants located on the sandy soil surface would be more constrained by 

diffusion than by biochemical limitations during the summer season.  Plants on the sandy 

soil surface will tend to oscillate more often between high and low water status than 

plants on the clay-rich soil due to hydrological characteristics and evaporative demand 

during the summer season.  Establishing the link between soil hydrology and limitations 

for photosynthetic function is important for understanding the dominance of this shrub 

across desert systems within the southwestern U. S. 

 

Materials and Methods 

Study site description 

Our study site is located at the University of Arizona Desert Laboratory on 

Tumamoc Hill, Tucson, Arizona which is an outlier of the Tucson Mountains, Arizona, 

USA (Bowers et al. 2004).  Tumamoc Hill (32°13’ N, 111°05’ W) is a 352 ha preserve 

that has been protected from grazing by domestic livestock since 1907 (Bowers et al. 

2004).  Elevation ranges from 703 to 948 m and rainfall averages 300 mm/year (Bowers 

2000).  Along the gently sloping bajada surface, the soil consists of two types, a clay-

rich, fine textured site and a sandy, coarse textured site (McAuliffe 1994). 
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 Three 10m by 10m semi-permanent plots were established throughout the 

different soil surfaces, in order to monitor plant performance through time.  Surrounding 

the semi-permanent plots, canopy volume measurements were made on individual plants 

of Larrea tridentata.  We measured plant height and length and calculated canopy 

volume as an inverted cone (1/3πr2h).  

Leaf-level measurements 

We randomly selected a stem sample from five L. tridentata plants and made pre-

dawn water potential (Ψpd) measurements using a Scholander-type pressure chamber.  

During the middle of the day, following pre-dawn sampling, stomatal conductance (gs) 

was measured using a portable photosynthesis system (LI-6400; Li-cor Inc., Lincoln, NE 

USA).  The light source on the Li-6400 leaf cuvette was set at a light intensity of 1500 

µmol m-2 s-1, CO2 concentration was set to 375 µmol mol-1, leaf temperature was set to 

30°C, and vapor pressure deficit was kept at ambient conditions.  These conditions were 

maintained constant for all measurements during that measurement period.  Leaves that 

were inside the cuvette at the time of leaf gas exchange measurements were taken back to 

the lab in order to determine the leaf area using Scion Image software (Scion Image for 

Windows, Scion Corporation) and gs rates were then corrected.  Plant physiological 

measurements were made on five sampling dates (May 23rd, June 24th, August 10th, 

September 6th, and October 25th) over the 2002 summer seasons and two sampling dates 

(March 8th and May 30th) over the 2003 winter season.   

Stable isotope analyses were performed on leaf tissue samples after they were 

used to measure Ψpd.  Leaf samples were ground in liquid nitrogen to a fine powder and 
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sent for analysis in a mass spectrometer laboratory in Geosciences at the University of 

Arizona.  The stable isotope analyses performed on each leaf tissue sample included % 

Nitrogen and δ13C.  We used the Farquhar et al. (1989) equation to calculate the 

discrimination of 13C, or ∆, using an atmospheric δ13C value of -8‰: 

 

∆ = (δ13Cair – δ13Cplant) / (1 + δ13Cplant)      (1) 

 

To correct for the per mil (‰) notation, we included a factor of 1000 in our calculation of 

∆.  Carbon isotope discrimination of C3 plants, such as Larrea species, is related to 

photosynthetic gas exchange since ∆ is partly determined by the ratio of CO2 

concentrations in the leaf intercellular spaces to that in the atmosphere (Farquhar et al. 

1989, Ehleringer et al. 1992). 

 

Statistical analysis 

 A two-way ANOVA was used to test for the differences in ∆, % Nitrogen, and gs 

across month, soil surface, and their interaction within the 2002 summer and 2003 winter 

season (JMP IN statistical software, version 4.0.4, SAS Institute Inc.).  A one-way 

ANOVA was used within each sampling date to test pair-wise differences in ∆, % 

Nitrogen, and gs across soil surface (JMP IN statistical software, version 4.0.4, SAS 

Institute Inc.).   

 Path analysis was used to determine the strength of plant water status (Ψpd), 

stomatal conductance (gs), and leaf tissue nutrient content (% Nitrogen) in controlling 
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carbon isotope discrimination (∆) during the summer and winter monsoon seasons.  The 

procedure we used followed that described by Li (1981), Sokal and Rohlf (1981), and 

Schemske and Horvitz (1988).  Path analysis can be more appropriate than common 

multiple regression techniques when causal or correlative information is known about 

each of the variables (Li 1981).  Path analysis is appropriate for this dataset because 

independence between variables is not certain.  Such techniques have been used to 

evaluate stomatal and biochemical limitations to photosynthesis (Geber & Dawson 1997), 

the controls of leaf-level gas exchange in a deciduous forest (Bassow & Bazzaz 1998), 

and the climatic factors that control net ecosystem CO2 exchange in a subalpine forest 

(Huxman et al. 2003). 

 In our model, we assumed that gs, tissue %N, and Ψpd are important factors 

driving ∆.  By using path analysis we were able to generate assessments of the direct 

effects of gs and tissue %N on ∆ and the combined indirect effects of Ψpd on ∆ via gs and 

%N.  In order to determine the strength of these direct and indirect effects, or the path 

values for each component of the model, we completed three multiple regressions (JMP 

IN statistical software, version 4.0.4, SAS Institute Inc.).  Standardized partial regression 

coefficients were calculated to describe the path strengths by (1) regressing ∆ on gs and 

tissue %N, (2) regressing gs on Ψpd and tissue %N, and (3) regressing tissue %N on gs 

and Ψpd.  The indirect effect of Ψpd on ∆ via gs and tissue %N is a result of the summation 

of the standardized partial regression coefficients across each pathway.     
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Results 

Summer 

 Results for ∆ showed significant effects of time (month) (Table 1, Figure 1a, F4,33 

= 17.55, P < 0.0001) and soil surface (Table 1, Figure 1a, F1,33 = 4.07, P = 0.05), but no 

significant interaction between month and soil surface.  There was an increase in ∆ from 

June to August for plants on both soil surfaces, with the highest ∆ found on the 

September sampling date.  These high values of ∆ were maintained for the remainder of 

the summer season.  Plants on the clay soil surface (15.81 + 0.27 ‰) had significantly (P 

= 0.05) higher ∆ than plants on the sandy surface (14.87 + 0.31 ‰).  In June plants on the 

clay surface (15.85 + 0.41 ‰) also had significantly higher (P = 0.02) ∆ than plants on 

the sandy surface (14.39 + 0.34 ‰).    

 The response of leaf tissue %N showed significant effects of month (Table 1, 

Figure 1b, F4,33 = 58.0, P < 0.0001) and significant interactive effects of month and soil 

surface (Table 1, Figure 1b, F4,33 = 12.65, P < 0.0001).  The lowest leaf tissue %N values 

were observed during the May sampling period for plants on both soil surfaces (Figure 

1b).  %N content increased in a step-wise manner from May to August, with August 

demonstrating the highest %N content in leaf tissues for plants across both soil surfaces.  

%N then decreased in a step-wise manner from August until October.  There were 

significant differences in mean %N between sites during May (P = 0.01), with plants on 

the sandy surface (2.5 + 0.18 %) having higher %N than plants on the clay surface (1.83 

+ 0.12 %).  In June plants on the sandy surface (3.34 + 0.31 %) had significantly higher 

(P = 0.006) %N than plants on the clay surface (2.11 + 0.11 %).  During August there 
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were significant differences (P = 0.01), with plants on the clay surface (4.7 + 0.22 %) 

having higher %N than plants on the sandy surface (3.87 + 0.14 %).  In September, plants 

on the clay surface (3.48 + 0.12 %) had significantly higher (P = 0.003) %N than plants 

on the sandy surface (2.82 + 0.10 %).  We found no differences in specific leaf area 

(SLA) between soil surfaces or across season and no relationship between SLA and %N 

across soil surface and season (r2 = 0.03, P = 0.39).  

 The gs response during the summer season was due to the significant effects of 

month (Table 1, Figure 1c, F4,33 = 12.89, P < 0.0001), with no soil surface or interactive 

effects.  The lowest gs rates were observed during May and June of the summer season 

(Figure 1c).  There was a large increase in gs from June to August for plants on both soil 

surfaces.  gs rates were the highest during the August sampling date, and steadily 

decreased from August to October for all plants.  In September, plants on the clay surface 

(0.13 + 0.03 mol m-2 s-1) had significantly higher (P = 0.01) gs than plants on the sandy 

surface (0.03 + 0.01 mol m-2 s-1).  During October, plants on the clay surface (0.07 + 0.01 

mol m-2 s-1) maintained significantly higher (P = 0.026) gs rates than plants on the sandy 

surface (0.03 + 0.01 mol m-2 s-1).  

Winter 

 There were no significant effects of time (month), soil surface, or their interaction 

on the response of ∆ during the winter season.  Plants on the sandy and clay soil surface 

had similar ∆ values during the March sampling period and changed little from March to 

May.   
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There was a significant effect of month for leaf tissue %N (Table 1, Figure 2b, 

F1,14 = 9.01, P = 0.0095), but no significant effects of soil surface or the interaction of 

month and soil surface.  Plants on the sandy and clay soil surface had very similar %N 

content during the March sampling period and decreased in a similar manner from March 

to May.  There were no significant differences in mean %N between soil surfaces during 

a sampling month of the winter season.   

A similar response was found for gs, where there was a significant effect of month 

(Table 1, Figure 2c, F1,14 = 66.43, P < 0.0001), but no significant effect of soil surface or 

the month and soil surface interaction.  During the March sampling date, plants on the 

sandy and clay soil surface had similar gs rates and demonstrated a steep decrease from 

the March to the May sampling period.  There were no significant differences of mean gs 

between soil surfaces during a sampling month of the winter season. 

Path analysis: 

 The path analysis during the winter season across both soil surfaces had strong 

effects of gs, %N, and Ψpd on photosynthetic function (Figure 3a).  There was a strong 

positive influence of gs on ∆, where an increase in gs leads to an increase in 

photosynthetic function.  Leaf tissue %N had a strong negative relationship with ∆, 

equivalent to strength in the relationship of gs and ∆.  gs and %N also had a significant 

positive relationship with each other during the winter season.  Ψpd had a strong positive 

relationship with gs, but a significant relationship with %N was not observed.  Overall, 

this path diagram clearly demonstrates the influence of plant water status through gs.   
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Contrary to the winter season, the path analysis for the summer season did not 

demonstrate strong influences of biochemical and diffusional limitations to 

photosynthetic performance.  The path diagram for the summer season showed little 

explanatory power of gs and N for ∆ (Figure 3b).  Ψpd had a strong positive relationship 

with gs on the sandy soil surface and a strong positive relationship with N on the clay soil 

surface.  However, there was a significant relationship between Ψpd and ∆ across soil 

surface for the summer season (R2 = 0.20, P = 0.009), as well as within the sandy surface 

(R2 = 0.25, P = 0.049).  When completing a multiple of the response of ∆ on gs, N, and 

Ψpd across soil surface, there was a significant dependence on Ψpd (F1,30 = 7.71, P = 

0.009). 

Path analysis was completed within each soil surface during the winter season.  gs 

demonstrated a strong positive influence on ∆, while %N demonstrated equally strong 

negative relationship with ∆ (Figure 3c).  gs was significantly influenced by Ψpd within 

the sandy soil surface.  On the clay surface, gs and %N had a positive relationship on each 

other, but had no influence on ∆.  Similar to the sandy surface, Ψpd also had a strong 

positive influence on gs on the clay surface. 

    

Discussion    

Our objective was to understand how seasonal photosynthetic function of L. 

tridentata was driven by biochemical and diffusion limitation across contrasting soil 

surfaces in a Sonoran Desert ecosystem.  We evaluated how plant water status (Ψpd), leaf 

tissue nutrient content (%N), stomatal conductance (gs), and carbon isotope 
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discrimination (∆) changed over the course of summer and winter seasons across a sandy 

and clay-rich soil surface.  The relationship among these plant physiological traits was 

determined by estimating the strength of the direct effects of %N and gs on ∆ and the 

indirect effects of Ψpd on influencing ∆ through multiple pathways.  Across the 

contrasting soil surfaces, gs was shown to be the main driver of %N and ∆, especially 

during the winter season.  Path analysis of these multiple limiting factors of ∆ during the 

summer season demonstrated no influence of gs and %N on ∆, while the influence of Ψpd 

on gs and %N depended on soil surface.  A mechanistic understanding of the 

photosynthetic function of this drought-tolerant shrub species as a function of soil type 

will aid in our understanding of how precipitation influences ecological and community 

processes in arid and semiarid lands. 

Since a strong relationship between photosynthetic capacity and tissue %N 

content has been previously established in C3 plants (Evans 1989, Reich et al. 1995, 

1998), there should be negative relationship between ∆ and % content (Farquhar et al. 

1989).  We predicted the same outcome in our study throughout the winter and summer 

seasons across both soil surfaces.  Plants that would have higher %N content, presumably 

such as those found on sandy soils, should also have lower ∆ than plants located on the 

clay soils.  Our results did not always demonstrate a tight associated between tissue %N 

content and photosynthetic characteristics, especially not in the manner that we had 

predicted.  Our results showed that ∆ was higher for plants on the clay soil than plants on 

the sandy soil (Figure 1a) and there were no significant differences for the remainder of 

the summer season.  During periods of drought, such as before the onset of the summer 
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monsoon, plants on the clay surface were able to maintain higher photosynthetic function 

than plants on the sandy surface.  There were no significant differences in photosynthetic 

function between soil surfaces during the winter season (Figure 2a).  Clay soils may have 

higher initial soil moisture than sandy soils during periods of drought (pre-monsoon), 

which would illustrate how plants on this soil surface were able to maintain high 

photosynthetic function.  The influence of antecedent soil moisture conditions on plant 

response to precipitation after a prolonged drought and within growing season rainfall 

events has been shown to be important in other studies of woody plant species (Williams 

and Ehleringer 2000, Snyder et al. 2004), where antecedent soil moisture is high.  Once 

there were favorable soil moisture conditions for all soil surfaces, L. tridentata was able 

to up-regulate photosynthetic function similarly across soil surfaces.  Although important 

to know differences in photosynthetic capacity across contrasting soil types, this does not 

elucidate how co-occurring limiting factors can constrain photosynthetic function.  

Based on information from previous studies, we predicted that L. tridentata 

growing in sandy, coarse textured soils that promote deep infiltration and percolation of 

rainfall, would have higher tissue % N content than plants found on a clay-rich soil (Burk 

and Dick-Peddie 1973, Beatley 1974, Lathja and Whitford 1989, Gile et al. 1998, 

Atchley et al. 1999).  We found this prediction to be true only during May and June 

(Figure 1b), before the onset of the summer monsoon season.  While, during the peak of 

the summer monsoon (August), we found that L. tridentata growing on the clay-rich soil 

surface had higher %N content than L. tridentata growing on the sandy soil surface.  

Whereas there were no significant differences in tissue %N content between soil surfaces 
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during the winter season.  Previous work has shown that plants that have the opportunity 

to acquire more water will also acquire more nitrogen (Field & Mooney 1983, Reich et 

al. 1998).  Hamerlynck et al. (2002, 2004) suggested that this could account for higher 

tissue %N for L. tridentata on soils that allow for deep infiltration and percolation of 

rainfall.  This result may also be due to fine textured soils amplifying seasonal variability 

by restricting deep infiltration of rainfall (Noy-Meir 1973, Burgess 1995, McAuliffe 

1994, 1999b).  Leaf tissue %N content of Chihuahuan Desert Larrea populations was 

found to be the highest during the winter season (Freeman 1982, Lajtha & Whitford 

1989), which is in contrast to our findings.  The high water-holding capacity of clay-rich 

soils will allow these plants to access more water than plants growing on sandy soil 

surfaces, thus allowing them to acquire more nitrogen during the peak of the summer 

monsoon.  Our study illustrates how characteristics of percolation, infiltration, water-

holding capacity and the seasonality of precipitation can influence a plant’s ability to 

acquire nitrogen.       

We expected that photosynthetic function on the sandy surface in the summer 

season and winter season would be more limited by diffusional constraints than by %N 

content, and the plants on the clay surface would not be co-limited by %N content and 

diffusion.  None of our predictions for the summer season were matched, with %N 

content and diffusion having no limitation to photosynthetic function during this season 

across both soil surfaces.  We found that during the winter season, photosynthetic 

function was equally limited by %N content and diffusion across all soils types, but 

especially on the sandy surface (Figure 3a, c).  These results are due to the nature of how 
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rainfall becomes biologically available across the contrasting soil surfaces.  In the winter, 

there is little loss of soil moisture due to evaporation from high air temperatures.  There 

may have not been enough large rainfall events that would percolate to deep soil layers 

on the sandy surface as we would normally expect.  Therefore, photosynthetic function is 

likely to be limited by stomatal conductance due to the strong positive relationship 

between Ψpd and gs.  We did not find a strong link between %N content and ∆ for the 

summer season after accounting for gs, but this result was found during the winter season.  

Our winter results agree with Hamerlynck et al. (2004), who found a clear negative 

relationship between %N content and ∆ in the Mojave Desert.  This relationship would 

demonstrate that %N was being allocated to photosynthetic capacity (Farquhar et al. 

1989) and diffusive constraints are not playing a major role in constraining 

photosynthetic function.  The lack of limitation by both %N content and diffusion on the 

clay surface would indicate favorable soil moisture conditions that did not limit diffusion 

and clay soils may be limited in %N availability (Smith et al. 1997), which could lead to 

increased leaf tissue %N content.  Generally, our results do not fall in line with the 

expected limitations to photosynthetic function, which may be due to interactive effects 

of season and soil surface. 

Due to the manner in which hydrological characteristics of these contrasting soil 

surfaces influences water available for plant use, we predicted that plants on the sandy 

soil would be able to maintain higher gs than plants on the clay surface across seasons.  

Our results differed from this prediction across the summer and winter season.  Late in 

the summer season L. tridentata on the clay surface was able to maintain higher gs rates 
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than plants on the sandy surface (Figure 1c).  These results may be explained by a lack of 

water infiltrating to deep soil layers and after an extensive period of drought, all plants 

have lowered stomatal activity regardless of location.  Larrea has been shown to decrease 

stomatal conductance during times where there is high evaporative demand (Oechel et al. 

1972, Franco et al. 1994), and conductance is correlated with changes in plant water 

potential (Franco et al. 1994).  Indeed Ψpd for L. tridentata across each soil surface was 

very negative before the onset of the summer monsoon (July), indicating low plant water 

status (Table 2).  By August, plants on both soils are able to increase their water status 

indicating more favorable soil moisture conditions for stomatal activity (Table 2).  These 

results may be indicative of the characteristics of sandy soils losing soil moisture from 

evaporation during the summer, restricting the amount that infiltrates to deep soil layers.  

Large plants with large rooting systems on sandy soils can overcome conditions of 

unfavorable soil moisture due to its rainfall percolation and infiltration characteristics.  

However, clay soils have higher water holding capacity in the shallow soil layers, thus 

maintaining higher gs rates later in the summer season after evaporation has depleted soil 

moisture in the sandy surface.  Our results demonstrate an example where soil surface 

characteristics can mediate the effects of decreases in precipitation and water loss from 

high evaporative demand. 

Soil surface characteristics may dictate plant size of L. tridentata due to the way 

in which the soil development in the profile restricts water movement.  Indeed we found 

L. tridentata on the sandy soil surface (1.86x107 + 1.91x106
 cm3) had significantly higher 

(P < 0.0001) plant canopy volume than those plants found on the clay soil surface 
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(4.43x106 + 1.91x106 cm3).  This is an expected result, as previous studies have 

suggested that L. tridentata found on soils, having a coarse texture, tends to be larger and 

have more extensive rooting systems (Burk and Dick-Peddie 1973; Beatley 1974; Lathja 

and Whitford 1989; Gile et al. 1998; Atchley et al. 1999).  Our stomatal conductance 

results may be consistent with previous suggestions that diffusion constraints through 

stomatal conductance will vary across plant size (Nobel 1981, Franco et al. 1994) and 

soil surface (Hamerlynck et al. 2004).  The increase in number of plants that are large 

may lead to increased intra-specific competition on these soils, which may account for 

the unexpected result of gs rates on the sandy soil not being maintained at higher rates 

than on the clay surface. 

These results from this study demonstrate how soils that allow for water 

percolation and deep infiltration can affect seasonal photosynthetic function.  Larrea is 

the most abundant perennial of the North American warm deserts, and can form pure 

stands across regions (Smith et al. 1997).  Although Larrea tridentata is classified as a 

true drought-resisting species that remains metabolically active during dry seasons and 

has the potential to grow during any time of the year (Oechel et al. 1972), it is important 

to understand why this drought-tolerant shrub performs differently across different soil 

types.  Overall from our path analyses, stomatal conductance was shown to be the main 

determinant of both %N and ∆, particularly during the winter season.  Other studies have 

also found stomatal conductance to be the primary predictor of productivity in Larrea 

(Ogle and Reynolds 2002).  Deciphering how the limitations to photosynthetic function 
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are mediated by soil type will enhance our ability to predict plant response to changes in 

precipitation in arid and semi-arid ecosystems. 

  

 

 

Acknowledgements 

 Joseph McAuliffe provided information on soil surface characteristics on each of 

our study sites.  Jessica Cable, Janet Chen, and Alex Eilts assisted in data collection. 

 

 

 

 
 
 
 
 

 



   205 

Literature Cited 
 

Atchley MC, de Soyza AG, Whitford WG  (1999)  Arroyo water storage and soil 

nutrients and their effects on gas-exchange of shrub species in the northern 

Chihuahuan Desert.  J. Arid Environ 43:1-33.  

Bassow SL and Bazzaz FA  (1998)  How environmental conditions affect canopy leaf 

-level photosynthesis in four deciduous tree species.  Ecology 79:2660-2675. 

Beatley JC  (1974)  Effects of rainfall and temperature on the distribution and behavior of 

Larrea tridentate (creosotebush) in the Mojave desert of Nevada.  Ecology 

55:245-261. 

Bowers JE  (2000)  Does Ferocactus wislizeni (Cactaceae) have a between-year seed 

bank? Journal of Arid Environments 45:197-205. 

Bowers JE, Turner RM, Burgess TL  (2004)  Temporal and spatial patterns in emergence 

and early survival of perennial plants in the Sonoran Desert.  Plant Ecology 

172:107-119. 

Burgess TL  (1995)  Desert grassland, mixed shrub savanna, shrub steppe, or semidesert 

scrub? The dilemma of coexisting growth forms.  In: McClaran MP, Van 

Devender TR (eds) The Desert Grassland.  University of Arizona Press, Tucson, 

Arizona, USA, pp 31-67. 

Burk JH, Dick-Peddie WA  (1973)  Comparative production of Larrea divaricata Cav. on 

three geomorphic surfaces in southern New Mexico.  Ecology 54:1094-1102. 

Cunningham, G. L. & Burk, J. H.  (1973)  The effect of carbonate deposition layers 

(“caliche”) On the water status of Larrea divaricata.  The American Midland 

 



   206 

Naturalist 90(2), 474-480.   

Ehleringer JR, Phillips SL, Comstock JP  (1992)  Seasonal variation in the carbon 

isotopic composition of desert plants.  Functional Ecology 6:396-404.  

Evans JR  (1989)  Photosynthesis and nitrogen relationships in leaves of C3 plants.  

Oecologia 78:9-19. 

Farquhar GD, Ehleringer JR, Hubick KT  (1989)  Carbon isotope discrimination and  

 photosynthesis .  Annu Rev Plant Physiol Plant Mol Biol 40:503-537. 

Field C, and Mooney HA  (1986)  The photosynthesis-nitrogen relationship in wild 

plants.  In: Givnish TJ (ed) On the economy of plant form and function.  

Cambridge Univ Prev, New York. 

Franco AC, de Soyza AG, Virginia RA, Reynolds JF, and Whitford WG  (1994)  Effects 

of plant size and water relations on gas exchange and growth of the desert shrub 

Larrea tridentata.  Oecologia 97:171-178. 

Freeman CE  (1982)  Seasonal variation in leaf nitrogen in creosotebush (Larrea 

tridentata [DC.] Cov.: Zygophyllaceae).  Southwest Nat 27:354-356. 

Geber MA and Dawson TE  (1997)  Genetic variation in stomatal and biochemical 

limitations to Photosynthesis in the annual plant, Polygonum arenastrum.  

Oecologia 109:535-546. 

Gile LH, Gibbens RP, Lenz JM  (1998)  Soil-induced variability in root systems of 

creosote bush (Larrea tridentata) and tarbush (Flourensia cernua).  J. Arid Environ 

39:57-78. 

 



   207 

Grover HD, Musick HB  (1990)  Shrubland encroachment in southern New Mexico, 

U.S.A.:  An analysis of desertification processes in the American Southwest.  

Climate Change 17:305-330. 

Hamerlynck EP, McAuliffe JR, Smith SD  (2000)  Effects of surface and sub-surface soil 

horizon on seasonal performance of Larrea tridentata (creosotebush).  Functional 

Ecology 14:596-606. 

Hamerlynck EP, McAuliffe JR, McDonald EV, Smith SD  (2002)  Ecological responses 

of two Mojave Desert shrubs to soil horizon development and soil water dynamics.  

Ecology 83:768-779. 

Hamerlynck EP, Huxman TE, McAuliffe JR, Smith SD  (2004)  Carbon isotope 

discrimination and foliar nutrient status of Larrea tridentata (creosote bush) in 

contrasting Mojave Desert soils.  Oecologia 138:210-215. 

Huxman TE, Turnipseed AA, Sparks JP, Harley PC, and Monson RK  (2003)  

Temperature as a control over ecosystem CO2 fluxes in a high-elevation, subalpine 

forest.  Oecologia 134:537-546. 

Huxman TE, Cable JM, Ignace DD, Eilts JA, English NB, Weltzin J, Williams DG  

(2004c)  Response of net ecosystem gas exchange to a simulated precipitation 

pulse in a  semi-arid grassland: the role of native versus non-native grasses and 

soil texture.  Oecologia 141:295-305. 

Lathja K, Whitford WG  (1989)  The effect of water and nitrogen amendments on 

photosynthesis, leaf demography, and resource use efficiency in Larrea tridentata, 

a desert evergreen shrub.  Oecologia 80:341-348. 

 



   208 

Li CC  (1981)  Path analysis: a primer.  Third edition.  Boxwood Press, Pacific Grove 

California, USA.   

McAuliffe JR  (1994)  Landscape evolution, soil formation and ecological patterns and 

processes in Sonoran Desert bajadas.  Ecological Monographs 64:111-148. 

McAuliffe JR  (1995)  Landscape evolution, soil formation and Arizona’s desert 

grasslands.  In: McClaran MP, VanDevender TR (eds)  The desert grassland.  

University of Arizona Press, Tucson, Arizona, USA, pp 100-129. 

McAuliffe JR  (1999b)  The Sonoran Desert: landscape complexity and ecological 

diversity.  In: Robichaux R (ed)  Ecology of Sonoran Desert Plants and 

Communities.  University of Arizona Press, Tucson, Arizona, USA, pp 87-104.  

McAuliffe JR  (2003)  The interface between precipitation and vegetation: The 

importance of soils in arid and semi-arid environments.  In: Weltzin JF, 

McPherson GR, (eds)  Changing Precipitation Regimes and Terrestrial 

Ecosystems: A North American Perspective.  University of Arizona Press, 

Tucson, Arizona, USA, pp 9-27. 

McAuliffe, J. R.  (1991)  Demographic shifts and plant succession along a late Holocene 

soil chronosequence in the sonoran desert of baja California.  Journal of Arid 

 Environments 20, 165-178. 

McAuliffe, J. R.  (1994)  Landscape evolution, soil formation, and ecological patterns 

and processes in sonoran desert bajadas.  Ecological Monographs 64(2), 111-148 

McAuliffe, J. R.  1999b.  Landscape complexity.  Pages 68-114 in Robert Robichaux, 

editor.  Ecology of Sonoran Desert Plants and Plant Communities.  University of 

 



   209 

Arizona Press, AZ, USA.   

Nobel PS  (1981)  Spacing and transpiration of various sized clumps of a desert grass, 

Hilaria rigida.  J. Ecol 69:735-742. 

Noy-Meir I  (1973)  Desert ecosystems: environment and producers.  Annual Review of 

Ecology and Systematics 4:51-58. 

Oechel WC, Strain BR, and Odening WR  (1972)  Tissue water potential, photosynthesis, 

14C-labeled photosynthate utilization and growth in the desert shrub Larrea 

divaricata Cav.  Ecol Monogr 42:127-141. 

Ogle K, Reynolds JF  (2002)  Desert dogma revisited: coupling of stomatal conductance 

and photosynthesis in the desert shrub, Larrea tridentata.  Plant Cell Environ 

25:909-921. 

Parker KC  (1995)  Effects of complex geomorphic history on soil and vegetation 

patterns on arid alluvial fans.  Journal of Arid Environments 30:19-39. 

Potts DL, Huxman TE, Cable JM, English NB, Ignace DD, Eilts JA, Mason MJ, 

Weltzin JF, Williams DG  (2006)  Antecedent moisture and seasonal precipitation 

influence the response of canopy-scale carbon and water exchange to rainfall pulses 

in a semi-arid grassland.  New Phytologist 170:849-860. 

Reich PB, Kloeppel BD, Ellsworth DS, Walters MB  (1995)  Different photosynthesis- 

nitrogen relations in deciduous hardwood and evergreen coniferous tree species.  

Oecologia 104: 24-30. 

Reich PB, Ellsworth DS, Walters MB  (1998)  Leaf structure (specific leaf area) 

modulates photosynthesis-nitrogen relations: evidence from within and across  

 



   210 

species and functional groups.  Functional Ecology 12:948-958. 

Reynolds JF, Virginia RA, Kemp PA, de Soyza AG, Tremmel DC  (1999)  Impact of 

drought on desert shrubs: effects of seasonality and degree of resource island 

development.  Ecological Monographs 69:69-106. 

Sala A, Smith SD, Devitt DA  (1996)  Water use by Tamariz ramosissima and associated 

phreatophytes in a Mojave Desert floodplain.  Ecological Applications 6:888-898. 

Schemske DW and Horvitz CC  (1988)  Plant-animal interactions and fruit production in 

a  neotropical herb:  a path analysis.  Ecology 69:1128-1137. 

Schlesinger WH, Reynolds JF, Cunningham GL, Hueneke LF, Jarrell WM, Virginia RA, 

Whitford WG  (1990)  Biological feedbacks in global desertification.  Science 

247:1043-1048. 

Shreve, F. & Hinckley, A. L.  (1937)  Thirty years of change in desert vegetation.  

Ecology 18: 463-478. 

Smith SD, Herr CA, Leary KL, Piorkowski JM  (1995)  Soil-plant water relations in a 

Mojave Desert mixed shrub community : a comparison of three geomorphic 

surfaces.  Journal of Arid Environments  29:339-351. 

Smith SD, Monsoon RK, Anderson JE  (1997)  Physiological ecology of North American 

desert plants.  Springer, Berlin Heidelberg New York. 

Sokal RR and Rohlf FJ  (1981)  Biometry.  Second edition. WH Freeman, San Francisco, 

California, USA.   

Walter H  (1979)  Vegetation of the earth and ecological systems of the geo-biosphere, 

2nd edn.  Springer-Verlag, New York, USA.  

 



   211 

Tables 

Table 1, Statistics summary from a two-way ANOVA of the response of carbon isotope 

discrimination, leaf % N, and gs.  Results from a two-way ANOVA to test for the effects 

of month, soil surface, and their interaction on carbon isotope discrimination (∆), leaf 

tissue nutrient content (%N), and stomatal conductance (gs, mol m-2 s-1).  F-statistics are 

reported with degrees of freedom (df), and significant levels of * = P < .05, ** = P < .01, 

and *** = P < .001. 

 
               
 

∆    %N   gs  df   
             
 
Summer 
 
Month   17.55*** 58.00***  12.89*** 4,33 
Soil   4.07*  0.38   0.71  1,33 
Month x Soil  1.27  12.65***  1.61  4,33 
 
 
Winter 
 
Month   0.33  9.01***  66.43*** 1,14 
Soil   2.23  0.36   1.78  1,14 
Month x Soil  0.06  0.07   1.46  1,14 
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Table 2, Mean pre-dawn water potential across soil surface and the winter and summer 

season.  Means + one standard error of pre-dawn water potential (Ψpd, MPa) for Larrea 

tridentata across a sandy and clay soil surface during the summer (May through October 

of 2002) and winter (March and May of 2003).  P-values demonstrate significant 

differences found between Ψpd on the sandy versus clay soil surface. 

 
             
 
Month    Sandy Ψpd  Clay Ψpd      P   
 
Summer 
May    -7.9 + .41  -10.0 + .48  0.0201 
June    -9.4 + .29  -10.0 + .29  0.1977 
August    -2.0 + .14  -2.8 + .14  0.0025 
September   -5.3 + .20  -3.5 + .20  0.0003 
October   -7.3 + 1.11  -6.7 + .99  0.7180 
 
Winter 
March    -2.5 + .16  -2.8 + .16  0.2855 
May    -8.1 + .72  -7.6 + .93  0.6881  
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 Figure Legends 
 
Figure 1.  Carbon isotope discrimination, ∆ (panel a), %Nitrogen (panel b), and stomatal 

conductance, gs (panel c) for Larrea tridentata across soil surface during May, June, 

August, September and October of 2002.  Black bars represent the sandy soil surface and 

grey bars represent the clay soil surface.  Error bars represent + one standard error.  * 

indicates months with significant mean differences between soil surface. 

 

Figure 2.  Carbon isotope discrimination, ∆ (panel a), %Nitrogen (panel b), and stomatal 

conductance, gs (panel c) for Larrea tridentata across soil surface during March and May 

of 2003.  See Figure 1 legend for symbol description.   

 

Figure 3.  Path diagrams demonstrating the effects of Ψpd on gs and %N, and the effects 

of gs and %N on each other and ∆.  (a) path diagrams for the winter and summer seasons 

pooled across soil surface, (b) path diagrams for the sandy and clay surface during the 

summer season, and (c) path diagrams for sandy and clay surface during the winter 

season.  Standardized correlation coefficients are plotted to illustrate the strength of each 

pathway in driving gs, %N, and ∆.  Significant levels are * = P < 0.05, ** = P < 0.01, *** 

= P < 0.001. 
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Figures 
 
Figure 1, Carbon isotope discrimination, %Nitrogen, and stomatal conductance across 
soil surface during the summer season 
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Figure 2, Carbon isotope discrimination, %Nitrogen, and stomatal conductance across 
soil surface during the winter season 
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Figure 3, Path diagrams demonstrating the effects of plant water status, stomatal 
conductance, %Nitrogen on carbon isotope discrimination                     
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