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ABSTRACT 
 

Shifting patterns of precipitation associated with climate change may affect water-

limited ecosystems to a greater degree than atmospheric CO2 or temperature changes,  yet 

we lack a mechanistic understanding of the effects of water in these ecosystems.  In 

water-limited ecosystems, annual net primary productivity correlates strongly with total 

annual precipitation.  However, precipitation in these ecosystems arrives in episodic 

events, suggesting that biophysical investigations should focus on the implications of 

discrete precipitation events.  Further, examining dynamics of ecosystem processes over 

a period of days or weeks promises to link our leaf-level mechanistic understandings with 

larger scale patterns and temporal dynamics of ecosystem photosynthetic CO2 uptake, 

respiration and evapotranspiration.   

The objectives of this dissertation were to quantify: (1) the influence of biotic and 

abiotic features of an ecosystem (e.g., species composition and soil physical 

characteristics) on short-term patterns of resilience and resistance to a precipitation pulse; 

(2) the role of antecedent climatic conditions and the seasonal timing of rainfall in 

limiting ecosystem carbon exchange in response to precipitation events; and (3) the effect 

of changes in woody plant abundance on seasonal ecosystem carbon dynamics in relation 

to the North American Monsoon. 

Major findings and contributions of this research include defining the concepts of 

ecosystem functional resistance and resilience and their implications in the presence of a 

dominant nonnative bunchgrass in semi-arid grasslands (Appendix A); a better 

understanding of the influence of warm-season precipitation variability and the seasonal 
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timing of rainfall on ecosystem carbon dynamics in a semi-arid grassland (Appendix B); 

the use of flux duration analysis, a novel approach to analyzing ecosystem carbon and 

water flux time-series data to distinguish between “pulse-driven” or “steady-state” 

ecosystems (Appendix C); and, finally, the application of flux duration analysis to 

quantify the sensitivity of ecosystem carbon exchange in response to seasonal rainfall in a 

riparian grassland and shrubland and the role that plant functional type diversity may play 

in constraining carbon exchange sensitivity (Appendix D).  
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INTRODUCTION 

Rising greenhouse gas concentrations are expected to increase Earth’s 

temperature by 1.4-5.8 °C over the next century (Houghton et al. 2001).  This global 

temperature rise is predicted to intensify the global hydrologic cycle and alter 

precipitation patterns on regional scales towards greater extremes in abundance and 

scarcity (Easterling et al. 2000; Jackson et al. 2001).  Interactive effects of increases in 

temperature and CO2 concentration on plant and ecosystem processes have been the focus 

of intense research over the past two decades (Koch and Mooney 1996).  It has been 

suggested that in water-limited environments, future changes in precipitation associated 

with global change will impact ecosystems to an even greater degree than increases in 

atmospheric CO2 and temperature (Weltzin et al. 2003). However, we lack a mechanistic 

understanding of the effects of water in these ecosystems with which to evaluate these 

changes (Huxman et al. 2004b).  Shifts in total annual precipitation may not have the 

same effects on ecosystems as those that affect the seasonality, frequency and magnitude 

of precipitation events (Weltzin et al. 2003). 

In water-limited ecosystems, precipitation arrives in discrete, episodic events 

(Noy-Meir 1973), suggesting that an evaluation of biological response to rainfall must 

focus on the implications of discrete precipitation events, rather than solely seasonal or 

yearly totals (Weltzin and Tissue, 2002).    The amount of water delivered, the duration 

of the precipitation event, the timing since the last event and the intensity of the event are 

all critical aspects of individual precipitation pulses (Loik et al. 2004).  A number of 

recent publications have built on this conceptual framework for arid-land ecosystems 
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(Weltzin et al. 2003), examining the response of individual plants or soil micro-

organisms to variation in rainfall (Sala and Laurenroth 1982; BassiriRad et al. 1999; 

Schwinning and Ehleringer 2001; Knapp et al. 2002; Schwinning et al. 2002; Ogle and 

Reynolds 2004).   

The pulse-reserve model has been a paradigm in arid-land ecology for more than 

30 years (Noy-Meir 1973; Reynolds et al. 2004).  This conceptual model of ecosystem 

dynamics focused on episodic precipitation triggering a “pulse” of plant production 

affecting the “reserve” of fixed carbon on which autotrophs draw until the next 

precipitation event.  Over time, “pulses” have come to be identified not as plant 

productivity triggered by a precipitation event but as the precipitation event itself within a 

distinctly autotrophic-view of ecosystem carbon balance (Reynolds et al. 2004).  Few 

studies have attempted to integrate the roles of above- and belowground biota and abiotic 

factors (e.g., soils) in the dynamical responses of ecosystem function to episodic resource 

availability (Huxman et al. 2004a). 

The definition of precipitation pulse depends on the temporal and spatial scales 

being addressed (Schwinning and Sala 2004).  Using the North American Monsoon as an 

example, it is possible to imagine several pulse “scenarios”.  At the smallest temporal and 

spatial scales, individual convective storms may pass over a given location several times 

in the course a 24-hour period.  For the purposes of studying the response of cryptobiotic 

crusts to wetting events, each of these rainfall occurrences might be considered individual 

pulses (e.g. Cable and Huxman 2004).  From the perspective of shallowly rooted grasses 

and herbaceous dicots, pulses may be defined on a daily scale (e.g. daily rainfall totals).  
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From the perspective of deeply rooted woody plants responding to changes in soil 

moisture content dependent on deep infiltration, several successive days of precipitation 

such as those associated with the passage of a frontal storm or a “surge” in monsoon 

convective activity (Adams and Comrie 1997) may be considered a “pulse”. 

On seasonal time-scales, the period of monsoon circulation could be defined as a 

pulse, particularly when dealing with regional-scale phenomena such as changes in NDVI 

as estimated from space-based remote sensing platforms.  Much longer time scales such 

as the 3-5 year periodicity of El Nino/Southern Oscillation  (ENSO) or multi-decadal 

periodicity of the Pacific Decadal Oscillation (PDO), both which are thought to influence 

precipitation regimes in the southwestern United States (McCabe and Dettinger 2002), 

could be viewed as longer duration “pulses” affecting broad scale ecosystem processes.  

On geologic time and on regional spatial scales, the wax and wane of vegetation 

communities associated with long-term changes in climate driven by glacial advance and 

retreat (e.g. Holmgren et al. 2003) could be viewed as the ultimate pulse. 

Regardless of pulse definitions, edaphic characteristics translate precipitation into 

biologically available water (McAuliffe 1995, Noy-Meir 1973, Austin et al. 2004; 

Fravolini et al. 2005).  Changes in soil water content facilitate mineralization of nutrients 

by soil microbiota, trigger plant root growth and allow for the uptake of water by plant 

roots.  Factors that influence the translation of a precipitation pulse into changes in soil 

water content are then critical for understanding how different vegetation types will 

respond to climate variability.  These factors can be divided into surface and sub-surface 

characteristics.  Surface characteristics include those that influence the redistribution and 
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infiltration of water on the landscape and include topography, litter composition and 

distribution and surface horizon development.  Sub-surface characteristics include soil 

texture, structure and horizonation.  The vertical distribution of soil microorganisms, 

faunal activities, the presence of soil carbonates, the pre-existing concentration of CO2 in 

soil pores and the C:N ratio of soil organic matter are all important in shaping the 

functional response of soils to wetting. 

For example, in a woody plant-dominated ecosystem, precipitation events that 

only effect near-surface soils may not be utilized by deeply rooted shrubs and trees 

essentially and hence have little effect photosynthesis (Fravolini et al. 2005).  However, 

shallow soil wetting associated with these events could increase soil heterotrophic 

activity leading to a net loss of carbon from the ecosystem (Huxman et al. 2004a). 

Similarly, in deeply rooted mesquite woodlands with access to shallow groundwater, 

ecosystem photosynthesis may become decoupled from precipitation events while soil 

respiration remains linked to the availability of shallow soil moisture. 

Woody plants have the potential to further influence soil water distribution and 

the pattern of ecosystem metabolism through hydraulic redistribution (e.g. Richards and 

Caldwell 1997).  When water is more abundant in deep pools than is shallow pools, 

upward redistribution may occur.  This process, thought to be the passive result of 

“leaky” roots and water potential gradients in the soil, has several potential affects to 

organisms in the shallow soil.  In addition to providing water to dissolve nutrients near 

the surface for the woody plant, hydraulic uplift may supply shallow-rooted autotrophs 

and soil heterotrophs with water necessary for metabolism.  Conversely, when deep pools 
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of soil moisture are exhausted but small precipitation events have wet the upper soil 

layers, downward redistribution can occur (Smith et al. 1999).  In both cases, woody 

plants have the potential to influence soil heterotrophic contributions to ecosystem carbon 

exchange by either ameliorating or depleting the concentration of water in shallow soil 

layers. 

Given the temporally dynamic nature of semi-arid ecosystem response to episodic 

resource availability and an array of competing and inter-related biophysical processes 

(e.g. photosynthesis and autotrophic respiration), description of ecosystem function at a 

meaningful scale remains difficult.  Traditional descriptive approaches, such as 

calculations of aboveground net primary productivity overlook the acknowledged role of 

soils in semi-arid ecosystem carbon balance.  Estimates of mean fluxes in time (e.g. 

weekly averaged NEE derived from eddy-covariance) may obscure the highly variable 

nature of ecosystem fluxes in time and any information that may be contained.  I address 

these hurdles using two novel approaches.  The first involves treating ecosystem scalars 

and fluxes as state variables in a multivariate array to assess system-level differences in 

response to a moisture pulse in a simulated semi-semi-arid grassland.  The second 

approach involves adopting flow-duration analysis from hydrology (Searcy 1959) to 

assess highly variable carbon fluxes derived from eddy-covariance prior to and following 

the onset of summer rains in a riparian setting. 

The power of field-based experimental manipulations of precipitation (Weltzin 

and McPherson 2000; Fay et al. 2003) and atmospheric carbon dioxide concentration 

(Huxman and Smith 2001) has been demonstrated at the plot-scale.  Costly and labor 
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intensive, these replicated, field-based ecological experiments provide a means to test 

hypotheses and mechanisms of causality in a way other approaches cannot (Weltzin and 

McPherson, 2003).  Recent rainfall manipulation experiments have demonstrated the 

feasibility of this approach in investigations of shrub seedling establishment (Weltzin and 

McPherson, 2000), plant functional type performance (Fay et al. 2000), annual net 

productivity (Knapp et al. 2002) and response to episodic soil moisture availability 

(Huxman et al. 2004a). Results of these experiments provide mechanistic insight into 

ecosystem function by linking individual plant performance with larger scale dynamics of 

ecosystem processes such as community composition shifts, net ecosystem productivity 

and evapotranspiration. 

Ecological research at the canopy scale lends itself to observational studies that 

take advantage of environmental gradients (Enquist et al. 2003), differences in ecosystem 

structure and composition (Law et al. 2002) or land-use contrasts (Anthoni et al. 2002).  

A principal tool of these observational studies has been the development of the tower-

based eddy-covariance technique (Baldocchi 2003).  Advances in instrument quality have 

allowed these towers to be constructed in a variety of ecosystem around the world. For 

the first time, it is possible to test predictions about global patterns of ecosystem 

processes such as respiration (Baldocchi 2003).  Through FLUXNET 

(http://www.daac.ornl.gov/FLUXNET/fluxnet.html), data-collection procedures are 

becoming standardized and data are now available from many tower sites online.   

Via collaboration with researchers pursuing rainfall manipulation experiments and 

those pursuing tower-based data collection, this research has the potential to expand the 
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mechanistic linkages between dynamic canopy- and regional scale ecosystem processes.  

In particular, this research will advance our understanding of the dynamics of the 

differential controls of ephemeral soil water availability on the major components of 

ecosystem carbon exchange.  With a focus on components of precipitation variability, my 

research seeks to link our understanding of leaf-level mechanisms with ecosystem scale 

processes through collaborations with community ecologists, hydrologists and global 

change scientists.  

The results of this research are of potential interest to ecologists, hydrologists, 

land stewards, climate modelers and others interested in ecosystem conservation and 

responses of ecosystems to environmental variability.  Conclusions drawn from this 

research will improve knowledge of how precipitation mediates ecosystem function and 

improve our predictions of how vegetation change in the form of nonnative grass 

invasions and woody plant encroachment interact with climate to affect terrestrial 

ecosystems’ ability to sequester atmospheric carbon. 
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PRESENT STUDY 

The methods, results and conclusions of this research program are presented in 

manuscripts appended to this dissertation.  The following is a description and summary of 

the most important findings in these documents. 

 
Resilience and resistance of ecosystem functional response to a precipitation pulse in a 
semi-arid grassland 
 
(Author’s note:  The following describes the results of a multi-authored manuscript in 
which I was the primary contributor.  Coauthors to this research contributed editorial, 
logistical and material support.  This manuscript is in press with Journal of Ecology, a 
peer reviewed publication of the British Ecological Society.) 
 

The ability to quantify the temporal nature of complex dynamics in entire 

ecological systems has been a focal point in the development of the ecosystem concept in 

ecology (Lindeman 1942; Odum 1969; Golley 1993). Nevertheless, assessing whole-

system responses to dynamic biotic and abiotic processes remains difficult for ecosystem 

ecologists.  Indeed, the ability to evaluate ecosystem function in response to annual and 

seasonal climate variability remains a central focus in ecosystem ecology (Weltzin et al. 

2003). Assessing complex whole-system responses will require a fundamental 

understanding of how the physiological mechanisms underlying ecosystem function 

operate over differing spatial and temporal scales. 

Adopting the conceptual framework of resilience and resistance in community 

ecology provides a springboard to assess the complex dynamics of ecosystem functional 

characteristics in response to episodic resource availability.  We utilized ecosystem 

scalars and fluxes, such as soil water potential and net ecosystem exchange (balance of 

gross ecosystem photosynthetic and respiratory activity) as state-variables. Using this 
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framework, we argue that perturbations affecting ecosystem state variables are analogous 

to the effects of disturbance on plant community structure and composition, albeit 

typically at different time scales.  Specifically, we examined the effect of an experimental 

irrigation event on ecosystem function in a semi-arid grassland using the rain out shelter 

facilities (English et al. 2005) at the University of Arizona’s Santa Rita Experimental 

Range. 

We quantified short-term dynamics of whole ecosystem response to 39-mm irrigation 

events (precipitation pulses) during June 2002 and 2003 using plant physiological and 

ecosystem gas-exchange measurements as state variables in a principal components 

analysis (PCA).  Experimental plots consisted of either native (Heteropogon contortus 

L.) or nonnative (Eragrostis Lehmaniana Nees) bunchgrasses planted in monoculture on 

two distinct geomorphic surfaces in a semi-arid grassland.   

For 15 days, treatments followed similar, nonlinear trajectories through state variable 

space with measurement periods forming distinct clusters; PCA axes 1 and 2 combined to 

explain 80.72 and 80.70 % of the variation during 2002 and 2003 respectively.  During 

both years, bunchgrass species interacted with soil type to influence the magnitude of 

ecosystem processes that together quantify a reduction in ecosystem functional resistance 

in plots planted with the nonnative bunchgrass species on the fine-textured clay 

geomorphic surface.  System-level hysteresis, emergent from independent responses of 

photosynthesis, respiration and evapotranspiration to precipitation, indicated the potential 

for alternative functional states.   
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Hysteresis is an emergent property of complex systems with alternative stable states 

(Beisner et al. 2003).  Quantifying ecosystem hysteresis and state variable trajectories 

provided a way to assess and describe fluctuations in ecosystem function associated with 

variation in resource availability. Extending the concept of multivariate dynamics of 

whole-ecosystems may allow for a more critical evaluation of the controls over 

biosphere/ atmosphere exchanges, especially in water-limited regions.  Quantifying the 

frequency and duration of ecosystem alternative functional states in response to 

individual precipitation events within a season will provide insights into the controls of 

species, soils and climate on ecosystem carbon and water cycles. 

 
Antecedent moisture and seasonal precipitation influence response of canopy-scale 
carbon and water exchange to rainfall pulses in a semi-arid grassland 
 
(Author’s note:  The following describes the results of a multi-authored manuscript of 
which I was the primary contributor.  Principal investigators are included as coauthors as 
are students and technicians who contributed to the construction of the research facility 
and the collection of data presented herein. Currently this manuscript is being reviewed 
for publication in the journal New Phytologist.) 
 

Understanding how semi-arid grasslands respond to episodic precipitation is 

important as they cover a large area of North America, possess highly variable climate, 

provide valuable goods and services and have the potential to sequester atmospheric 

carbon in their soils (Knapp et al. 1998).   In southern Arizona, semi-arid grasslands are 

undergoing widespread vegetation transitions in the form of mesquite (Prosopis velutina) 

encroachment and invasions by several nonnative bunchgrass species including Lehman 

lovegrass (Eragrostis Lehmaniana Nees).  How vegetation change and precipitation 
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variability interact to affect semiarid ecosystem carbon and water fluxes is not well 

understood (Huxman et al. 2005). 

In this experiment we evaluated whole-ecosystem gas exchange and soil moisture 

storage in stands of native and nonnative bunchgrass species across two geomorphic 

surfaces prior to and following pulses of rainfall during June and August 2003.  In 

addition, to better understand the role of warm-season rainfall variability, treatments 

received either increased or decreased precipitation delivered by altering the magnitude 

of individual pulse events throughout the 2002 and 2003 growing-seasons.    

We predicted that decreased warm-season precipitation would subsequently 

constrain ecosystems’ ability to accumulate carbon in response to a large, early-growing-

season pulse.  This prediction was not supported by data—in fact, estimates of total 

carbon exchange for the 15-day measurement period following the June pulse suggest the 

opposite: hat decreased prior warm-season precipitation facilitated ecosystem carbon 

accumulation in response to the June pulse.  Based on the work of Huxman et al. (2004a), 

we predicted that regardless of precipitation regime, plots of the nonnative bunchgrass, E. 

Lehmaniana, would accumulate greater carbon in response to the June pulse than plots of 

a native bunchgrass species, Heteropogon contortus.  Time-course data of ecosystem 

carbon exchange parameters do not support this prediction, nor do estimates of 15-day 

integrated carbon exchange (NEEint).  However, we did observe differences in the time 

course of ecosystem evapotranspiration between plots of native and nonnative grasses 

during June consistent with the observation of Huxman et al. (2004a) that the open 

canopy of E. Lehmaniana stands facilitates rapid evaporation from the soil surface. 
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A common pattern of ecosystem gas-exchange response to precipitation emerged 

from all treatment combinations for rainfall events that occurred at the onset of the 

growing-season in June.  Following a pulse, ecosystem respiration (Re) briefly increased 

to dramatic levels resulting in concurrent declines in daytime maximum instantaneous 

rates of net ecosystem exchange of CO2 (NEEmax).  Consistent with our prediction, this 

pattern is probably the result of rapid up-regulation of soil heterotrophic activity and the 

physical displacement of CO2 from soil pores following shallow soil wetting.  In response 

to the June pulse, variation in soil moisture storage and carbon and water fluxes among 

species, geomorphic surface and precipitation regime treatments was minor in 

comparison to the variation observed for these factors in ecosystem fluxes following 

growing-season precipitation pulses. 

Throughout the August measurement period, treatments that received increased 

warm-season precipitation had higher Re, gross ecosystem exchange (GEE) and NEEmax 

values indicating greater metabolic activity in both above- and belowground portions of 

the ecosystem.  These results suggest that biotic and abiotic conditions immediately prior 

to a precipitation pulse constrain the responsiveness of carbon metabolism at the 

ecosystem scale.  This demonstrates how the seasonal timing of pulses may interact with 

bunchgrass species to influence ecosystem photosynthesis, respiration and the pattern of 

carbon accumulation following rainfall.  Furthermore, these findings contribute to a 

growing body of evidence that suggests that a more complete conceptual model of arid-

land pulse dynamics should incorporate the differential effects of these factors on above- 

and belowground ecosystem components. 
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The magnitude and frequency of canopy-scale carbon exchange in response to a 
seasonal precipitation pulses 
 
(Author’s note:  Flux duration analysis, a technique I developed for analyzing ecosystem 
gas exchange data, was published as an Appendix in support of concepts described by 
Huxman et al. 2004c.  Rather than summarize the contributions of my coauthors, below I 
present a more complete description of flux duration analysis and its implications for 
understanding water-limited ecosystems.) 
 

The construction and maintenance of eddy-covariance towers to assess canopy-

scale fluxes of carbon and water is cost prohibitive with the effect of limiting replication 

of vegetation types, soils and topographic position. Furthermore, growing-season 

precipitation in “pulsed” ecosystems is delivered in discreet, episodic events producing 

ecosystem respiration and photosynthesis rates that may be orders of magnitude larger 

than fluxes during the inter-pulse period (Xu et al. 2004).  Given limited site replication 

and large temporal variability, comparisons of statistics such as mean growing-season 

NEE are statistically misleading and may mask important variation within and between 

growing-seasons.  Huxman et al. (2004c) suggest flux duration analysis as an alternative 

approach to comparing inter- and intra-annual patterns of carbon balance in ecosystems.   

To illustrate the differences in ecosystem CO2 exchange characteristics for a 

pulsed ecosystem (a semi-arid grassland – Jornada Experimental Range – Mielnick et al, 

2005) and an ecosystem that experiences a relatively steady-state decline in soil water 

availability in time (a coniferous forest – Niwot Ridge AMERIFLUX Site – Monson et 

al. 2002), we obtained 30-minute and 20-minute averaged (Niwot Ridge and Jornada, 

respectively) peak growing-season (June-August) net ecosystem exchange values 

observed over four years (1999-2002 and 1997-2000, Niwot Ridge and Jornada, 
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respectively).  From these data we compiled frequency-magnitude curves analogous to 

the stream flow duration curves calculated by Searcy (1959). 

 Briefly, NEE data for the period of interest at each site was assigned a rank in 

order of descending magnitude, positive to negative.  An exceedence frequency (F) was 

calculated for each ranked value (r) according to the formula: 

F = [r / (n + 1)] * 100       

where n is the number of ranked NEE values for the period of interest.   For example, the 

largest NEE value (r = 1) for a 50-hour period (n = 100, 30-minute averaged values) 

would have an exceedence frequency (F) equal to 1.  Likewise, the median NEE value (r 

= 50) for the same period would have an exceedence frequency (F) equal to 50.   

Akin to flow duration analysis in hydrology (Searcy 1959; Vogel and Fennessy 

1995; Potts and Williams 2004), flux duration analysis provides a convenient and 

repeatable standard for comparing patterns of ecosystem exchange between sites and 

between years at the same site.  By ranking and assigning a frequency to ecosystem 

exchange values, frequency-magnitude analysis incorporates episodic high activity 

periods, such as those associated with pulses of precipitation, and sustained low level 

fluxes during inter-pulse periods into a single calculation. 

By convention, the sign of ecosystem fluxes are from the perspective of the 

atmosphere.  Negative values indicate net carbon uptake by the ecosystem (the 

atmosphere losing carbon); positive values indicate net carbon loss by the ecosystem (the 

atmosphere gaining carbon).  Comparisons of composite flux duration curves for the 

Jornada (a semi-arid grassland) and Niwot Ridge (a coniferous forest) reveal differences 
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Figure 1: Flux duration analyses of peak growing-
season NEE data for a semi-arid grassland (Jornada) 
and a coniferous forest (Niwot Ridge) (Huxman et al. 
2004c).

in the frequency distribution of 

fluxes during the peak-growing-

season (Figure 1).  Occasional 

precipitation pulses and associated 

high rates of ecosystem activity 

(large positive and negative NEE 

values) punctuate extended inter-

pulse periods with limited 

ecosystem activity (NEE values 

near zero) at the semi-arid grassland site.  The resulting composite flux duration curve is 

steeply drawn at its extremes and flat through the middle.  In contrast, the gentle slope of 

the middle of Niwot Ridge curve reflects an ecosystem experiencing a steady-state 

decline in soil water conditions through the growing-season (a high frequency of mid-

range NEE values).  Peaks in the extremes of the frequency distribution of the Niwot 

Ridge curve might reflect the rare co-occurrence of high temperatures and abundant soil 

moisture following late growing-season convective storms.   

This comparison of a representative and well-studied coniferous forest and semi-

arid grassland reveals dramatic differences in the frequency-magnitude relationships of 

carbon exchange. The results graphically illustrate the close coupling of ecosystem 

activity to precipitation pulse events in the semi-arid grassland system.  Differences in the 

pattern of peak growing-season NEE between these sites integrate of differences in 

vegetation structure, climate, topography and soils.  As additional NEE data sets become 
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Figure 2: Flux duration of peak growing-season 
NEE for three years in a semi-arid grassland 
community.  Rainfall totals for each period were 
105 mm, 130 mm and 15 mm for 1999, 2000, 
2001 respectively.

available, it may be possible to broadly classify ecosystem flux duration curves as 

“pulsed-dominated” and “steady-state” similarly to the way hydrograph-derived flow 

duration curves summarize the physical, biotic and anthropogenic factors controlling 

stream flow (Vogel and Fennessey 1995; Smakhtin 2001). 

In a comparison of a wide range of ecosystem types using eddy-covariance data to 

quantify C metabolism, Falge et al. (2002) demonstrated that Re and gross ecosystem 

exchange (GEE) varied differentially between seasons.  Traditionally, Re has been 

associated with soil temperature in temperate systems.  In very dry conditions, such as 

those found during inter-pulse periods in semi-arid ecosystems, Re is considered to by 

limited by soil moisture and substrate availability (Austin et al. 2004; Cable and Huxman 

2004).  The relative contribution of ecosystem respiration to total ecosystem C 

metabolism in semi-arid ecosystems is an area of emerging research (Scott et al. 2004) 

and, until recently, was poorly quantified in many terrestrial ecosystems (e.g. Falge et al. 

2002).  

Flux duration analysis of NEE 

data at a Jornada Experimental Range 

semi-arid grassland site (Mielnick et 

al. 2005) for three mid-growing-

season periods (1999-2001) spanning a 

range of precipitation totals, reveals 

the differential impact of precipitation on 

ecosystem GEE and Re inferred from NEE 
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fluxes (Fig 2).  Increasing precipitation resulted in a disproportionate response of GEE to 

that of Re.  The responsiveness of GEE to increasing precipitation is not surprising given 

the responsiveness of aboveground net primary productivity (ANPP) to increases in 

precipitation across a range of ecosystem types (Huxman et al. 2004b) and in grasslands 

in particular (Sala et al. 1988).  However, despite an order-of-magnitude difference in 

precipitation between 2000 and 2001 (130 and 15 mm respectively), the duration and 

magnitude of positive NEE fluxes (indicating a net loss of carbon from the ecosystem via 

respiration) are muted, suggesting other factors such as substrate limitation acting to 

constrain Re.   

Flux duration analysis of ecosystem C metabolism promises to extend our 

understanding of ecosystem carbon balance to incorporate both the responses of plants 

and soils to precipitation variability. Valentini et al. (2000) used carbon flux data from 

micrometerological towers to extrapolate Re and GEE by site-specific relationships 

between night fluxes and soil temperature to calculate a continuous record of Re.  A 

similar approach applied to data encompassing a range of inter-annual climate variability 

would allow insight into patterns and sensitivities of ecosystem C metabolism in semi-

arid ecosystems. 

A comparison of weekly-averaged ecosystem C metabolism from a range of 

temperate ecosystem types utilized means and totals to illustrate differences and 

similarities in seasonal patterns between systems (Falge et al. 2002).  In pulsed 

ecosystems, ecosystem fluxes of carbon may vary over orders of magnitude in the hours 

following a precipitation pulse and last for just a few days (Huxman et al. 2004a).  Given 
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this rapid response and short duration of these fluxes, the use of statistics such as the 

mean may obscure important information. 

Because flux duration analysis yields a probabilistic description of fluxes for a 

given observation period, it may be possible to identify characteristic flow flux statistics 

that describe ecosystem maintenance respiration requirements across a range of 

ecosystem and vegetation types.  Applied to hydrology, the method is used to separate 

base stream flow from that associated with precipitation events (Smakhtin 2001).  

Separating the relative contribution of maintenance and pulse-related respiration to 

seasonal totals by comparing between sites of differing vegetation types and within sites 

across years could yield information about the interactive consequences of vegetation 

shifts and climate change on regional carbon budgets. 

 
The sensitivity of ecosystem carbon exchange to seasonal precipitation varies with 
woody plant abundance 
 
(Author’s note:  The following describes the results of a multi-authored manuscript to 
which I am the primary contributor.  Principal investigators who provided material and 
technical support are included as coauthors.  It is my intent to submit this manuscript for 
publication in a peer-reviewed journal.) 
 

Predicted changes in the seasonal distribution, frequency and magnitude of 

precipitation (Houghton et al. 2001) are expected to provide a backdrop against 

anthropogenically mediated, widespread vegetation composition shifts in North 

American ecosystems (Neilson 1993).  Given the complexities of climate and vegetation 

changes both in space and time, the interactive effects of climate variability, soils and 

vegetation on the cycling of carbon and water in terrestrial ecosystems are poorly 

understood. 
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In water-limited regions worldwide woody plants are increasing in abundance 

(Archer et al. 2001).  This phenomenon, termed woody encroachment (Goodale and 

Davidson 2002) will interact with future climate variability to alter regional hydrologic 

cycling (Huxman et al. 2005) and patterns of ecosystem carbon exchange (Jackson et al. 

2002).  Understanding how these interactions influence the functional response of 

ecosystems to episodic resource availability will improve our predictive capabilities of 

the large-scale consequences of species composition shifts in arid-land regions, such as 

those associated with woody encroachment. 

Eddy-covariance towers were positioned in a C4 grassland and a mixed 

mesquite/C4 grass shrubland positioned on alluvial terraces of the San Pedro River near 

Sierra Vista, Arizona.  We compiled net ecosystem exchange of CO2 (NEE) time-series 

collected during 2003 by Scott et al. (in press) using flux duration analysis (Huxman et 

al. 2004c) to address the influence of woody plant abundance on the sensitivity of 

ecosystem carbon dynamics to the North American Monsoon.  In addition, within the 

shrubland we measured leaf gas exchange across a range of mesquite (Prosopis velutina 

Woot.) size-classes and in sacaton bunchgrasses (Sporobolus Wrightii) periodically 

during the 2004 growing-season to better understand how plant functional type constrains 

ecosystem dynamics in response to seasonal climate variability. 

We predicted that deeply rooted mesquite present in the shrubland would utilize 

alluvial groundwater to effectively uncouple plant activity from rainfall.  At the 

ecosystem scale, NEE in the shrubland would be uncoupled from the onset of the 

monsoon.  Plant physiological data collected during 2004 confirmed our prediction that 
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large mesquite would access alluvial groundwater to be effectively uncoupled from 

seasonal climate variability.  However, the performance of the smallest size-class of 

mesquite and sacaton bunchgrasses also present in the shrubland was tightly linked to 

shallow soil moisture availability.   

We suggest that the diversity of plant functional types present in the shrubland 

contributed to the greater-than-expected sensitivity of this system to Monsoon 

precipitation (the Facilitation optima hypothesis of House et al. 2003).  At the basin scale, 

these findings suggest that invasions of woody plants into former grasslands may 

decrease the amount of seasonal variability in ecosystem carbon exchange.  Furthermore, 

potentially greater efficiency of environmental resources by the diverse plant functional 

types present in shrublands may increase productivity as historic riparian grasslands 

transition to shrublands. 
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APPENDIX A: 
 

RESILIENCE AND RESISTANCE OF ECOSYSTEM  FUNCTIONAL RESPONSE TO 
A PRECIPITATION PULSE IN A SEMI-ARID GRASSLAND 

 
 
Daniel L. Potts, Travis E. Huxman, Brian J. Enquist, Jake F. Weltzin and David G. 
Williams 



 40

Summary 
1. In water-limited ecosystems, discrete precipitation events trigger brief but 

important episodes of biological activity.  Differential responses of above- and 

belowground biota to precipitation may constrain biogeochemical transformations 

at the ecosystem-scale.  

2. We quantified short-term dynamics of whole ecosystem response to 39-mm 

irrigation events (precipitation pulses) during June 2002 and 2003 using plant 

physiological and ecosystem gas-exchange measurements as state variables in a 

principal components analysis (PCA).  Experimental plots consisted of either 

native (Heteropogon contortus L.) or nonnative (Eragrostis Lehmaniana Nees) 

bunchgrasses planted in monoculture on two distinct geomorphic surfaces in a 

semi-arid grassland.   

3. For 15 days, treatments followed similar, nonlinear trajectories through state 

variable space with measurement periods forming distinct clusters; PCA axes 1 

and 2 combined to explain 80.7 % of the variation during both 2002 and 2003.   

4. During both years, bunchgrass species interacted with soil type such that there 

was a reduction in ecosystem functional resistance in plots planted with the 

nonnative bunchgrass species on the fine-textured clay geomorphic surface.   

5. System-level hysteresis, emerging as a result of independent responses of 

photosynthesis, respiration and evapotranspiration to precipitation, indicated the 

potential for alternative functional states.   

6. Quantifying the frequency and duration of ecosystem alternative functional states 

in response to individual precipitation events within a season will provide insights 
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into the controls of species, soils and climate on ecosystem carbon and water 

cycles. 

 

 

Introduction 

The ability to quantify the temporal nature of complex dynamics in entire 

ecological systems has been a focal point in the development of the ecosystem concept in 

ecology (Lindeman 1942; Odum 1969; see also Golley 1993). However, assessing whole-

system responses to dynamic biotic and abiotic processes remains difficult and the need 

to evaluate ecosystem function in response to annual and seasonal climate variability 

remains a central focus (Weltzin et al. 2003). Assessing complex, whole-system 

responses will require a fundamental understanding of how the physiological mechanisms 

underlying ecosystem function operate over differing spatial and temporal scales. 

In arid and semi-arid ecosystems, annual net primary productivity correlates 

strongly with total annual precipitation (Gutierrez and Whitford 1987; Huxman et al. 

2004a).  However, the precipitation arrives in discrete, episodic events (Noy-Meir 1973; 

Loik et al 2004), suggesting that biophysical investigations should focus on the 

implications of such events (Weltzin and Tissue 2002; Reynolds et al. 2004).  The 

variability of episodic resource input and the non-linear responses of individual plants 

and soil micro-organisms to inter- and intra-annual variation in rainfall all influence the 

magnitude and temporal dynamics of ecosystem response to precipitation (BassiriRad et 

al. 1999; Knapp et al. 2001; Schwinning and Ehleringer 2001; Knapp et al. 2002; Weltzin 
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et al. 2003). Further, few studies have described the role of biotic (e.g. species 

composition) and abiotic (e.g. soils) conditions on ecosystem functional response to 

episodic resource availability (e.g. Huxman et al. 2004b, McLaren et al. 2004). 

Ecosystem response to episodic moisture availability is partially limited by the 

ability of organisms to up-regulate metabolic processes (Huxman et al. 2004c).  Soil 

microbiota may respond to changes in soil water potential within hours, while grasses 

respond on the order of hours to days (Sala and Laurenroth 1982; Schwinning et al. 

2002).  Patterns of biomass allocation, demographics or community structure resulting 

from periods of prior resource availability may also constrain biological activities 

following a rainfall pulse (Gulluscio et al. 1998; Flanagan et al. 2002; Emmerich 2003; 

Ogle and Reynolds 2004). 

A modern perspective links the biotic community to ecosystem function in 

response to episodic resource availability; however, assessment of dynamic, complex 

ecosystem function on a meaningful timescale is problematic. Quantifying ecosystem 

functional responses requires measuring the temporal dynamics of both above- and 

belowground activity, along with several concurrent and inter-related ecosystem 

properties and processes (e.g. soil water status, plant water status and evapotranspiration).  

Beyond the logistical challenge of such an endeavour, a conceptual framework for the 

analysis is required.  Recently, Beisner et al. (2003) summarized alternative stable state 

theory in community ecology.  State variables such as species abundances, age-class and 

population size, as well as any number of other descriptors, can be used to characterize 

communities.  In time, these state variables describe the integrated response of a 
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community to perturbation (Scheffer et al. 2001; Beisner et al. 2003).  Traditionally, a 

simplified 2-dimensional model of this idea has been illustrated with the “ball-in-cup” 

model whereby a stimulus (e.g. an environmental perturbation) or shifts in state variables 

themselves (e.g. stochastic change in species abundance) cause a community to move to a 

new stable state. This 2-dimensional model describes alternative stable states as basins in 

a topological surface.  Community resilience is then described as the characteristics of a 

basin that act to return a community to a reference state (Holling 1973; Gunderson 2000; 

Beisner et al., 2003).  Resistance, a closely allied term to resilience, describes a system’s 

tendency to remain in a reference state, despite perturbation (Chapin et al. 2002).  In 

response to a stimulus or a change in state variables, the non-linear and irreversible 

trajectory of communities through state variable space, an emergent property of complex 

systems with alternative stable states (Beisner et al. 2003), is known as hysteresis.   

Adopting the conceptual framework of resilience and resistance in community 

ecology provides a springboard to assess the complex, short-term dynamics of ecosystem 

functional characteristics in response to episodic resource availability.  Instead of 

community metrics, ecosystem fluxes, such as net ecosystem exchange (balance of gross 

ecosystem photosynthetic and respiratory activity) and evapotranspiration serve as state 

variables.   Perturbations affecting such variables over hours and days are analogous to 

the effects of disturbance on plant community structure and composition over years and 

decades.  In both cases, the trajectory and rate of change in response to perturbation 

depend on previous conditions and are potentially irreversible on relevant timescales. 
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We do not suggest that a multivariate approach should replace traditional single-

variable time series analysis in the interpretation of ecosystem responses to precipitation 

pulses, but rather that it offers a complementary succinct illustration of system-level 

dynamics through time. The objectives of this research were to describe the influence of 

soil physical characteristics and warm-season bunchgrass species on ecosystem 

functional resilience and resistance in response to experimentally simulated pulses of 

precipitation and to document the potential for alternative functional states in response to 

soil wetting and subsequent drying, by examining whether the response of the simulated 

grassland system is hysteretic or not. 

Methods and Analysis  

 Physiological and ecosystem-scale functional variables were measured during 

June 2002 and again during June 2003 on plots within the Santa Rita Experimental Range 

(SRER) rainfall manipulation experiment (N 31.78°, W 110.88°; English et al. 2003) 

prior to and following a 39-mm irrigation pulse.  Huxman et al. (2004b) provide detailed 

descriptions of the site, the experimental design and data collection and single-variable 

time series analyses associated with the June 2002 irrigation pulse.  Vegetation within 

these randomized 1.5 m x 1.8 m plots consisted of monotypic stands of either a native 

(Heteropogon contortus L.) or a nonnative (Eragrostis Lehmaniana Nees) warm-season 

bunchgrass.  These plots were planted in July of 2001 with seedling densities (18.6 plants 

m-2) typical of that observed in natural stands on the SRER.  Each species treatment was 

replicated three times on two different soils for a total of 12 plots.  Soils were a loamy-

sand developed on a Holocene alluvium and a clay developed on a Pleistocene surface.  



 45

The clay was characterized by a well-developed argillic horizon approximately 30 cm 

below the soil surface (McAuliffe 1995).  From the inception of the experiment in July 

2001, all treatments received identical irrigation regimes that mimicked long-term (1970-

2000) rainfall patterns in nearby (~ 15 km) Green Valley, Arizona.  Prior to the 2002 and 

2003 irrigation pulses, treatments did not receive any irrigation for 90 days, a condition 

simulating the foresummer drought experienced in this region. 

Field Methods 

We monitored leaf level photosynthetic gas exchange with a portable 

photosynthesis system (LI-6400, Li-Cor Inc., Lincoln, NE) targeting ambient 

environmental conditions at mid-morning on recent, fully expanded leaves prior to, and 

1, 3, 7 and 15 days following irrigation. Soil CO2 efflux throughout the experiment in 

each of the treatment plots was measured using a LI-6400 analyzer and soil chamber 

(model 6400-09) on two collars per plot that were averaged prior to analysis.  We 

measured the time course of whole-plot CO2 and H2O exchange using a static chamber 

placed and sealed upon the plots with an open-path infrared gas exchange analyzer (LI-

7500, Li-Cor Inc., Lincoln, NE) located inside  (see Arnone and Obrist 2003; Huxman et 

al., 2004b).  A laptop computer recorded the transient changes in chamber water vapour 

and CO2 concentrations. Whole plot measurements took approximately 90 seconds, over 

which time water vapour and CO2 concentration changes had no significant effects on 

plant transpiration or canopy photosynthesis (Huxman et al. 2004b).  The material used 

for chamber construction allows 92% of photosynthetically active radiation to pass into 

the plots, while allowing IR radiation to escape the chambers. Canopy temperature during 
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an average measurement period increased by less than 0.2°C.  Data for net and gross 

ecosystem CO2 exchange (NEE and GEE respectively) and evapotranspiration were 

analyzed according to Huxman et al. (2004b), and diurnal values were calculated using 

the spline-fit and integration function in SigmaPlot v7.0 (SPSS Inc. Chicago, IL, USA).  

Statistical Analysis 

Data for response variables were assessed for normality and, if necessary, a log 

transformation was performed.  Using PC-ORD (Ver. 4.25, McCune and Mefford 1999), 

we constructed a matrix of plot by response variables.  Ordinations of the treatments were 

produced using principal components analysis (PCA) on the correlation coefficients of 

the cross products matrix.  To characterize the influence of soil physical characteristics 

on ecosystem functional response, species treatments on both soils were ordinated 

together.  To quantify the magnitude of ecosystem response to perturbation, we used the 

distance matrix generated by PC-ORD to determine standardized, normalized Euclidean 

distances between plots.  Statistical analyses of Euclidean distances were conducted to 

detect the influence of time, species and soil, along with their interactions, using a split-

plot, repeated measures ANOVA design, followed by pairwise post-hoc testing for 

individual time and treatment combinations (JMP-IN Statistical Discovery Software Ver. 

4.0, SAS Institute, Cary, NC, USA). 

Results 

PCA revealed that treatments followed similar trajectories through multivariate 

space following the pulse during both 2002 and 2003 (Fig. 1 and 2).  In both ordinations, 

the first two principal component axes contained more information than would be 
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expected by chance alone (Johnson’s broken stick estimate, McCune and Grace 2002).  

In the case of the 2002 pulse experiment, the first two ordinal axes combined to explain 

80.7 % of the variation observed across treatments (axis 1 = 43.3 %, axis 2 = 37.4 %).    

Maximum evapotranspiration correlated most strongly with principal components axis 1 

and daily NEE correlated most strongly with principal components axis 2 (see Table 1).  

In the case of the 2003 pulse experiment, the first two ordinal axes again combined to 

explain 80.7 % of the variation observed across treatments (axis 1 = 48.7 %, axis 2 = 31.9 

%).  Again maximum evapotranspiration correlated strongly with principal components 

axis 1 and daily NEE correlated most strongly with principal components axis 2 (see 

Table 1). 

Ordinations from the two years closely resembled one another, with treatments 

from the same measurement period clustering together in the ordination to reflect similar 

suites of state variable values.  Prior to watering, experimental treatments aligned with 

the first ordinal axis, their relative position illustrating the influence of soil type on water 

available to plants for transpiration.  Following the pulse, plot shifts reflected a dramatic 

change in soil water potential and an increase in NEE. 

 By the third day following irrigation, the multivariate trajectory of plots shifted 

again correlating with an increasing contribution of photosynthesis to ecosystem carbon 

balance (see Huxman et al. 2004b).  Between day 3 and day 7 the treatments moved only 

slightly in multivariate space indicating a period of relatively stable activity in both the 

above- and belowground components of the ecosystem.  However, by day 15 the 



 48

treatments had nearly returned to their initial positions in multivariate space prior to 

watering. 

 To quantify the interaction between species and time on each soil surface we 

compared standardized, normalized Euclidean distances between points in time for 

different treatments during both years.  During 2002, there was an interactive effect 

between species and time on the clay surface (split-plot, repeated measures ANOVA F = 

12.39, df = 3,6 p < 0.005) that was not observed on the loamy-sand surface (F = 1.43, df 

= 3,6 p = 0.32).  During 2003, the interaction between species and time was similar on 

the two geomorphic surfaces although less distinct on the clay soil, (split-plot, repeated 

measures ANOVA F = 3.28, df = 3,6 p = 0.1).  Post-hoc t-tests revealed clear species 

differences in Euclidean distances between species treatments immediately following the 

2002 and 2003 pulses on the clay soil (Student’s t-test, t = 4.38, df = 4, p = 0.012 and t = 

4.01, df = 4, p = 0.016) (Fig. 3 a and b).  During both years, plots planted with the 

nonnative bunchgrass on the clay soil surface moved farther in multivariate space 

indicating decreased ecosystem functional resistance to perturbation compared to the 

native grass plots.   

During both years, we observed differences between species in the cumulative 

Euclidean distance traveled on both soils for the first four days following the 

precipitation pulse (Fig. 3 c and d).  During 2002, species differences in the cumulative 

distance traveled through state space disappear by day 8 on the clay soil indicating an 

interaction between soil type and species during the period of peak ecosystem activity 

following soil wetting.  For up to a week following the precipitation pulse, nonnative E. 
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Lehmaniana treatments moved farther through multivariate space than those planted with 

the native H. contortus on the loamy-sand soil.  On the clay soil species-mediated 

differences persisted for only up to 4 days following the precipitation pulse.  During 

2003, soil-mediated differences in cumulative Euclidean difference were again apparent.  

However, during 2003, plots of the native H. contortus on the clay soil moved 

substantially less through multivariate space than those planted on the loamy-sand.  No 

such differences were observed in plots of the nonnative E. Lehmaniana during 2003, 

suggesting the emergence of a species by soil-type interaction with regards to whole-

system response to a precipitation pulse.  

To illustrate the non-linearity of ecosystem response to the precipitation pulse and 

to quantify the return of the treatments to the pre-pulse reference state, we examined the 

distance from each treatment’s initial position to positions throughout the measurement 

period (e.g., Euclidian distance from the origin to day 7, not cumulative distance from the 

origin to day 7) during both years.  Species treatments on the loamy-sand soil, despite 

differences in absolute magnitude, responded similarly through time to pulses during 

2002 and 2003 in this analysis (split-plot, repeated measures ANOVA F = 0.56, df = 3,6 

p = 0.66 and F = 2.96, df = 3,6 p = 0.11, respectively; see Fig. 3 e and f); each species 

treatment possessing a second peak around day 7, coincident with positioning in the third 

quadrant of the ordination (Fig. 1).  However, species treatments on the clay soil showed 

a different pattern from one another during both 2002 and 2003 (split-plot, repeated 

measures ANOVA F = 5.94, df = 3,6 p = 0.031 and F = 8.88, df = 3,6 p = 0.012 

respectively). During 2002, H. contortus treatments on the clay soil exhibited a second 
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peak in Euclidean distance from its initial position around day 7 similar to the pattern of 

both species on the loamy-sand soil.  In contrast, E. Lehmaniana on the clay soil did not 

exhibit a second peak, instead illustrating a steady return to its pre-pulse position in 

multivariate space following the pulse (Fig. 3e).  During 2003, E. Lehmaniana treatments 

on both soil surfaces followed a similar pattern, which peaked on the first day after 

irrigation and declined steadily there after. During 2003, differences among native H. 

contortus plots appear to drive the species x time observed interaction.  A pronounced 

day 7 peak was not observed in plots of H. contortus on the clay soil whose flattened 

response more closely resembled that of plots of E. Lehmaniana.  We predicted that 

proximity to the pre-pulse reference state on day 15 would reveal clear treatment-

mediated differences in ecosystem functional resilience.  However, there was no evidence 

for such treatment effects during either year. 

To further quantify the non-linearity of treatment trajectories in response to soil 

wetting and drying we calculated the trajectory change of plots between day 1 and day 3 

following the pulse during 2002 and 2003. A linear trajectory through multivariate space 

in response to soil wetting and subsequent drying would predict a 180-degree trajectory 

shift after day 1.  Instead, the confidence intervals of the mean trajectory change after day 

1 did not include 180 degrees during either 2002 or 2003 (140.7º ± 20.8, N = 12; 135.7º ± 

21.2, N = 12 respectively), indicating that whole-system response to initial soil drying 

(day 1 to day 3) includes processes not affected by initial soil wetting.  There is no 

evidence to suggest that this trajectory change after day 1 is affected by geomorphic 

surface or bunchgrass species (data not shown). 
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Discussion  

Multivariate trajectories of ecosystem functional response variables quantify how 

the non-linear temporal responses of belowground microbial-mediated soil respiration 

and aboveground plant-mediated photosynthesis interact to govern ecosystem responses 

to soil moisture availability. The triangular trajectory of ecosystem functional response to 

soil wetting and subsequent drying was similar for all species and soil type combinations 

in multivariate space.  However, species composition influenced the magnitude of the 

multivariate response as measured by Euclidean distances.  Whole-ecosystem differences 

between species treatments reflect documented species-specific behaviour of respiratory 

and photosynthetic processes following soil wetting during this experiment (Huxman et 

al. 2004b).  Across treatments, during both the 2002 and 2003 pulse experiments, 

ecosystem respiration and evapotranspiration peaked on the first day following irrigation 

while gross ecosystem exchange and stomatal conductance peaked on the seventh day 

following irrigation. 

The non-linear trajectory of treatments in multivariate space in response to soil 

wetting and subsequent drying can be described as possessing hysteresis—one 

characteristic of complex systems possessing multiple, interacting sub-systems (e.g. 

Scheffer et al. 2001).  In micrometeorological settings (Gilmanov et al. 2003), leaf 

physiological studies (e.g. Tuzet et al. 2003) and stream nutrient-transport (Hatch et al. 

1999), hysteresis has been demonstrated on diurnal time scales.  Hysteresis has been 

documented in forest-floor CO2 efflux (Drewitt et al. 2002) at annual scales and in 

community composition shifts in response to climate and disturbance at decadal scales 
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(e.g. Westoby et al. 1989; Sternberg 2001). Identifying ecosystem hysteresis and 

quantifying state variable trajectories will provide a way to assess and describe 

fluctuations in ecosystem function associated with variation in resource availability. In 

this case, hysteresis suggests the potential not for alternative community assemblages but 

instead the potential for alternative functional states in ecosystems.  Extending the 

concept of multivariate dynamics of whole-ecosystems may allow for a more critical 

evaluation of the controls over biosphere/atmosphere carbon and water exchanges, 

especially in arid and semi-arid regions. 

Our analysis of ecosystem response to a precipitation event was sensitive to 

differences in bunchgrass species—given the same perturbation (rainfall pulse), the initial 

response of the nonnative bunchgrass plots was to move farther in multivariate space than 

the native bunchgrass systems on the clay soil (Fig. 3 a and b).  Greater functional 

response in the E. Lehmaniana plots following soil wetting could be the result of 

differences in canopy architecture and litter abundance within the plots.  E. Lehmaniana 

canopies are less dense than those of H. contortus, and tend to have less plant litter that is 

dispersed in a more heterogeneous fashion, thereby allowing greater incoming radiation 

on the soil surface (Weltzin, unpublished data).  This study considered leaf-level and 

whole-canopy measures as state variables for analysis. At the scale of the individual 

plant, it is reasonable to suggest that structural, fine-root and leaf area adjustments during 

periods of episodic resource availability also contributed to ecosystem response. Future 

studies should investigate the specific mechanisms by which plant species, functional 
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types and soils affect the initial response of ecosystem processes to episodic resource 

availability.  

Persistent water limitation during periods of otherwise favourable metabolic 

conditions maintains a reference state of minimal biological activity in the semi-arid 

grassland of southern Arizona.  With a large standing-crop biomass compared to soil 

microbial biomass, and access to deep pools of soil moisture, plants are responsible for 

low levels of ecosystem carbon and water exchange during extended dry periods.  

Immediately following a precipitation pulse, a new state, characterized by soil surface 

evaporation, the up-regulation of microbial metabolism and the physical displacement of 

soil CO2 by infiltrating water, replaces the reference state (see Huxman et al. 2004b).  

Ecosystem response between day 1 and day 3, points in time where CO2 efflux from soils 

and evaporation were dominant factors in ecosystem response, reflect this first alternative 

functional state.  Day 7, a period characterized by high rates of biological activity in both 

the above- and belowground components reflects the relative abundance of water to both 

plants and microbes.  This period, illustrated by the second peak in Euclidean distances 

from the origin in 3 of the 4 species/soil treatments during 2002 (Fig. 3e) and in native 

bunchgrass treatments during 2003 (Fig. 3f) can be considered to be an alternative 

functional state in this ecosystem.  Following this period of mutually accessible water, 

the relative influence of plants in shaping ecosystem response grows, while the absolute 

magnitude of carbon and water exchange declines in response to increasing scarcity of 

soil water.  By the last measurement period at day 15, the treatments are approaching 

their respective origins and a state of minimal biological activity (Fig. 2e and 2f). 
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Predicting pathways of energy and nutrient cycling has long been an objective of 

comparative ecosystem ecology (Lindeman 1942; Odum 1969; Noy-Meir 1973; see also 

Golley 1993).  As an extension of the pulse-reserve model of production in water-limited 

ecosystems (Noy-Meir 1973; Reynolds et al. 2004), the concept of alternative ecosystem 

functional states acknowledges both the role of plant production and the dynamic 

contribution of soil heterotrophs to ecosystem carbon balance in response to precipitation 

pulses.  Comparing alternative functional states (e.g. those in which fluxes are dominated 

by plant vs. microbial and abiotic mediated processes) in various pulse-driven ecosystems 

could yield novel insights into the complexities and relative influence of biotic (e.g. 

phenological differences amongst species or rooting depth differences amongst functional 

types) and abiotic (e.g. soil texture and horizontal zonation) controls over canopy-scale 

ecosystem processes.  By revealing the complex time course of plant, microbial and soil 

influences over ecosystem response to episodic resource availability, current predictive 

models of carbon and water exchange might be improved. 

D’Odorico and Porporato (2004) described a bimodal system of soil moisture 

“preferred states” potentially related to positive feedbacks on drought persistence in a 

temperate grassland system.  Similarly, McLaren et al. (2004) experimentally observed 

dynamic seasonal patterns of biotic and abiotic controls over soil moisture heterogeneity 

associated with soil moisture abundance (i.e. moisture pulses) in a Northern Great Plains 

setting.  Using the perspective of alternative functional states, the dynamic controls of 

plants and soil microbes on canopy-scale carbon and water exchange in response to 

precipitation pulses of different frequencies and magnitudes might be characterized.  This 
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experiment focused on the impact of a large precipitation pulse that resulted in the 

expression of two distinct, alternative functional states in addition to the pre-pulse state of 

minimal biological activity.  A smaller precipitation pulse may only shallowly infiltrate 

the soil and persist as biologically available for a few days—enough time for the first 

alternative functional state (physical displacement of CO2, microbial metabolism and 

surface evaporation) to briefly dominate ecosystem carbon and water fluxes but 

precluding a second alternative functional state (the balance of microbial respiration and 

plant photosynthesis) from coming to dominate ecosystem response.  Quantification of 

the seasonal frequency and duration of alternative functional states in a pulse-driven 

ecosystem could reveal intra- and inter-annual variation in influences of plant- and 

microbial-mediation of ecosystem processes in response to episodic resource availability 

and link short-term fluctuations in ecosystem function with more classical metrics of 

community assessment.   
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Figure Legends 

Figure 1.  Principal components analysis of state-variables collected during June 2002 

following a 39-mm irrigation event.  Ordination with the first two principal component 

axes illustrates clustering according to time since irrigation, soil type and grass species.  

In the upper panel, plots on the loamy-sand soil are emphasized; clay plots are illustrated 

with (∗). In the lower panel, plots on the clay soil are emphasized; loamy-sand plots are 

illustrated with (∗).  Open symbols represent native H. contortus; closed symbols 

represent nonnative E. Lehmaniana.  Arrows are included as an interpretive aid 

describing differences in time.  Dashed arrows represent the trajectory of native H. 

contortus; solid arrows represent nonnative E. Lehmaniana.  PCA 1 most strongly 

correlates with maximum evapotranspiration rates (eigenvector = 0.401).  PCA 2 most 

strongly correlates with daily net ecosystem exchange (eigenvector = 0.549). 

 

Figure 2.  Principal components analysis of state-variables collected during June 2003.  

Symbols as in figure 1:  PCA 1 most strongly correlates with maximum 

evapotranspiration rates (eigenvector = 0.47).  PCA 2 most strongly correlates with 

maximum daily net ecosystem exchange (eigenvector = 0.56). 

 

Figure 3.  Several measures of distances traveled through multivariate space by 

species/soil treatments following a 39-mm irrigation event during June 2002 and 2003.  

Panels on the left illustrate 2002 data; those on the right illustrate 2003 data.  Upper 

panels illustrate Euclidean distances between successive points in time (e.g. the distance 
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between day 3 and day 7).  Middle panels describe the cumulative Euclidean distance 

traveled at each point in time (e.g. day 7 values reflect the total Euclidean distance 

traveled since irrigation).  Bottom panels describe the distance from the origin at each 

point in time for each soil/species treatment (e.g. Euclidian distance from the origin to 

day 7, not cumulative distance from the origin to day 7).  Circles represent native H. 

contortus; triangles represent nonnative E. Lehmaniana.  Open symbols represent 

experimental plots on the clay soils; closed symbols represent those on the loamy-sand 

soils. 
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Figure 2 
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Figure 3 
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APPENDIX B: 

 
ANTECENDENT MOISTURE AND SEASONAL PRECIPITATION INFLUENCE 

RESPONSE OF CANOPY-SCALE CARBON AND WATER EXCHANGE TO 
RAINFALL PULSES IN A SEMI-ARID GRASSLAND 

 
D.L. Potts, T.E. Huxman, J.M. Cable, N.B. English, D.D. Ignace, J.A. Eilts, M.J. Mason, 
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ABSTRACT 
 

• The influences of prior growing-season drought (PGSD) and the seasonal timing 

of episodic rainfall (“pulses”) on the dynamics of carbon and water exchange in 

water-limited ecosystems are unknown. 

• We estimated net ecosystem exchange of CO2 (NEE) and evapotranspiration of 

H2O (ET) prior to and for 15 days following experimental irrigation during June 

and August 2003.  Rainout shelters near Tucson, Arizona were positioned on 

contrasting soils (clay and sand) and planted with native (Heteropogon contortus) 

or non-native invasive (Eragrostis  lehmanniana) C4 bunchgrasses.  Plots 

received increased (“wet”) or decreased (“dry”) monsoon-season (July-

September) rainfall during 2002 and 2003.  

• Following a June 2003 39-mm pulse, species treatments had similar NEE and ET 

dynamics including estimates of 15-day integrated NEE (NEEpulse).  Contrary to 

predictions, PGSD increased NEEpulse during June in plots of both species. Flux 

rates in response to a 39-mm August 2003 pulse reflected biotic activity 

associated with the North American Monsoon.  Furthermore August NEEpulse and 

ecosystem pulse use efficiency (PUEe = NEEpulse / ETpulse) was greatest in 

Heteropogon plots. 

• PGSD and rainfall seasonal timing may interact with bunchgrass invasions to alter 

NEE and ET dynamics with consequences for PUEe in water-limited ecosystems.
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INTRODUCTION 
 

In arid and semi-arid ecosystems, annual net primary production typically 

correlates with total annual precipitation (Gutierrez & Whitford, 1987; Huxman et al., 

2004c).  However, precipitation in arid-land ecosystems occurs in discrete, episodic 

events separated by periods of low water availability (Noy-Meir, 1973).  This suggests 

that biophysical investigations of production processes should focus on the mechanistic 

effects of these discrete precipitation events (pulses) (Weltzin & Tissue, 2002).  The 

temporally and spatially variable nature of precipitation and resource pulses coupled with 

the non-linear responses of biota constrains ecosystem processes such as net primary 

productivity (BassiriRad et al., 1999; Knapp et al., 2001; Knapp et al., 2002; Schwinning 

& Ehleringer, 2001; Weltzin et al., 2003; Huxman et al., 2004c). 

Net ecosystem exchange of CO2 (NEE) and evapotranspiration (ET) of water are 

fundamental ecosystem variables that are composites of above- and belowground 

biophysical activity.  Representing the balance of ecosystem photosynthesis and 

respiration, NEE integrates carbon metabolism of all biota.  Similarly, ET encompasses 

the evaporative loss of water from plant stomata, intercepted water in the canopy and 

water from the soil surface.  Plants and soil heterotrophs may differ in their metabolic 

responses to a precipitation pulse.  Variations in phenology and morphology (Reynolds et 

al., 2004) as well as growth responses (Snyder et al., 2004) are possible means by which 

plants may vary in response to precipitation pulses. Temperature, soil nutrient 

requirements and wetting / drying cycles may constrain the responses of soil heterotrophs 

to precipitation pulses (Austin et al., 2004; Saetre & Stark, 2005).  Interactions between 
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autotrophic and heterotrophic communities may further affect responses through changes 

in soil nitrogen and organic matter and the production and utilization of root exudates. 

Understanding the responses of semi-arid grasslands to episodic precipitation is 

important because they cover a large area of North America, provide valuable goods and 

services and have the potential to sequester atmospheric carbon in their soils (Knapp et 

al., 1998).  In southern Arizona, semi-arid grasslands are undergoing widespread 

vegetation transitions in the form of mesquite (Prosopis velutina Woot.) encroachment 

and invasions by several non-native bunchgrass species, including Lehman lovegrass 

(Eragrostis lehmanniana Nees) (McPherson, 1997).  How such vegetation changes may 

interact with precipitation variability to affect fluxes of semi-arid ecosystem carbon and 

water is not well understood (Huxman et al., 2005).  Through changes in leaf area and 

stomatal behavior, bunchgrasses may directly influence transpiration of water.  Indirectly, 

plant architecture and litter depth may influence soil evaporative losses by altering soil 

surface microclimate and interception losses by changes in canopy display and litter 

deposition (Dunkerley, 2000).  Furthermore, lag effects in productivity associated with 

prior growing-season climate additionally may constrain grasslands’ abilities to respond 

to precipitation pulses (Knapp & Smith 2001). 

Our primary research objective was to assess the interactive effects of prior 

growing season drought, bunchgrass species and soil physical characteristics on the 

response of semi-arid ecosystems to episodic rainfall events.  To address this objective, 

we tracked soil moisture storage and ecosystem carbon and water fluxes prior to and for 

fifteen days following simulated precipitation pulses in a semi-arid grassland ecosystem.  
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Our experimental design included plots of native and non-native bunchgrass species 

planted in monoculture on both coarse- and fine-textured soils in a rainfall manipulation 

experiment (see Huxman et al., 2004a; English et al., 2005; Potts et al., in press).  We 

predicted that a prior growing season drought, induced by a 50% reduction in monsoon-

season precipitation, would limit photosynthetic responses to the first large growing-

season precipitation pulse of subsequent seasons.  Furthermore, we predicted that the 

non-native bunchgrass Eragrostis would respond more rapidly to rainfall events 

(Huxman et al., 2004a) than the native bunchgrass, Heteropogon, because it maintains an 

active canopy throughout extended dry periods and has a shallower active rooting depth 

than the native bunchgrass.  Thus, the non-native grass would be better poised than the 

native to translate an early growing-season precipitation pulse into assimilated carbon at 

the ecosystem scale regardless of monsoon-season precipitation regime. 

The seasonal timing of pulses may be as important as their magnitude in 

controlling ecosystem fluxes of carbon and water (Weltzin & Tissue, 2002; Schwinning 

et al., 2004).  For example, high evaporative demand coupled with limited plant canopy 

development during the early growing season could constrain transpiration and CO2 

assimilation. Thus, our secondary research objective was to assess how the seasonal 

timing of pulses may interact with prior growing-season precipitation regime, bunchgrass 

species and soil physical characteristics to affect the temporal dynamics of soil moisture 

storage and ecosystem carbon and water fluxes.  We predicted that during the early 

growing season, a period of warm temperatures and very dry conditions, pulses of 

precipitation would result in large soil heterotroph-mediated CO2 efflux followed only by 
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brief periods of plant-mediated photosynthetic activity.  Mid-growing-season 

precipitation pulses, when rain is preceded by moist soil conditions, coupled with fully 

developed plant canopies and above- and belowground metabolic conditioning, should 

enhance the proportional activity of canopy photosynthesis and result in higher net CO2 

uptake at the ecosystem level than early growing-season pulses.  

 

MATERIALS AND METHODS 

Experimental Design 

This experiment was conducted at the Santa Rita Experimental Range rainfall 

manipulation experiment site (Huxman et al., 2004a; English et al., 2005; Potts et al., in 

press; N 31.78°, W 110.88°).  Briefly, rainfall exclusion shelters were constructed at 

approximately 1,100 m elevation on a gentle (2%) slope on two adjacent geomorphic 

surfaces.  Three large shelters were each located on a coarse-textured, loamy-sand soil 

developed on a Holocene-aged alluvium (“sand”) and a clay soil developed on a 

Pleistocene-aged surface.  The fine-textured, clay-rich Pleistocene soil (“clay”) was 

characterized by a well-developed argillic horizon approximately 30 cm below the soil 

surface (McAuliffe, 1995).   

Four plots measuring 1.5 m x 1.8 m were positioned under each of the 3 rainout 

shelters at each site.  To isolate plots from horizontal transfer of subsurface soil water and 

to facilitate installation of time-domain reflectromety probes (Risler et al., 1996), we 

excavated 75-cm-deep trenches around each plot.  Trench faces were lined with 4 mil 

polyvinyl chloride film secured to a wood frame before being backfilled.  In addition to 
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securing the lining plastic, the wood frame delineated the plots clearly and prevented 

overland flow.  English et al. (2005) provide a complete description of site 

characteristics, rainout shelter design and construction and microclimate effects. 

Plots in each shelter block were randomly assigned a planting treatment with a 

native (Heteropogon contortus L.) monsoon-season bunchgrass or a non-native 

(Eragrostis) monsoon-season bunchgrass. Experimental plots were planted in 

monoculture with greenhouse-grown seedlings during June and July of 2001 with 

seedling densities typical of that observed in natural stands of these species on the SRER 

(21 plants m-2).   

From July 2001 until June of 2002, treatments received identical irrigation 

regimes that simulated long-term (1970-2000) rainfall patterns in nearby (~ 15 km) 

Tumacacori, Arizona.  Beginning in July 2002 and continuing through September 2002 

(hereafter referred to as “monsoon-season”), plots received either a 50% increase in 

individual precipitation event magnitude (wet treatment) or a 50% decrease in 

precipitation event magnitude (dry treatment; Figure 1).  During the period October 2002 

through June 2003, plots again received identical precipitation regimes that mimicked the 

long-term rainfall pattern.  During July 2003-September 2003, differential summer 

precipitation regimes were again applied to wet and dry treatments.  Annual rainfall in 

wet treatment plots was equivalent to 569 mm, whereas dry plots received 356 mm.  At 

both sites, three rainout shelters each contained plots of two bunchgrass species grown 

under wet and dry monsoon-season precipitation regime (24 plots total).  
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A prolonged early summer dry period and the onset of early July rainfall are two 

climatic features consistent with the North American Monsoon, the dominant monsoon-

season climate pattern of southern Arizona.  We focused intensive sampling on a period 

in mid-June 2003, when we applied a 39-mm watering to all plots after nearly 90 days 

without simulated precipitation (Fig. 1).  Plots were not irrigated again for 21 days, when 

differential monsoon-season watering was initiated.   

During a second intensive field campaign in August 2003, near the midpoint of 

the North American Monsoon, we made ecosystem measurements prior to and following 

pulses of differential magnitude (Fig. 1).  Wet treatments were given another 39-mm 

irrigation pulse and dry treatments received a 12-mm irrigation pulse.  

 

Field measurements 

 We measured midday soil water content and diurnal time-course measurements 

(0, 0800, 1200, and 1600 hours) of ecosystem gas exchange for each plot 1 day before, 

and 1, 3, 7 and 15 days after experimental irrigation during each field campaign.   

We measured changes in volumetric soil water content (θ) with TDR probes 

inserted at 15, 35 and 55 cm depth.  We integrated measurements of θ to estimate soil 

profile moisture storage (S) to 75 cm depth using a geometric integration.  This 

integration assumed θ changed linearly between probes with increasing depth, that the 

soil surface (defined as 0 cm depth) had a constant θ equal to 0 and that θ75cm equaled 

θ55cm.  Finally, this method yielded appropriate units (mm) of moisture storage within 

each plot’s soil profile. 
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We measured the time course of whole-plot CO2 and H2O exchange using a 

closed static chamber (1.5 m wide, 1.5 m tall, 1.8 m long) seated over each plot with an 

open-path infrared gas exchange analyzer (LI-7500, Li-Cor Inc., Lincoln, NE) fitted 

inside (Arnone & Obrist, 2003; Huxman et al., 2004a).  The infrared gas exchange 

analyzer was mounted on a tripod fit with two, 15-cm-diameter electric fans to promote 

atmospheric mixing within the chamber.  The chamber consisted of a 3.2-cm-diameter 

PVC pipe frame covered by a tightly sewn polyethylene sheet (Shelter Systems, Santa 

Cruz, CA) and was designed to fit around the wood frame surrounding each plot.  The 

material used for chamber construction allowed 92% of photosynthetically active 

radiation to pass into the plots, while allowing IR radiation to escape the chambers. 

The chamber’s seal was imperfect and small leaks were unavoidable because of 

irregularities in the soil surface.  Soil-atmosphere pressure gradients may develop in the 

enclosed atmosphere of static chambers and reduce trace gas fluxes, particularly soil 

respiration of CO2 (Saleska et al., 1999; Bremer & Ham, 2005).  An imperfect chamber 

seal, such as that associated with the use of the steel chain, may act to counter the 

development of pressure gradients by allowing the chamber to remain in equilibrium with 

the atmosphere.  Each type of chamber design has strengths and weaknesses (Davidson et 

al., 2002; Pumpanen et al., 2004).  Our chamber was designed to emphasize ruggedness, 

portability, and simplicity in order to rapidly collect flux data under difficult field 

conditions and to effectively capture relative differences in flux between treatments 

within the context of a randomized and replicated experimental design. 
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After the chamber was seated, 20 seconds elapsed during which the chamber 

atmosphere was thoroughly mixed by the tripod-mounted fans before any concentration 

data were collected.  Carbon dioxide and water vapor concentrations were allowed to 

build up or decline while a computer recorded the transient changes in the chamber 

atmosphere. Consistently linear changes in trace gas concentrations during the 90 second 

measurement period indicate that changes in concentrations of water vapor (upper limit 

of range above ambient of 1.0 mmol mol−1) or CO2 (upper limit of range above or below 

ambient of 15 µmol mol−1) were insufficient to significantly alter plant stomatal 

conductance, canopy photosynthesis or soil CO2 efflux (Huxman et al., 2004a).  Canopy 

temperature during an average measurement period increased less than 0.2°C (Huxman et 

al., 2004a). 

In addition to reporting values of instantaneous midday maximum net ecosystem 

exchange of CO2 (NEEmax), we also reported instantaneous nighttime measurements of 

NEE as an estimate of ecosystem respiration (Re).  We calculated diurnal values of NEE 

(NEEdiurnal) and ET (ETdiurnal) for each plot using the spline-fit and integration function in 

SigmaPlot v7.0 (SPSS Inc. Chicago, IL, USA) to estimate total carbon and water 

exchange during the 15-day observation period in response to the precipitation pulses 

(NEEpulse and ETpulse, respectively).  In addition we calculated ecosystem pulse use 

efficiency (PUEe), as: 
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PUEe = NEEpulse (mmoles CO2 m-2) / ETpulse (moles H2O m-2) 

 

Statistical Analyses 

A five-factor split-plot repeated measures ANOVA (SPSS 7.5.1. Chicago, IL) was 

used to test for the significance of soil type (main plot treatment), precipitation regime 

and bunchgrass species (sub plot treatments) and time following the pulse and their 

interactions for each sample period for nighttime ecosystem carbon efflux (Re), 

maximum daylight instantaneous NEE (NEEmax), maximum daylight instantaneous ET 

(ETmax) and soil moisture storage (S).  The differential effects of 39-mm precipitation 

pulses during June and August on ecosystem responses were quantified among wet 

treatments using a similar ANOVA framework with season substituting for precipitation 

regime. To quantify differences in NEEpulse and ETpulse, a three-factor ANOVA was used 

to test for the effects and interactions of precipitation regime, soil type and bunchgrass 

species during each field campaign.  To examine differences between June and August 

39-mm pulses on NEEpulse and ETpulse, a three-factor ANOVA was used to test for the 

effects and interactions of season, soil type and bunchgrass species. 

 

RESULTS 

Soil moisture storage 

 Throughout the June measurement period, soil moisture storage (S) was 

consistently higher in clay plots than in the sand plots (Table 1, soil; Figure 2).  The 

immediate effect of the June pulse on S was most dramatic in plots on the clay soil and 



 79

was followed by a decline in S throughout the remaining measurement periods (Fig. 2, 

left panels).  Fifteen days following the June pulse, soil moisture storage returned to pre-

pulse conditions.   

During August, wet treatments had greater initial S than dry treatments (Fig. 2, 

right panels). The 12-mm pulse applied to dry treatments during August had little effect 

on S while the response of S to the larger, 39-mm pulse in wet treatments was to rapidly 

increase and then decline during the 15-day measurement period (Table 2, precipitation x 

days).  Similar to the pattern observed in June, among all species and soil treatments, S 

returned to pre-pulse values within fifteen days.  Among wet treatments, high initial 

values of S during August contributed to season differences in S associated with early- 

and monsoon-season 39-mm pulses (Table 3, season).  Higher initial values of S during 

August reflect precipitation inputs in the days before the August field campaign.   

 

Evapotranspiration 

We observed an immediate increase in maximum daylight instantaneous ET 

(ETmax) following the June pulse in all of the treatments (Figure 3).  A peak in ETmax was 

followed by a gradual decline in plots of the Heteropogon and a rapid decline in plots of 

Eragrostis (Table 1, species x days). Furthermore, the immediate response of ETmax was 

greater in plots of Eragrostis than in those of Heteropogon (post-hoc Student’s t-test, t = 

5.28, df = 22, p < 0.001).   

Prior monsoon-season precipitation regime did not influence ETmax in response to 

the June pulse.  However, during August, wet plots had higher values of ETmax both prior 
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to and following the precipitation pulses (Table 2, precipitation).  Among wet treatments, 

ETmax was greater in August than in June (Table 3, season).   

 

Net Ecosystem Exchange 

Prior to the June pulse, all plots had slightly negative NEEmax indicating a low 

level of carbon assimilation by the ecosystem (Figure 4).  Immediately following the 

pulse, NEEmax values became less negative, consistent with rapid up-regulation of soil 

heterotrophs and the physical displacement of soil CO2 by infiltrating water (Huxman et 

al. 2004a).  Three days following experimental irrigation, NEEmax was more negative in 

Eragrostis plots than Heteropogon plots, suggesting either a greater decline in respiration 

or a greater increase in the contribution of photosynthesis to daytime carbon flux (Table 

1, species x days). 

During August, wet treatments had greater NEEmax than dry treatments reflecting 

a combination of differential pulse magnitude during August (39 mm versus 12 mm) and 

the effects of differential watering throughout the current and previous monsoon-seasons 

(Table 2, precipitation).  Among wet treatments, NEEmax was greater in response to the 

August 39-mm pulse than the June 39-mm pulse (Table 3, season). 

 

Nighttime carbon efflux 

 Prior to the June pulse, Re values reflected low levels of metabolic activity 

consistent with a biotic community undergoing severe water limitation (Figure 5).  
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Among all treatments during June, Re peaked immediately after the pulse and declined 

steadily thereafter, returning to near pre-pulse levels 15 days after irrigation.   

Prior to the August pulses, Re was highest among wet plots and comparable to 

peak rates observed on the first day following the June pulse (Fig. 5; Table 2, 

precipitation). Among dry treatments during August, species did not influence Re. 

However, among wet treatments, Heteropogon plots had greater Re than Eragrostis plots 

(Table 3, precipitation x season; post-hoc Student’s t-test, t = 2.66, df = 56, p < 0.01). 

Among wet treatments there were overall higher rates of Re throughout the 

August observation period than during June (Table 3, season).  Furthermore, among wet 

treatments, Re increased only slightly after the August pulse before declining gradually 

throughout the remainder of the observation period (Table 3, season x days).  

 

Integrated Carbon and Water Exchange 

 During June, plots that had been subjected to prior monsoon-season drought had 

greater (indicated by larger, negative values) NEEpulse than those that had received 

increased monsoon-season  (Table 4, precipitation; Fig. 6, left panels; post-hoc Student’s 

t-test, t = 1.98, df = 22, p = 0.06).  Among Heteropogon treatments during June, NEEpulse 

values were greater in plots of clay soil than in plots of sand soil (Table 4, species x soil; 

post-hoc Student’s t-test, t = 3.08, df = 10, p = 0.01).  During August, NEEpulse was 

greater among wet plots of Heteropogon than wet plots of Eragrostis (Table 4, species x 

precipitation; post-hoc Student’s t-test, t = 2.70, df = 10, p = 0.02).  Among wet 

treatments, NEEpulse was greater during August than during June (Table 5, season). 
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June integrated evapotranspiration (ETpulse) values among Heteropogon 

treatments on the sand soil were less than any other treatment (Fig. 6, right panels; Table 

4, species x soil).  Predictably, given the differential pulse magnitudes simulated during 

August in wet and dry treatments, ETpulse was greater in wet plots (Table 4, precipitation).  

While August ETpulse did not differ among soils in wet treatments, in dry treatments, clay 

plots had greater ETpulse than sand plots (Table 4, soil x precipitation; post-hoc Student’s 

t-test, t = 2.98, df = 10, p = 0.013).   Among wet treatments, ETpulse was greater during 

August than during June in response to a precipitation pulse of the same magnitude (Fig. 

6, right panels; Table 5, season). 

Plots that had been subjected to monsoon-season drought the prior year had 

greater June PUEe than those that had received increased monsoon-season rainfall during 

the prior year (Fig. 7; Table 4, precipitation).  This relationship appears driven by 

precipitation regime contrasts on the clay soil, particularly among plots of Eragrostis 

(Fig. 7; Table 4, species x soil).  In contrast, wet treatments had greater PUEe than dry 

treatments during August (Table 4, precipitation).  Furthermore, during August, plots of 

Heteropogon had higher PUEe than those of Eragrostis (Fig. 7; Table 4, species).  

Among wet treatments, species-mediated differences were manifest during August when 

PUEe was highest in plots of Heteropogon (Fig. 7, lower panel; Table 5, species; post-hoc 

Student’s t-test, t = 2.41, df = 10, p = 0.036).  Despite a smaller August pulse, dry 

treatments had greater PUEe during August than during June (Fig.7; Table 5, season; t = 

7.95, df = 22, p < 0.0001). 
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DISCUSSION 

The role of precipitation regime 

We predicted that decreased monsoon-season precipitation would constrain an 

ecosystems’ ability to accumulate carbon in response to a large, early-growing season 

precipitation pulse.  In contrast to this prediction, decreased prior monsoon-season 

precipitation resulted in enhanced ecosystem carbon accumulation and the efficiency of 

pulse use (PUEe) in response to the June pulse.  Several interacting factors could 

contribute to this outcome: 1) decreased precipitation during the previous growing season 

limited substrate availability for soil heterotrophs in response to the June pulse (Austin et 

al., 2004); or 2) decreased precipitation during the prior growing season may have 

reduced soil nitrogen mineralization, imposing a stoichiometric limitation on ecosystem 

respiration (Austin et al., 2004).  Furthermore, persistent water limitation during the prior 

growing season could alter bunchgrass root:shoot allocation and favor abundant, shallow 

roots.  These roots would be better poised to exploit an isolated pulse event such as 

occurred during June 2003.   

The constraining effect of decreased monsoon-season precipitation and its 

differential effect on native and non-native bunchgrasses became evident during August 

when soil moisture was abundant.  These findings suggest that periods of abundant 

rainfall may be as important as those of drought in understanding the biogeochemical 

consequences of non-native grasses such as Eragrostis.  Other studies have noted that 

precipitation may mediate the influence of other global change factors in semi-arid 

ecosystems.  For example Naumberg et al. (2003) found that among perennial shrubs 
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grown under free air CO2 enrichment in the Great Basin, that CO2 fertilization enhanced 

productivity the greatest during years of abundant precipitation. 

Arid land soil heterotrophs are metabolically responsive to ephemeral soil 

moisture (Huxman et al., 2004c; Cable & Huxman, 2004).  The duration and magnitude 

of soil heterotroph metabolic response appears closely linked with the duration of shallow 

soil moisture availability that, in turn, is a function of evaporative and transpirational 

demand, not pulse magnitude.  Consistent with the theoretical predictions of Huxman et 

al. (2004c), an increase in pulse magnitude from 12 mm to 39 mm did not elicit a larger 

or longer lasting Re response during August (Table 2, precipitation x days).  Thus, shifts 

in the seasonal timing of rainfall may have a larger impact on Re than shifts in the 

distribution of precipitation event magnitude.   

 

The role of bunchgrass species and soil type 

Based on the work of Huxman et al. (2004a), we predicted that regardless of 

precipitation regime, plots of the non-native bunchgrass, Eragrostis, would accumulate 

more carbon than those of the native in response to the June pulse.  Time-course data of 

ecosystem carbon exchange parameters do not support this prediction, nor do estimates of 

15-day integrated carbon exchange (NEEpulse).  We did observe differences in the time 

course of ecosystem evapotranspiration between plots of native and non-native grasses 

during June consistent with the observation of Huxman et al. (2004a) that the open 

canopy of Eragrostis stands facilitates rapid evaporation from the soil surface (Fig. 3).  

Furthermore, our estimates of ecosystem pulse-use efficiency (PUEe) suggest the 
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potential for system-level shifts in carbon assimilation efficiency associated the seasonal 

timing of precipitation and with the replacement of native bunchgrasses by monotypic 

stands of Eragrostis (Fig. 7). 

Precipitation regime and soil texture interact to influence net primary production 

(Noy-Meir, 1973; Sala et al., 1988) and soil processes such as nitrogen mineralization 

(Austin et al., 2004).  Integrated post-pulse carbon exchange (NEEpulse), an analogy to 

NPP, was not influenced by the interaction of monsoon-season precipitation regime and 

soil type during June or August.  During June differences in NEEpulse among soil types 

favored greater C assimilation in the fine-textured clay soil in plots planted with the 

native bunchgrass. Among similar treatments of Eragrostis, no such soil-mediated 

differences were observed.  These results demonstrate, as Sala et al. (1988) noted, that 

site characteristics and species-specific traits may obscure the relationship between soil 

texture, plant productivity and precipitation. 

 

Early- versus middle-growing season pulses 

A common pattern of ecosystem gas-exchange emerged from all treatment 

combinations in response to the June pulse. Immediately after wetting, Re briefly 

increased thus reducing NEEmax.  Consistent with our prediction, this pattern is probably 

the result of rapid up-regulation of soil heterotrophic activity (Fierer & Schimel, 2003; 

Austin et al., 2004) and the physical displacement of CO2 from soil pores following 

shallow soil wetting (Jassal et al., 2005).  In response to the June pulse, variation in soil 

moisture storage and carbon and water fluxes among species, soil type and precipitation 
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regime treatments were minor compared to the variation observed for these factors in 

ecosystem fluxes following the August precipitation pulses. 

Throughout the August measurement period, treatments that received increased 

monsoon-season precipitation had higher Re and NEEmax values, indicating greater 

metabolic activity in both above- and belowground portions of the ecosystem.  The 

importance of seasonality in constraining canopy gas exchange in response to 

precipitation events is illustrated by comparisons among plots that received 39-mm 

pulses during both June and August (wet treatments).  These results suggest that biotic 

and abiotic conditions immediately prior to a precipitation pulse influence the 

responsiveness of carbon metabolism at the ecosystem scale. 

Comparisons of ecosystem pulse use efficiency (PUEe) during June and August 

highlight the strong effect that pulse seasonal timing has on the translation of pulses into 

ecosystem carbon accumulation (Fig. 7).  Lower efficiencies during June (illustrated by 

smaller negative numbers) suggest that a large fraction of the pulse evaporated quickly 

from the soil surface or was intercepted by the canopy and hence never available for plant 

transpiration. Values of ETpulse following the June pulse substantially underestimated the 

39-mm pulse (c. 2260 mole equivalent) supporting the idea that a large fraction of the 

applied water did not infiltrate the soil and was lost quickly to the atmosphere in the form 

of evaporation from canopy, litter and soil surfaces prior to our first measurements of 

instantaneous ET, several hours after the precipitation pulse was applied.  Greater 

efficiencies during August reflect high levels of photosynthesis during the peak growing 

season.  Among dry plots PUEe increased during August in spite of the fact that these 
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plots received much smaller pulses during August than during June (12 mm versus 39 

mm, respectively). 

 

Conclusions 

These experimental results have implications for the representation of rainfall 

pulses in production models of semi-arid ecosystems.  For example, this research 

demonstrates that the ability of semi-arid grassland ecosystem to translate soil moisture 

into assimilated carbon varies widely during the growing season and may be influenced 

by site characteristics such as bunchgrass species and soil type.  Furthermore, this study 

contributes to a growing body of evidence that suggests a more complete conceptual 

model of aridland pulse dynamics should incorporate the above- and belowground 

responses of ecosystem components to episodic resource availability. 
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FIGURE CAPTIONS 
 

Figure 1: Precipitation schedule for the period 2001-2003 Hatched portions of the figures 

indicate the period of differential monsoon-season watering.  June and August pulses 

described in the present study are marked with ϑ and Α respectively. 

 

Figure 2: Time course of mean ± SE soil moisture storage (S) during June and August 

2003 (left and right panels, respectively).  (Upper left) S in Eragrostis plots prior to and 

following a 39-mm pulse. (Upper right) S in Eragrostis plots prior to and following 39-

mm and 12-mm pulses in 569-mm and 356-mm annual rainfall treatments respectively. 

(Lower left)  S in Heteropogon plots prior to and following a 39-mm pulse.  (Lower 

right) S in Heteropogon plots prior to following 39-mm and 12-mm pulses in 569-mm 

and 356-mm annual rainfall treatments respectively. 

 

Figure 3: Time course of mean ± SE midday maximum evapotranspiration (ETmax). 

Panels are as in Figure 2.  

 

Figure 4: Time course of mean ± SE midday maximum net ecosystem exchange 

(NEEmax). Bars represent standard errors. By convention, positive values indicate net loss 

of carbon by the ecosystem while negative values indicate net gain of carbon by the 

ecosystem. Panels are as in Figure 2.   
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Figure 5: Time course of mean ± SE nighttime ecosystem exchange of CO2 (Re). Bars 

represent standard errors. Panels are as in Figure 2.  

 

Figure 6: Mean ± SE 15-day integrated values of NEE (NEEpulse) and ET(ETpulse) 

following pulses during June (open bars) and August (hatched bars). Upper panels 

represent plots of non-native, Eragrostis; lower panels represent plots of native, 

Heteropogon.  (Left panels) NEEpulse; by convention, negative values indicate a net gain 

of carbon by the ecosystem.  (Right panels) ETpulse; positive values reflect water loss by 

the ecosystem. 

 

Figure 7: Mean ± SE ecosystem pulse use efficiency (PUEe) for the 15-day period 

following June (open bars) and August (hatched bars) pulses. Upper panels represent 

Eragrostis: lower panels represent Heteropogon.  Larger negative values of PUEe reflect 

increased efficiency.
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Figure 1 
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FIGURE 2
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 FIGURE 3

Time following pulse (d)
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 FIGURE 4

Time following pulse (d)
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 FIGURE 5 
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FIGURE 6 
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Figure 7 
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APPENDIX C: 
 

PRECIPITATION PULSES AND CARBON FLUXES IN  
SEMIARID AND ARID ECOSYSTEMS 

 
 
T.E. Huxman, K. Snyder, D. Tissue, J. Leffler, K. Ogle, W.T. Pockman, D. R. Sandquist, 
D.L. Potts and S. Schwinning 
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ABSTRACT 
 

In the arid and semiarid regions of North America, discreet precipitation pulses 

are important triggers for biological activity.  The timing and magnitude of these pulses 

may differentially affect the activity of plants and microbes, combining to influence the 

carbon balance of desert ecosystems.  Here we evaluate how a ‘pulse’ of water influences 

the physiological activity in plants, soils and ecosystems, and how characteristics, such as 

precipitation pulse size and frequency are important controllers of biological and physical 

processes in arid-land ecosystems.  We show that pulse size regulates carbon balance by 

determining the temporal duration of activity for different components of the biota.  

Microbial respiration responds to very small events, but the relationship between pulse 

size and duration of activity likely saturates at moderate event sizes.  Photosynthetic 

activity of vascular plants generally increases following relatively larger pulses or a series 

of small pulses.  In this case, the duration of physiological activity is an increasing 

function of pulse size up to events that are infrequent in these hydroclimatological 

regions.  This differential responsiveness of photosynthesis and respiration results in arid 

ecosystems acting as immediate carbon sources to the atmosphere following rainfall, with 

subsequent periods of carbon accumulation should pulse size be sufficient to initiate 

vascular plant activity.  Using the average pulse size distributions in the North American 

deserts, a simple modeling exercise shows that net ecosystem exchange of CO2 is 

sensitive to changes in the event size distribution representative of wet and dry years.  An 

important regulator of the pulse response is initial soil and canopy conditions and the 

physical structuring of bare soil and beneath canopy patches on the landscape.  Initial 
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condition influences responses to pulses of varying magnitude, while bare soil / beneath 

canopy patches interact to introduce non-linearity in the relationship between pulse size 

and soil water response.  Building on this conceptual framework and developing a greater 

understanding of the complexities of these ecohydrologic systems may enhance our 

ability to describe the ecology of desert ecosystems and their sensitivity to global change. 
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INTRODUCTION 

The availability of water, like other resources limiting biological activity, is 

spatially and temporally heterogeneous on multiple scales (Lambers et al. 1998).  

Although water availability changes over short (hourly and daily) and long (seasonal and 

yearly) time scales, most studies have focused on the ecological implications of long-

term dynamics.  Differences in plant functional type abundance and life history diversity 

across the four North American deserts is influenced by seasonal and annual water 

availability (Ehleringer 1985; Smith et al. 1997; Smith and Nobel 1986).  Similarly, 

seasonal and annual precipitation inputs explain much of the variation in ecosystem 

processes, such as primary production (Webb et al., 1978; Gutierrez and Whitford 1987; 

Knapp and Smith 2001; Huxman et al., 2004). 

Surprisingly, how short-term fluctuations in water availability influence 

ecological processes has not been evaluated to the same extent as other environmental 

variables.  For example, the importance of light distribution has been critically evaluated 

across multiple temporal and spatial scales from the tropics to the tundra (Pearcy et al. 

1985; Pearcy 1990; Smith and Knapp 1990).  Similarly, seasonal, monthly and diurnal 

variation in temperature have been cited as important drivers of physiological processes 

in many biomes (Mooney and Billings, 1961; Valentini et al. 2000; Huxman et al. 2003; 

Enquist et al., 2003).  Infrequent, discrete, and largely unpredictable precipitation events 

(pulses – e.g., Schwinning and Sala, 2004) have been suggested to be an important driver 

of arid-land ecosystem structure and function (Noy-Meir 1973; Ehleringer et al., 1999), 

yet only now is a mechanistic understanding of their role in ecological processes 
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emerging (Weltzin and Tissue 2003).  The focus of this paper is to consider how variation 

in precipitation characteristics, such as pulse size or frequency, affects ecosystem carbon 

fluxes in semi-arid and arid regions, and how those flux patterns may be influenced by 

variation in the edaphic, microbial and vegetation components of these ecosystems. 

While we are beginning to understand how plant function and productivity is 

influenced by variation in episodic precipitation inputs (Osmond et al., 1987; Smith et al., 

1997; Ehleringer et al., 1999; Schwinning and Ehleringer 2001; Whitford 2002; Huxman 

et al., 2004), we still lack information on how the large-scale fluxes of CO2 in arid-lands 

are controlled by changes in water status.  For example, Reynolds et al., (2004) suggest 

that our understanding of plant function in the North American deserts would be 

improved by considering multiple precipitation pulses (storms) as single, biologically 

relevant events.  Additionally, Austin et al. (2004) point out that even fairly small rain 

events influence soil biogeochemical processes.  It is the combination of these plant and 

microbial processes that combine to influence ecosystem carbon pools and fluxes; here 

such factors as seasonal rainfall event size distribution may be critical to ecosystem 

function. Understanding how precipitation events differentially influence these ecosystem 

components may shed light on the ecosystem CO2 exchanges of arid ecosystems, and 

how these regions may respond to climate changes, which may include shifts in the 

magnitude, seasonal timing and event size pattern of precipitation pulses (Weltzin et al., 

2003). 

This paper addresses two fundamental questions about CO2 exchange dynamics:  

(1) how does a ‘pulse’ of water availability influence carbon metabolism from microbes 
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and leaves to whole ecosystems, and (2) how do pulse characteristics, such as size and 

frequency, control carbon dynamics in arid-lands? 

 

ECOSYSTEM COMPONENT RESPONSES TO PRECIPITATION PULSES 

As with all other biological activities, the ability of organisms to acquire and 

utilize carbon depends on the presence of sufficient water. Since the organisms 

facilitating different components of the carbon cycle are partially separated in space, the 

physical distribution of soil water following rainfall links ecosystem carbon exchanges to 

precipitation patterns.  The vertical distribution of soil moisture likely exerts 

overwhelming control on patterns of ecosystem carbon exchange. For example, as several 

contributions have pointed out (e.g. Austin et al. 2004; Schwinning and Sala 2004), 

microbes located on or just beneath the soil surface are hydrated most frequently, and 

even minute rainfall events may enhance the microbial contribution to ecosystem activity, 

while being ineffective for triggering the autotrophic processes of vascular plants.  Even 

biological soil crusts require fairly large sized events to achieve net carbon gain (Belnap 

et al., 2004, this issue; Cable and Huxman 2004). Often overlooked, the horizontal 

distribution of soil moisture may be equally important in determining ecosystem carbon 

fluxes. Runoff and runon patterns redistribute precipitation from the plot to the landscape 

level (Loik et al. 2004) and, other processes, such as canopy interception, may 

significantly interfere with ecosystem water use, particularly of small rainfall events. 

Both the vertical and horizontal distributions of precipitation-derived water in the soil are 
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strongly influenced by edaphic factors, however our understanding of these complexities 

is still quite limited.  

Below, we briefly review both the microbial and higher plant responses to soil 

moisture pulses. Both phenomena are covered in depth by other authors (e.g. Austin et al. 

2004; Belnap et al. 2004; Cable and Huxman 2004; Huxman et al., 2004; Ogle and 

Reynolds 2004; Schwinning and Sala 2004; Snyder et al. 2004). Here, we expand on the 

question how precipitation pulse patterns, interacting with physical and edaphic site 

factors, impacts the balance of respiration and assimilation in arid/semiarid ecosystems. 

We also present a simple model to conceptualize the role of precipitation patterns in 

influencing ecosystem carbon cycling, using the example of the three North American 

warm deserts.  

Microbial response to precipitation pulse 

In arid ecosystems, a precipitation pulse into dry soil immediately alters the 

carbon balance of the system in several ways.  First, high concentrations of CO2, built up 

from inorganic carbon sources and soil microbial activity during the previous dry period 

(inter-pulse), are physically displaced as infiltrating water fills soil pore spaces.  The 

amount of CO2 efflux is a function of soil texture and soil macropore structure.  Second, 

precipitation pulses can liberate carbon held in large soil pools of inorganic carbonates 

(Schlesinger 1985; Monger and Gallegos 2000).  Third, by increasing access to substrate, 

soil re-wetting can rapid rapidly increase decomposition, nitrogen mineralization, and 

microbial activity (Austin et al. 2004).  Thus, high respiration rates from biological 

processes can occur quickly following a precipitation pulse, resulting in substantial CO2 
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release to the atmosphere (Kessavalou et al. 1998; Tang et al., 2003; Huxman et al., 2004; 

Scott et al., 2004).  Together these CO2 effluxes may outweigh the subsequent 

photosynthetic CO2 accumulation, so that a precipitation pulse, or indeed an entire rainy 

season, may result in a net loss of carbon from an ecosystem (Emmerich 2003). 

Heterotrophic activity of microbial communities can make up a substantial 

portion of respiration activity in many ecosystems (Law et al. 2002) and probably 

responds most rapidly to moisture input of all the different biotic components of an 

ecosystem.  However, intervals of high microbial respiration are typically of short 

duration, as the near-surface soil microbial environment also tends to dry out quickly. As 

a consequence, measuring the microbial contribution to ecosystem carbon exchange is 

difficult. The few data that describe the ecosystem carbon flux dynamics following 

precipitation pulses in arid zones show that large effluxes of CO2 occur within hours of 

rainfall.  The contribution of physically displaced CO2 versus microbe respired CO2 to 

these effluxes is currently unknown as long inter-pulse periods associated with these 

events allow for the accumulation of high CO2 concentration in soil pore space (Frank 

and Dugas 2001; Emmerich 2003; Huxman et al., 2004; Scott et al., 2004).  

Leaf and whole- plant responses to precipitation pulses 

Arid and semiarid ecosystems commonly contain a large fraction of species that 

are dormant during the drier parts of the year, and which become active with the first rain 

events of the growing-season. Thus, seasonal trends in leaf area development are critical 

to controlling the magnitude of carbon fixation (Flanagan et al. 2002). A precipitation 

pulse when functional leaf area is low can be converted into positive carbon 
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accumulation only after substantial canopy development.  For example, early growing-

season precipitation pulses may trigger germination of annual plants (e.g. Death Valley in 

the Mojave Desert), but may not translate into ecosystem carbon accumulation, unless 

subsequent rain events allow seedlings to survive and grow or significant water is stored 

in the soil.  Similarly, in a semiarid grassland and shrubland, the greatest net CO2 

accumulation was observed in the middle of the rainy season, at peak leaf area index 

(Emmerich 2003). 

Ecosystem leaf area has a large and immediate effect on ecosystem carbon 

exchange, however leaf-level photosynthetic capacity also commonly varies during the 

season. For example, while leaves developed early in the growing-season are often 

retained until late in the season, they typically have lower photosynthetic capacity than 

younger leaves (Mooney 1972; Chabot and Hicks 1982). Thus, though leaf area on a 

landscape may change little, a late precipitation event may result in a smaller proportional 

increase in gross photosynthetic activity of the ecosystem compared to an early 

precipitation event, constraining the net response of CO2 exchange to late season rainfall 

events.  

A more complex and largely unknown factor is the degree to which the 

photosynthetic capacity of leaves covaries with leaf area production, and how this might 

affect the magnitude and sign of landscape scale carbon exchange (Baldocchi et al., 

2002).  Plants may increase photosynthetic rates in response to precipitation through an 

increase in leaf-level CO2 exchange or through the incremental addition of more leaf 

area, or both. While the effect on gross photosynthetic fluxes may be largely 
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indistinguishable, there may nevertheless be quite different outcomes for net exchange of 

ecosystem carbon over the course of a season. 

In addition to the annual cycle of leaf area development and physiological 

activity, plants in arid and semiarid systems are regularly exposed to short-term 

fluctuations in water availability within the growing-season. Under these conditions, the 

severity of the water stress experienced during inter-pulse periods, and the speed of 

recovery after rain should have major effects on the average response of plants to water 

inputs.  Inter-pulse duration and stress severity determine the physiological status of a 

plant at the onset of rain, which in turn determines its rate of recovery of photosynthesis 

and transpiration (Yan et al. 2000, Schwinning et al. 2002).  Plant water status can exert 

an overriding effect on photosynthesis through its influence on stomatal conductance 

(Boyer 1985; Passioura 1988; Zhang and Davies 1990; Nobel 1994; Kozlowski and 

Pallardy 1997; Lambers et al. 1998).  With increasing inter-pulse length, photosynthesis 

is progressively constrained as stomatal closure influences not only CO2 diffusion into 

chloroplasts (Kaiser 1987, Mansfield 1990) but also key photosynthetic pathways, such 

as photophosphorylation and RuBP regeneration (Kozlowski and Pallardy 1997). 

Belowground, progressive soil drying reduces active absorbing root area due to cavitation 

(Alder et al. 1996; Sperry 1998), abscission and suberization (North and Nobel 1991).  

Such belowground effects, particularly dieback of woody roots, may limit plant carbon 

assimilation during times of intermittent water supply by diminishing water transport 

capacity.   
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Although occasional pulses during severe drought may not elicit net carbon gain, 

they may nevertheless alleviate stress, foster tissue repair and rehydration and maintain 

limited plant activity under water-limited conditions (Sala and Lauenroth 1982).  Thus, 

small pulses may help plants survive or maintain leaf area, which increases their capacity 

to respond to larger events, as was shown for Larrea tridentata (Yan et al. 2000).  In 

addition, plant carbon gain after a pulse may depend on the way that previous pulse 

history has influenced other elements of the ecosystem (Austin et al. 2004), such as 

fungal and bacterial activities that influence nutrient availability and plant water status 

(Yan et al., 2000).  Through these mechanisms, even subtle differences in the timing and 

amount of rain may produce inter-annual variation in the rain response of vascular plants 

(Leffler et al. 2002). For example, Juniperus osteosperma (Utah juniper) responds to 

summer precipitation during some years but not others (Flanagan et al. 1992, Donovan 

and Ehleringer 1994). Variation in pulse response also has been observed across 

gradients in summer precipitation (e.g. Williams and Ehleringer 2000), suggesting that 

the long-term exposure to summer rain events can affect the ability to respond to summer 

rain, either through evolutionary mechanisms or the acclimation of individuals to the 

predominant precipitation regime.   

Plant functional types and precipitation pulses 

So far, we have discussed plant responses to rain only in general terms. However, 

several contributions have highlighted how the precipitation responses of various species 

or plant functional types might differ (e.g. Ogle and Reynolds 2004; Chesson et al. 2004). 

We need not repeat these insights here, other than to discuss how these species-specific 
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differences, and by extension, differences in the functional composition of dryland 

communities may influence the impact of precipitation on ecosystem carbon exchanges.  

Photosynthesis in shallow rooted species (e.g. herbs, grasses and succulents) is 

known to recover rapidly after rain and grasses have been found to respond to rainfall 

events as small as 5 mm (Sala and Lauenroth 1982, Sala et al. 1982). Likewise, 

succulents quickly produce new rain roots (Nobel and Sanderson 1984, Nobel 1988) and 

increase stomatal conductance (Szarek and Ting 1975; Nobel 1976; Green and Williams 

1982) and stem water storage after small pulse events (Nobel 1988; Dougherty et al. 

1996). These characteristics would confer a relatively high rain use efficiency to these 

classes of plants by minimizing delay times during which water would be lost by 

evaporation, and by utilizing a greater portion of the rainfall size distribution. However, 

inter-pulse photosynthetic rates would be quite low, through lack of access to soil 

moisture stored in deeper soil layers.  

In contrast, deep-rooted plants often experience less water stress during dry inter-

pulse periods than shallow-rooted plants, because of their ability to draw on deep water 

reserves left over from previous rainy seasons, but also may respond more slowly and 

less extensively to present precipitation pulses (Davis and Mooney 1985, Schwinning et 

al. 2003; Ogle and Reynolds 2004). For example, the relatively shallow-rooted Larrea 

tridentata (creosote bush) responded more rapidly to rainfall than the deeper rooted 

Prosopis glandulosa (mesquite; BassiriRad et al. 1999).  As compared to the shallow-

rooted species, photosynthetic and respiratory activity is expected to be greater during 

inter-pulse periods in this functional type. 
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 How important is community composition to ecosystem rain use?  These 

functional type differences in precipitation pulse use would suggest that communities 

with large differences in plant functional type composition use precipitation in quite 

different ways, with consequences for the effects of precipitation on the dynamics of 

ecosystem carbon cycles.  However, water-limited ecosystems as a whole have a 

remarkably conservative relationship between rainfall input and primary production (Le 

Héourou et al., 1998). Most recently, Huxman et al. (2004) showed that a wide range of 

biomes, receiving precipitation of between 50 and 3000 mm yr-1, converge on the same 

maximal rain use efficiency during the driest years experienced at each.  It is possible that 

differences in functional type composition between ecosystems show compensatory rain-

use responses through the trade-off between inter-pulse activity level and pulse 

responsiveness.  Thus, while the temporal dynamics of water use may differ between 

communities, cumulative annual water consumption and its use efficiency could be 

similar.  However, while net production by plants may have similar dependencies on 

rainfall inputs across communities with different plant functional type compositions, net 

ecosystem production may not be the same if there are characteristics differences in 

heterotrophic activity. 
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WHAT IS THE INFLUENCE OF PRECIPITATION PATTERNS ON ECOSYSTEM 
CARBON FLUXES? 

 
In recent years, there has been renewed interest in the question of how 

precipitation patterns, rather than just total seasonal or annual precipitation, may 

influence ecosystem processes in arid and semiarid systems. Groundbreaking 

experiments such as those of Knapp and coworkers (e.g. Knapp et al 2002, Fay et al., 

2003) have provided solid evidence that differences in precipitation patterns alone, 

independent of rainfall amount, can have a large impact on community composition and 

possibly ecosystem structure and function. However, there have been few experimental 

evaluations of this question in the context of ecosystem carbon cycling.  Where 

experiments have considered carbon exchange, they have not specifically measured each 

ecosystem component through time in correlation with changes in water status.  There are 

of course considerable logistical challenges associated with an approach where 

precipitation is controlled on a scale that represents an entire ecosystem, and also the 

capacity to measure ecosystem carbon fluxes year-round and with high enough resolution 

to capture rapid respiratory bursts associated with the end of the dry and beginning of the 

growing-season. An alternative to this direct experimental approach is the comparison of 

rainfall effects on ecosystems across regions with different natural precipitation patterns 

(see also Weltzin et al., 2003, Huxman et al. 2004; Loik et al., 2004). 

A third alternative is the development of models. Although several 

biogeochemical ecosystem models are currently in use and development, none of them 

are yet capable of addressing the question of precipitation pattern effects in a satisfactory 

manner (see Weltzin et al., 2003 for review). A major weakness across models is the 
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representation of rainfall size effects that, as suggested above, should affect the balance 

between gross photosynthetic activity in the ecosystem by vascular plants (GEE) and 

ecosystem respiratory activity (Re), which consists of both autotrophic (Ra) and microbial 

heterotrophic (Rh) sources. Here we construct a simple working model to address the 

question of rainfall size effects on carbon exchange components. Our purpose is to 

explore the plausible consequences of shifts in rainfall patterns for ecosystem carbon 

exchange, and perhaps most importantly, identify the major gaps in our knowledge, along 

with important directions for future ecosystem experiments.      

Conceptual response of ecosystem components to a pulse 

The conceptually strongest link between ecosystem carbon fluxes and 

precipitation patterns, in our view, is based on the relationship between precipitation 

amount, infiltration depth, the location of the soil microbial fauna and plants roots in the 

soil, and the response time differences of microbes and plants to wetting events: We 

would expect shallowly located soil microbial communities to be highly responsive to 

even small rainfall events (down to 2 mm – Austin et al., 2004), while larger events (≥ 

5mm) should be required to infiltrate to a depth where it becomes plant-available and can 

trigger assimilation processes (Reynolds et al. 2004, this issue). Furthermore, we would 

expect some delay between the arrival of water at a given soil depth and peak 

photosynthetic rates, due to physiological acclimation and the growth of new roots and 

leaves (Ogle and Reynolds 2004, this issue). As a consequence, the cumulative fluxes of 

CO2 attributed to either Re or GEE measured over a pulse interval would have different 

functional responses to rainfall size, with small events favoring ecosystem carbon loss 
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chiefly through microbial respiration, and larger events being necessary to elicit net 

carbon gain through autotrophic components in the ecosystem. As pulse size and 

infiltration depth increase, we expect a close positive relationship between GEE and 

pulse duration, i.e. the time that water remains biologically available to plants (see also 

Schwinning and Sala 2004), but Re should be independent of pulse duration because the 

microbial community’s environment at the soil surface dries relatively quickly and is 

fairly independently of pulse size. 

Empirical evidence, so far as it has been measured, supports this scenario. We 

generalize the response of ecosystem CO2 exchange to a precipitation pulse in Figure 1a, 

that is relatively small, but of sufficient size to stimulate autotrophic activity (ca., 5 mm).  

This is based on measured patterns from a number of different ecosystem types [semi-

arid grasslands (Emmerich 2003; Huxman et al., 2004; Mielnick et al., in review), 

coniferous forests (Monson et al., 2002; Huxman et al., 2003), temperate grasslands 

(Flanagan et al., 2002), semi-arid shrublands (Emmerich 2003), and a Mediterranean 

grassland (Xu and Baldocchi, 2004)].  In a system that has not experienced rainfall for 

some time, where physiological activity is very low (essentially zero), rainfall first 

triggers a burst of positive CO2 flux, caused by the mixture of mechanisms discussed 

above, including the physical displacement of CO2-rich soil air and microbial respiration. 

If water infiltrates to such a depth and persists for sufficient time to stimulate 

plant water uptake (possibly requiring root and leaf growth), ecosystem photosynthesis 

eventually increases, lagging by several days behind the respiration response. At some 

point following a pulse, a period of net ecosystem accumulation of CO2 should occur, in 
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part because of increasing rates ecosystem photosynthesis (through plant acclimation 

and/or leaf growth), and because the declining water potential in shallow layers will 

begin to restrict microbial activity. Both semi-arid grasslands and semi-arid shrublands 

appear to exhibit this behavior following rainfall events that are isolated in time 

(Emmerich 2003).   

It is difficult to deduce how rainfall size is likely to modify these dynamic 

patterns in ecosystem carbon exchange. We are suggesting a tentative working model in 

Figure 1b, where we make the simple assumption that increases in rainfall event size 

beyond the threshold for plants (ca. 5 mm) increases the duration of peak photosynthetic 

fluxes, but not necessarily microbial respiration. Figure 1c describes how these 

assumptions would affect the duration of activity of Rh, Ra and GEE, integrated over the 

entire pulse period, as pulse size increases. Note that the Ra response parallels that of the 

GEE response, since both depend on the activity of vascular plants. 

We make several assumptions in formulating this conceptual model. First, we 

assume that the duration of physiological activity is proportional to pulse size (e.g., as 

depicted by the width of the gray boxes in Figs. 1a and 1b). Second, total flux associated 

with a pulse is given by the duration of activity times the peak flux rate (as depicted by 

the area of the gray boxes), where duration of activity has an overwhelming effect on 

cumulative flux values. Third, there is a lower threshold on pulse size such that Re and 

GEE do not substantially respond to the precipitation event. Fourth, the lower threshold 

differs for Re (insignificant below 2 mm) and GEE (≅ 5 mm). Fifth, likewise, there is an 

upper threshold on pulse size where Re and GEE are at their maximal flux rates and large 
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pulses do not increase Re and GEE beyond their maximum rates. Finally, the upper pulse 

threshold also differs for Re and GEE such that the threshold for Re is less than that for 

GEE. Together, these assumptions result in a linear relationship between pulse size and 

cumulative GEE and Re for pulse sizes between the lower and upper thresholds.  Though 

these assumptions minimize complexity, they are in fact quite robust in light of 

observations. For example, Schwinning et al. (2003) observed just such a linear threshold 

response for three species of the Colorado Plateau desert for infiltration amounts of 2 – 

20 mm. Furthermore, the generally linear relationship between seasonal rainfall input and 

primary production at the ecosystem scale (e.g., Huxman et al., 2004) is consistent with a 

linear relationship between single-event precipitation inputs and the production attributed 

to them. 

We can extend this conceptual framework to a simple quantitative model to 

estimate the cumulative fluxes of carbon into and out of an ecosystem for a fixed season, 

given maximum and reference state flux values for gross ecosystem exchange, 

autotrophic respiration and heterotrophic respiration, along with a precipitation pulse-size 

distribution.  The size distribution of pulses determines the duration of maximum activity 

of GEE, Rh, and Ra (specific relationships between pulse size and duration given in Fig. 

1c), summed across all events of all sizes throughout a season.  The season length (in this 

case 100 days) minus the duration of maximal activity gives the duration of reference 

state activity.  With this framework, seasonal sums of GEE, Ra, Rh (combining both 

maximal and reference periods) combine to produce a season-specific value of net 

ecosystem CO2 exchange. 
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The model takes the point of view that water-limited ecosystems tend to be in one 

of three activity states: a low activity reference state reflecting the availability of only the 

ecosystem reserve pools, e.g. water stored in plants or deeper soil layers, a high activity 

state for respiration, triggered by small rainfall events, and a high activity state for GEE, 

triggered by larger rainfall events.   Though this assumption is extreme, it does capture a 

characteristic feature of water-limited ecosystems. Data from long-term assessments of 

CO2 fluxes from the Jornada Experimental Range support this notion when compared to 

an ecosystem that experiences relative steady-state declines in soil water availability 

through time (a coniferous forest – Niwot Ridge AMERIFLUX Site).  Peak growing-

season (June-August) values of net ecosystem CO2 exchange (NEE) observed over four 

years have different frequency distributions that illustrate these three states and that differ 

between the two sites (Fig. 1d – Appendix I).  At the semi-arid grassland site, long inter-

pulse periods with limited ecosystem activity (NEE values near zero) are punctuated by 

infrequent episodes of high rates of ecosystem activity (large NEE values, both positive 

and negative).  The resulting composite flux duration curve is steep around NEE near 

zero and relatively flat through its extremes.  In contrast, the Niwot Ridge curve has a 

gentle slope near zero, which reflects an ecosystem experiencing a steady-state decline in 

soil water conditions through the growing-season (a high frequency of mid-range NEE 

values), where ecosystem processes are also controlled by seasonality in temperature and 

light (Huxman et al., 2003). 

Simulated NEE-PPT relationships for the three North American warm deserts 
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We use long-term (85 year) precipitation records for the Mojave, the Sonoran and 

the Chihuahua Deserts to simulate the components of carbon flux using our model 

(summarized in Fig. 1a,b and c). These data sets were the same as used by Reynolds et al. 

(2004), kindly provided by the authors, and are based on analyses of data obtained from 

http://www.wrh.noaa.gov/lasvegas/lasvegas_records.htm (Mojave); 

http://www.wrh.noaa.gov/Tucson/climate/climate.html (Sonoran); http://jornada-

www.nmsu.edu/ (Chihuahuan) (Fig. 2). We focused our analysis only on daily 

precipitation between July and September, an interval characterized by brief convective, 

monsoonal storms. Consistent with rainfall patterns typical for summer events, we equate 

an “event” with any day in which rain was recorded. 

These three deserts differ not only in total summer precipitation, but also in event 

size distribution for summer [see also Reynolds et al. (2004) for distributions of 

alternative event classifications]. In all three deserts, total seasonal precipitation is 

strongly, and for the most part linearly, correlated with the total number of events above 

5 mm, i.e. those event classes that we expect to affect both microbial dynamics and 

vascular plant activity (Fig. 3a).  Furthermore, the relationships between total 

precipitation and the number of events > 5 mm are almost indistinguishable between the 

three deserts, except for small differences in the average size of events above 5 mm 

(Chihuahua: 13.3, Sonoran Desert: 14.2, Mojave: 14.0).  By contrast, there is no 

statistically significant relationship between total precipitation and the number of events 

≤ 5 mm (Fig. 3b).  However, the average number of events ≤ 5 mm declines in the order 

Sonoran Desert (22) > Chihuahua (14) > Mojave (10).  The question is, can these 



 127

differences in precipitation patterns be expected to affect the carbon exchange patterns of 

the different deserts? 

As discussed before, a major unknown for any simulation of ecosystem carbon 

balance is the question of how much leaf area is triggered at the onset of the growing-

season and how much of respiratory efflux of CO2 is attributable to the growth of new 

leaves and roots. We sidestep this and other unknowns by assuming a fully developed 

canopy at peak potential photosynthetic capacity, therefore focusing on the more limited 

question of how precipitation patterns may affect mid-season NEE. We further assume 

that each ecosystem can be characterized by minimum (reference state – inter-pulse 

values) and maximum (pulse) flux rates for respiration (Ra and Rh) and gross ecosystem 

exchange (GEE). The values used here were taken from the literature (Sonoran and 

Chihuahuan Deserts) or, where unavailable, estimated by scaling known canopy and bare 

soil carbon exchange rates by plant cover (Mojave Desert). Table 1 summarizes the 

estimates used.  To evaluate the influence of total seasonal precipitation for the three 

locations, we divided the rainfall data set into three classes representing dry (lower 

quartile), average (mid-quartile) and wet (upper quartile) seasons, and calculated an 

average event size distribution for each quartile, as well as an average event number and 

size (Table 2).  These distributions were used to estimate the duration of maximal and 

reference activity of GEE, Ra and Rh (as in Fig. 1c) to produce seasonal totals allowing 

for a calculation of NEE. 

The the three deserts have a coherent relationship between NEE and seasonal 

precipitation, although the component fluxes were more similar for the Sonoran and 
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Chihuahuan Deserts than for the Mojave (Fig. 4). The overall relationship between NEE 

and precipitation is slightly non-linear, with rainfall increments in a low rainfall regime 

having less impact on NEE than an increment of the same size in a high rainfall regime. 

However, it is difficult to assess whether this non-linearity occurs because of inherent 

differences in ecosystem flux rates or because of differences in rainfall size distributions. 

To separate the issue of flux rates from the issue of rainfall size distribution we 

recalculated seasonal fluxes for each desert using the precipitation regimes for all three 

deserts and compared all combinations of flux and rainfall patterns in Figure 5. This 

analysis illustrates this slightly non-linear relationship, primarily as a result of the fluxes 

from the Sonoran and Chihuahuan Deserts under the driest rainfall regime combinations.  

As such the non-linear response is likely due to the shift in rainfall size distributions from 

one dominated by small rainfall events in dry years to one dominated by frequent, larger 

events in wet years. The predicted ecosystem response in the Mojave Desert is the least 

non-linear of the three because respiration estimates are proportionally smaller than the 

other two deserts, thus the shift to small rainfall events in low precipitation years has a 

smaller impact on NEE. 

At their native precipitation regimes, the Sonoran and Chihuahuan Deserts were 

capable of accumulating a substantial amount of carbon in summer.  For the Mojave 

Desert, this occurred only during the moderate and high rainfall years. However, this 

estimate considers only mid-season conditions, so incorporation of the dynamics of 

canopy construction and non-growing-season respiratory effluxes may result in actual 

NEE for annual period to be considerably lower. 



 129

In summary, our model indicates that NEE can be sensitive to changes in the 

event size distribution of rainfall.  In natural environments, this sensitivity may explain 

both local changes in NEE between wet and dry years, typically characterized by 

different numbers of large storms, and inter-site differences in NEE across the three 

North American warm deserts. Using 5 mm as the threshold for a large storm, total 

summer precipitation is strongly related to the number of large storms (Fig. 3a) and this 

relationship is similar among the three deserts. Thus, according to this analysis, 

differences among deserts in their NEE response to precipitation are almost entirely due 

to differences in the characteristic ecosystem flux rates (see Table 1). Dissimilarities 

between the deserts (primarily the Sonoran and Chihuahuan contrasted with the Mojave) 

in their ecosystem-level reference and maximum flux rates may be due to several factors 

including differences in both canopy cover and the timing and magnitude of previous rain 

events, which may have the potential to modify the current physiological state of leaves, 

roots, and microbes. 

Our findings suggest that future research should focus on measuring components 

of ecosystem carbon exchange to better understand their relationship to rainfall amount 

and distribution both within and across seasons. For example, base rates for vascular 

plant activity during inter-pulse periods probably depend on the amount of water stored 

in deeper soil layers from fall to spring recharge. However, regional differences in 

rainfall event size distributions, within the range observed across the three North 

American warm deserts in summer, may not have a significant effect on the relationship 

between NEE (or its component fluxes) and total precipitation. 
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These relationships highlight the importance of designing rainfall manipulation 

experiments to incorporate realistic relationships between precipitation amount and event 

size distribution when considering questions about ecosystem carbon balance.  

Experiments that explore the effects of contrasting event size distributions while 

maintaining precipitation amount constant across treatments may be artificial because 

amount and event size tend to change concomitantly.  In fact, such experiments could 

result in overestimating the importance of rainfall patterns in natural environments, 

unless care is taken to stay within realistic bounds of rainfall variation.  Likewise, 

experiments that modify total seasonal precipitation, but do not account for wet-versus-

dry year changes in event size distribution may not reflect realistic scenarios.   

These statements derive partially from an assumption of the model that individual 

precipitation pulses act independently, but it is likely that the sensitivity of ecosystem 

carbon dynamics to a given storm will depend on antecedent soil water (e.g., Reynolds et 

al. 2004; Ogle and Reynolds 2004), which will be partly determined by the timing and 

size of previous storm events.  Only now are researchers beginning to characterize the 

temporal correlations of rainfall patterns (Davidowitz 2002), and the prediction of these 

correlations would be a very useful output of climate models. Ultimately, more complex 

dynamic models will be necessary to understand the relationships between climate 

change, precipitation patterns and ecosystem carbon exchanges.  Given the difficulty of 

manipulations of rainfall on such a large scale, research programs that incorporate 

reasonable field experiments with high-resolution measurements of ecosystem 

component activity, historical data, and modeling are perhaps the most feasible and 
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powerful approaches to understanding the linkage between precipitation and ecosystem 

carbon exchange in semiarid and arid ecosystems. 

Since the assumptions taking us to these conclusions were quite simple, possible 

sources of error should be carefully considered. First, the degree of non-linearity in the 

relationship between NEE and precipitation is clearly affected by the choice of ecosystem 

flux parameters (Table 1) and by the assumptions regarding pulse duration. Small pulse-

inter-pulse differences in the flux rates, or a bias towards a small heterotrophic / 

autotrophic activity ratio (Rh,max / GEEmax), would tend to minimize non-linearities by 

weakening the effect of shifts in rain event size distribution. Similarly, either very short 

periods of microbial activation or patterns of microbial respiration that are more similar 

to those of vascular plants would make the relationship between NEE and seasonal 

precipitation more linear. These relationships can be easily tested in the field as 

assessments of maximum and minimum flux rates are fairly straightforward to measure.  

Secondly, above the threshold for vascular plant activity, the relationships 

between GEE and pulse size was assumed to be linear over a wide range, so that the 

combined effects of all event sizes above 5 mm depended only on total precipitation.  

There may be several mechanisms, some of which are discussed below, that would 

introduce non-linearities also in this range of rainfall sizes. 
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FUTURE CHALLENGES 

Hydraulic redistribution 

A challenge today is to quantify the effect of hydraulic redistribution, not just on 

the water use patterns of vascular plants, but also on the microbial community and hence 

the balance of microbial respiration and plant photosynthesis. Plant roots can redistribute 

water upward or downward. Upward redistribution of water (i.e. hydraulic lift) occurs 

during inter-pulse periods when the soil close to the surface has dried out but soil 

moisture at depth is still high (Richards and Caldwell 1997; Caldwell and Richards 

1989).  Hydraulic lift increases water availability to understory plants that grow 

underneath the hydraulic lifters during inter-pulse periods (e.g., Caldwell and Richards 

1989; Dawson 1993), thereby sustaining less drought tolerant species and increasing their 

capacity to respond to subsequent rainfall pulses. By the same token, hydraulic lift also 

may prolong the activity of microbial communities near the soil surface. Downward 

redistribution occurs during pulse periods when surface soil is nearly saturated and 

deeper soil layers are partially depleted (Burgess et al. 1998, 2000; Schulze et al. 1998; 

Smith et al. 1999; Ryel et al. 2002). It has been argued that this downward redistribution 

of water may slow the depletion of deeper water stores that sustain the activity of growth 

forms with deeper rooting depths (Ryel et al 2002). What has not been considered so far 

is whether this redistribution also has the capacity to accelerate the onset of dry 

conditions near the soil surface, thereby suppressing microbial activities. 

Eco-hydrologic effects of vegetation structure 
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In most arid-land systems, bare soil is a significant feature (e.g Schlesinger et al 

1990; Vinton and Burke, 1995).  Infiltration capacity typically is greater in sub-canopy 

soil than bare soil because of differences in soil texture (Dunkerly 2002), soil organic 

matter content (Kelly and Burke, 1997) and root system development (e.g. Devitt and 

Smith 2002).  A comparison of rainfall effects in a grassland (~50% plant cover and 

small, discrete interspaces) and a shrubland (~30% plant cover and large, connected 

interspaces) showed less infiltration under bare soil in both systems, and greater sub-

canopy infiltration under shrubs than under grasses (Bhark and Small 2003).  Surface 

microtopography also may favor infiltration in sub-canopy vs. bare soil areas (e.g. Dunne 

et al., 1991; Bergkamp 1998), and may be modified by cryptobiotic crusts (Eldridge and 

Green 1994).  Local physical structure can strongly influence the final horizontal and 

vertical patterns of water availability to the microbes and plants that shape ecosystem 

pulse responses. 

Ecosystem structure also may affect the functional response of ecosystem carbon 

fluxes to rainfall size, via modification of infiltration patterns (Fig. 6).  Plant canopies 

intercept a fraction of incoming precipitation (e.g.; Kropfl et al. 2002). If the rainfall 

events are small, intercepted water may evaporate rapidly and never reach the soil 

(Tromble 1988).  Although bare soil infiltration typically is less than in sub-canopy soil, 

small rainfall events may only recharge bare soil (e.g. Bhark and Small 2003). As pulse 

size increases, throughfall occurs and stem flow may focus some intercepted water at the 

base of the plant (e.g. Whitford et al. 1997).  Thus, small rainfall events primarily would 
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trigger microbial respiration in the canopy interspaces, while larger rainfall events would 

be required to funnel water to support vascular plant photosynthesis. 

In addition, pooling of water in areas of bare soil may initiate horizontal 

redistribution of water.  Run off may not occur at spatial scales larger than the patch 

(Bergkamp 1998) suggesting that locally redistributed water eventually infiltrates in the 

sub-canopy areas, which also receive throughfall and stem flow inputs.  As a result, 

larger pulses should lead to disproportionately greater sub-canopy soil water content than 

smaller pulses (Loik et al., 2004). Field data confirm that small pulses lead to greater bare 

soil infiltration and that sub-canopy infiltration surpasses bare soil as pulse size increases, 

and that these relationships are modified by community structure (Bhark and Small 

2003). Overall, these patterns of horizontal redistribution of precipitation would enhance 

the non-linearity in the relationship between NEE and precipitation (Fig. 2), because a 

disproportional amount of precipitation in a low-rainfall regime would stimulate only 

bare soil microbial respiration, with a tendency to reverse this trend as total precipitation, 

and thus the proportion of large rainfall events, increases. Furthermore, we would expect 

the shape of this relationship to change with plant community structure. For example, the 

nonlinear trend between NEE and precipitation would be expected to increase with the 

encroachment of shrubs into grasslands, potentially reinforcing the loss of primary 

production in low rainfall years. Even if climate remains relatively constant, such 

changes in ecosystem structure can affect the frequency with which the system is a net 

sink or source for carbon.  

Geomorphic and edaphic variability 
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Edaphic characteristics translate precipitation pulses into biologically available 

water in the soil (McAuliffe 2003).  In aridland ecosystems variation in soil surface and 

subsurface layer development influences patterns of water infiltration, runoff, deep soil 

recharge and water content / water potential relationships (Noy-Meir 1973, McAuliffe 

2003).  For example, presence of cemented subsurface calcic horizons and surface 

vesicular components affect soil water balance, and thus, plant water-relations and net 

primary productivity (Cunningham and Burke 1973; Hamerlynck et al. 2002).  The 

interaction between plants and soil characteristics are important for hydrological 

processes such as runoff and sediment transport (Wainwright et al. 2002).  Variation in 

soil characteristics can modify precipitation events into differential biological activity, 

impacting vegetation composition and performance (McAuliffe 1994, 1999; Parker 1995; 

Smith et al. 1995; Hamerlynck et al. 2002; Hamerlynck et al., 2004).  Thus, whole-

ecosystem carbon dynamics can be influenced substantially by the manner in which 

surface and subsurface soil characteristics modify precipitation pulses, through impacts 

on infiltration response of the vertically stratified microbial and autotrophic components 

of ecosystem carbon exchange. 

 

SUMMARY AND FUTURE DIRECTIONS 

In summary, pulse size plays an important role in regulating carbon balance of 

arid ecosystems through its differential effects on ecosystem respiration and 

photosynthesis (Fig. 1).  Small, shallowly infiltrating storms primarily increase microbial 

respiration while larger storms infiltrate to sufficient depth to increase plant gas 
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exchange.  Importantly, the physical structure of the system frequently acts to strengthen 

this pattern because surface redistribution of water leads to greater infiltration and a 

disproportionate increase in plant activity following large pulses (Fig. 6).  Because of the 

differential rates of response of respiratory and photosynthetic processes in arid-land 

ecosystem, the frequency of high levels of biological activity becomes important in 

regulating carbon balance.  All things being equal, a pulse results in a large initial efflux 

of carbon from the ecosystem that can be several orders of magnitude larger than rates of 

CO2 exchange during the inter-pulse.  This net loss is followed by a period of carbon 

accumulation as soil layers dry and water becomes increasingly scarce for shallowly 

located microbial communities while deeper soil water remains available to plants.  As a 

result, the frequency distribution of ecosystem fluxes in arid systems, versus systems with 

a gradual decline in soil moisture, can be characterized by frequent, large oscillations 

between short periods of high activity and protracted periods in a reference state. 

We have summarized information we think is critical for understanding how 

climate influences biological processes in arid ecosystems, but our conclusions are 

somewhat limited due to a general lack of quantitative information.  To accurately gauge 

the potential impacts of changes in precipitation and temperature associated with global 

climate-change scenarios, a more detailed series of studies across a range of arid systems 

addressing the above issues is required. Of particular interest are those studies which 

address (1) the separate contributions of autotrophic or heterotrophic activity to soil CO2 

efflux following a rain event, (2) the influence of microtopography and vegetation 

structure on the relationship between precipitation pulses and biological activity, and 3) 
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the interaction of precipitation effects on ecosystem carbon balance over both short 

(within season) and longer (inter-annual to decadal) time scales in an ecohydrological 

system. 
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TABLE 1.  Initial model flux rates associated with either the reference state (inter-pulse 
values) or the active pulse state (maximal values).  Data are taken from an experimental 
Sonoran Semi-arid grassland (Huxman et al., 2004 and unpublished data) and a 
Chihuahuan Semi-arid grassland (Mielnick et al., in review) both of which were assessed 
by whole-system flux measurements.  The data from the Mojave Desert represents small 
scale assessments of flux (soil collar and leaf level) that are scaled based on LAI and 
plant cover (Hamerlynck et al., 2000 and Huxman unpublished data).  GEE – Gross 
Ecosystem Exchange of CO2; Ra – autotrophic respiration; Rh – heterotrophic 
respiration; subscript ‘ref’ – reference state; subscript ‘max’ – maximal values.  All 
values are given in µmol CO2 m-2 ground area s-1.  Negative values represent fluxes into 
the ecosystem, while positive values are fluxes to the atmosphere.  When combined with 
the precipitation distributions to produce seasonal totals, these values were scaled to 24 
hour estimates (GEE was adjusted by a 12 hr photoperiod). 
             
Desert  GEEref    Ra,ref  Rh,ref  GEEmax Ra,max  Rh,max 
             
 
Mojave -0.9   0.225  0.25  -6.0  1.5  1.0 
 
Sonoran -2.0   0.5  0.25  -12.0  3.0  3.0 
 
Chihuahuan -2.0   0.5  0.25  -14.0  3.5  3.5 
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TABLE 2.  Average event number for rain pulses greater than 3-mm, average size of 
these rainfall events, and average season (July – September) total precipitation for the 
driest 25%, mid 25% and wettest 25% of years from long-term (85 y) daily records of 
rainfall from the three warm deserts of North American.  Data were provided by 
Reynolds et al., (2004), and based on analyses of data obtained from 
http://www.wrh.noaa.gov/lasvegas/lasvegas_records.htm (Mojave); 
http://www.wrh.noaa.gov/Tucson/climate/climate.html (Sonoran); http://jornada-
www.nmsu.edu/ (Chihuahuan). 
             

Desert  Effect event #   Effect event size  Season PPT 

________________________________________________________________________ 

Mojave 
 Wet  4.8    13.1    69.0 
 Mid  2.2    10.1    36.2 
 Dry  0.5    5.1    7.0 
Chihuahuan 
 Wet  14.1    13.8    205.3 
 Mid  11.1    10.1    125.7 
 Dry  7.1    8.5    71.8 
Sonoran 
 Wet  13.2    13.7    197.6 
 Mid  8.8    10.9    113.6 
 Dry  5.1    8.1    56.5 
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FIGURE LEGENDS 

Figure 1.  Ecosystem CO2 exchange (Re – ecosystem respiration; GEE – gross ecosystem 

exchange; NEE – net ecosystem exchange) following a pulse through time.  (A) Re, GEE 

and NEE as a percentage of maximum achievable rates following a small hypothetical 

precipitation pulse (at arrow and of sufficient size to stimulate autotrophic activity).  (B)  

Similar to panel A, this figure illustrates the response expected with an increase in pulse 

size.  The primary driver of differences in cumulative flux rates is the extended period of 

high GEE activity as a result of greater infiltration with a larger rainfall event rather than 

changes in instantaneous flux rates.  (C) The activity period for GEE, Rh (heterotrophic 

respiration) and Ra (autotrophic respiration) following precipitation events of different 

sizes.  Rh increases up to a maximum duration of activity of two days from very small 

pulses to 10 mm (duration = event size * 0.2).  Ra and GEE have a small pulse size 

threshold of 5 mm with activates each for a period of one day, up to a maximum of 7 

days at a very large pulse size (40 mm; duration = event size * 0.17 + 0.14), when 

processes such as overland flow dominate the hydrologic cycle.  These functions relate 

pulse size to duration of activity in our simple model for a seasonal distribution of event 

sizes.  (D) Composite functions of NEE for the primary growing-season (June, July and 

August) for two different ecosystem types; a coniferous forest (Niwot Ridge – see 

Monson et al., 2003) and a semi-arid grassland (Jornada Experimental Range – see 

Mielnick et al., in review).  Composite functions are constructed from the probability 

distribution of fluxes for multiple years (Niwot Ridge –  4 years; Jornada – 4 years), and 

plotted as a function of the probability in time that a flux value will be exceeded (see 
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Appendix I).  In panel A, B and D, rates are plotted such that negative values represent 

flux into the ecosystem and positive values represent efflux to the atmosphere. 

 

Figure 2. The cumulative size distribution of daily precipitation events for July through 

September from an 85 year data set from the Sonoran, Mojave and Chihuahuan Deserts. 

Data were provided by Reynolds et al., (2004, this issue), and based on analyses of data 

obtained from http://www.wrh.noaa.gov/lasvegas/lasvegas_records.htm (Mojave); 

http://www.wrh.noaa.gov/Tucson/climate/climate.html (Sonoran); http://jornada-

www.nmsu.edu/ (Chihuahuan).  Plotted here is the average size distribution for the driest 

25% of years, middle 25% of years and wettest 25% of years.  These size distributions 

are used with the functions given in Fig. 2c to determine periods of high ecosystem 

activity (GEEmax, Rh,max, Ra,max – see Table 1) and periods of reference state activity 

(GEEref, Rh,ref, Ra,ref – Table 1) in order to calculate seasonal NEE. 

 

Figure 3. The relationship between total seasonal precipitation (July – September) and the 

number of small (<5mm) versus large (>5mm) event sizes for the Sonoran, Mojave and 

Chihuahuan Deserts. Data were provided by Reynolds et al., (2004, this issue), and based 

on analyses of data obtained from 

http://www.wrh.noaa.gov/lasvegas/lasvegas_records.htm (Mojave); 

http://www.wrh.noaa.gov/Tucson/climate/climate.html (Sonoran); http://jornada-

www.nmsu.edu/ (Chihuahuan). 
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Figure 4.  Plotted are the seasonal cumulative carbon fluxes of respiration (summed 

autotrophic and heterotrophic) and photosynthesis for the three warm deserts of North 

America.  Each data point is constructed from either the driest 25% (open symbols), mid 

25% (grey symbols) or wettest 25% (black symbols) of the precipitation record (from 

Figs. 2).  The size distributions in Fig. 2 are translated into time by the relationships 

given in Fig. 1c, and used to determine the time period of maximum flux rates for a 

season.  The season length (in this case 100 days) minus the duration of high activity 

gives the time period of reference state activity.  The sum of these high and low flux 

totals gives seasonal GEE and Re (Re = Ra + Rh).  NEE = GEE + Re.  Flux rates used here, 

associated with each desert are given in Table 1.  Negative values represent carbon flux 

into the ecosystem, while positive values represent carbon loss from the ecosystem.  In 

the bottom panel, the compensation point is illustrated with a dashed line.  Circles are the 

Sonoran Desert, squares represent the Chihuahuan Desert, and triangles are the Mojave 

Desert. 

 

Figure 5.  Net ecosystem CO2 exchange as a function of the seasonal precipitation event 

size distributions for the Sonoran, Chihuahuan and Mojave deserts (given in Fig. 2).  In 

this analysis, the precipitation characteristics of each region (dry, mean and wet) are 

applied to the ecosystem component flux characteristics of each region in a factorial 

manner so that, for example, the Mojave Desert flux values are applied to the 

precipitation record of both the Sonoran and Chihuahuan Deserts.  Circles represent the 

Chihuahuan Desert specific flux characteristics, squares represent the flux characteristics 
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of the Sonoran Desert, and triangles illustrate the Mojave Desert all given in Table 1.  

The different precipitation regimes are:  black filled symbols – Chihuahuan Desert, gray 

filled symbols – Sonoran Desert, and open symbols – Mojave Desert. 

 

Figure 6.   Hypothesized relative soil water content and subsequent carbon fluxes under 

bare soil and sub-canopy areas of an arid or semi-arid ecosystem are shown following a 

pulse of one of the three size-classes defined by the distribution of water on the surface.  

Under bare soil, water content after the pulse is roughly proportional to pulse size.  Sub-

canopy water content increases only above the threshold, when canopy interception 

allows throughfall and stem flow to wet the sub-canopy soil.  Above an additional size 

threshold, water redistribution from bare soil to sub-canopy leads to increased water 

content in sub-canopy soil, a response that favors large photosynthetic responses by 

plants.  Soil water content and depth is shown by shading in the soil box, while fluxes of 

CO2 are shown from bare soil areas, sub canopy and plants with arrows where length is 

proportional to the flux response. 
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APPENDIX I 

We compiled flux duration curves [analogous to the stream flow duration curves - 

Searcy (1959)], to illustrate the differences in ecosystem CO2 exchange characteristics for 

a pulsed ecosystem (a semi-arid grassland – Jornada Experimental Range – Mielnick et 

al., in review) and an ecosystem that experiences a relatively steady-state decline in soil 

water availability in time (a coniferous forest – Niwot Ridge AMERIFLUX Site – 

Monson et al., 2002).    We used 30-minute and 20-minute averaged (Niwot Ridge and 

Jornada, respectively) peak growing-season (June-August) net ecosystem exchange 

values observed over four years (1999-2002 and 1997-2000, Niwot Ridge and Jornada, 

respectively).  Briefly, NEE data for the period of interest at each site was assigned a rank 

(r) in order of descending magnitude, positive to negative.  An probability of exceedence 

(F) was calculated for each ranked NEE value (r) according to the formula:   

F = [r / (n + 1)] * 100  (1) 

where n is the number of ranked NEE values for the period of interest.   Like flow 

duration analysis in hydrology (Searcy 1959; Vogel and Fennessy 1995; Potts and 

William 2004), flux duration analysis provides a convenient and repeatable standard for 

comparing patterns of ecosystem exchange between sites and between years at the same 

site.  By ranking and assigning a frequency to ecosystem exchange values, flux duration 

analysis incorporates episodic high activity periods, such as those associated with 

precipitation pulses, and sustained low level fluxes during inter-pulse periods into a 

single calculation.  As additional ecosystem scale flux data sets become available, it may 

be possible to broadly classify ecosystem flux duration curves as “pulsed-dominated” and 
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“steady-state” similarly to the way hydrograph-derived flow duration curves can be 

described and classified by the physical, biotic and anthropogenic factors controlling 

stream flow (e.g. Vogel and Fennessey 1995;  Smakhtin 2001). 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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APPENDIX D: 
THE SENSITIVITY OF ECOSYSTEM CARBON EXCHANGE TO SEASONAL 

PRECIPITATION AND WOODY PLANT ENCROACHMENT 
 

D.L. Potts, T.E. Huxman, R.L. Scott, D.G. Williams and D.C. Goodrich 
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Abstract 
 
 

Ongoing, widespread increases in woody plant abundance in historical grasslands and 

savannas (woody encroachment) likely will interact with future precipitation variability 

to influence seasonal patterns of carbon cycling in water-limited regions. To characterize 

the effects of woody encroachment on the sensitivity of ecosystem carbon exchange to 

seasonal rainfall in a semi-arid riparian setting we used flux duration analysis to compare 

2003-growing season NEE data from a riparian grassland and shrubland.  Though less 

seasonally variable than the grassland, shrubland NEE was more responsive to monsoon 

rains than anticipated.  During the 2004-growing season we measured leaf gas exchange 

and collected leaf tissue for δ13C and C:N analysis periodically among three size classes 

of the dominant woody-plant, Prosopis velutina and the dominant understory  species, 

Sporobolus wrightii, a C4 bunchgrass, present at the shrubland.  We observed size-class 

and plant functional type independent patterns of seasonal plant performance consistent 

with greater-than-anticipated sensitivity of NEE in the shrubland.  This research 

highlights the complex interaction between growing-season precipitation, plant-available 

alluvial groundwater and woody plant abundance in governing ecosystem carbon balance 

in this semi-arid watershed. 
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Introduction 

 
How climate may influence ecosystem function has been a focal point in the 

development of the ecosystem concept in ecology (Lindeman 1942; Odum 1969; 

Rosenzweig 1968; Golley 1993).  While the relationship of vegetation community 

composition to global patterns of temperature and rainfall are well established and long 

recognized (Koeppen 1936; Bailey 1996), evaluating dynamic ecosystem processes that 

derive from those vegetation patterns in response to variability in climate remains a 

central focus (Weltzin et al. 2003; Enquist et al. 2003; Huxman et al. 2004b).  

Additionally, assessing ecosystem responses to future climate variability requires both 

reductionist and synthetic approaches to understand the mechanistic processes that 

underlie whole-system function (Weltzin et al. 2003). 

In water-limited regions, precipitation arrives in discrete “pulses” that may trigger 

episodes of biotic activity (Noy-Meir 1973).  Characteristics of rainfall events such as 

size and seasonal timing may interact with soils and vegetation to affect the duration and 

magnitude of the resulting periods of biotic activity (Schwinning and Ehleringer 2001; 

Snyder et al. 2004; Reynolds et al. 2004; Huxman et al. 2004b; Potts et al. in press).  For 

example, a small pulse may percolate through a coarse-textured soil to reach the roots of 

a deeply rooted shrub and stimulate photosynthesis while the same-sized pulse in a fine-

textured soil may influence only soil water content in the near-surface and not be utilized 

by deeply rooted shrubs (Fravolini et al. 2005). 



 169

Pulses and their effects are scale dependent (Schwinning and Sala 2004) and may 

range from a small storm triggering microbial activity with a duration of a few hours 

(Cable and Huxman 2004) to decadal variation in precipitation associated with 

phenomena such as El Nino Southern Oscillation that increase fire frequency and 

intensity (Swetnam and Betancourt 1998).  In the semi-arid southwestern United States 

annual precipitation is evenly divided between two intermediate-scale pulses of water: 

cool season precipitation associated with frontal storms (November-March) and warm 

season precipitation associated with the North American Monsoon during July-

September (Adams and Comrie 1997).  Regional predictions of future climate suggest 

that in addition to increased totals, rainfall may become even more variable (Giorgi et al. 

1998).  Changes in seasonal rainfall regime likely will interact with other global-change 

factors, such as changes in landscape vegetation cover, to affect ecosystem functions such 

as biosphere-atmosphere exchanges of material and energy. 

An important contributor to broad-scale vegetation change in semi-arid regions 

worldwide is the expansion and increasing density of woody plants in historical 

grasslands and savannas (Archer et al. 2001).  This phenomenon, termed “woody 

encroachment” (Goodale and Davidson 2002) has been attributed to grazing by livestock, 

altered fire regimes, atmospheric enrichment of CO2 and climate change (McPherson 

1997; Van Auken 2000).  The potential consequences of woody encroachment include 

increased net primary productivity (House et al. 2003), increased spatial heterogeneity of 

soil resources (Schlesinger et al. 1990; Reynolds et al. 1999) and increases in mean 

rooting depth (Jackson et al. 1996).  Of particular concern is the potential for regional 
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increases in woody plant abundance to alter North America’s terrestrial carbon budget 

(Pacala et al. 2001; Goodale and Davidson 2002; Jackson et al. 2002; Asner et al. 2003; 

Houghton 2003) and to affect changes in regional hydrologic cycling (Wilcox et al. 2003; 

Huxman et al. 2005).  However, little is known of how woody encroachment interacts 

with present precipitation variability to affect processes underlying ecosystem CO2 and 

H20 exchange. 

Changes in ecosystem carbon balance associated with woody encroachment may 

be estimated by measurements of net ecosystem exchange of CO2 (NEE) using eddy-

covariance (Baldocchi 2003).  In water-limited ecosystems, pulse events preceded by dry 

conditions may produce NEE fluxes orders of magnitude larger than those before the 

pulse  (Huxman et al. 2004b; Xu et al. 2004, Scott et al. in press).  Huxman et al. (2004c) 

suggest flux duration analysis as an approach to comparing ecosystem carbon dynamics 

using NEE time-series. 

Analogous to flow duration analysis in hydrology (Searcy 1959; Vogel and 

Fennessy 1995; Smakhtin 2001; Potts and William 2004; Lane et al. 2005), flux duration 

analysis ranks and assigns a frequency to NEE time-series values in the form of 

cumulative frequency distribution.  In water-limited systems, flux duration analysis 

incorporates episodic periods of high activity associated with rainfall pulses and extended 

periods of low activity associated with dry conditions into a single calculation (Huxman 

et al. 2004c).  Flux duration analysis complements traditional time series and cumulative 

approaches in the interpretation of tower-based ecosystem exchange data by yielding a 

probabilistic description of fluxes for a given period of interest. 
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The first objective of this research was to characterize the effects of woody plant 

abundance on the sensitivity of ecosystem carbon exchange to seasonal rainfall in a 

riparian setting.  We predicted that in comparison with a grassland system, NEE in a 

shrubland would be less sensitive to summer rainfall associated with the North American 

Monsoon, owing to the ability of woody plants to access alluvial groundwater. Our 

second objective was to understand how the physiological sensitivity to summer 

precipitation of different plant functional types and woody plants of different size-classes 

influence whole-ecosystem patterns of CO2 exchange with the atmosphere.  We predicted 

that in a riparian shrubland, deeply rooted mature woody plants would be less sensitive to 

shallow soil moisture associated with summer rainfall than shallowly rooted smaller 

woody plants and bunchgrasses. 

 

Methods 

 

Site description 

Study sites were located within the San Pedro National Riparian Conservation 

Area adjacent a perennial reach of the San Pedro River, approximately 12 km east of 

Sierra Vista, AZ.  Woody plant cover in the San Pedro has increased dramatically during 

recent decades (Turner et al. 2003).  Watershed-wide, mesquite cover increased by 410% 

during the period 1973-1992 (Kepner et al. 2000).  In riparian areas, this increase likely 

resulted from several interacting processes that include grazing by cattle (Skartvedt 



 172

2000), changes in the flood-frequency regime and channel morphology of the river 

(Stromberg 1998), and declines in fire frequency (Blank et al. 2003). 

Scott et al. (in press) provide an in depth description of the research sites used in 

this investigation.  Briefly, the grassland and shrubland sites were located within 1 km of 

one another on an alluvial terrace at an elevation of 1230 m.  During 2003, depth to 

groundwater measured by test wells was 2.8 m at the grassland and 6.5 m at the 

shrubland (Scott et al. in press).  Soils at the sites are similar homogeneous sandy-loams 

derived from alluvium deposited by the nearby river. 

Within the San Pedro basin, the early growing season  (April-June) is 

characterized by hot, dry conditions.  During July-September, the North American 

Monsoon delivers approximately 60% of annual precipitation in the form of spatially 

discrete, high intensity convective storms.  Based on the dewpoint temperature definition 

of the National Weather Service (http://www.wrh.noaa.gov/twc/monsoon/monsoon.php, 

the 2003 monsoon began on July 13 (DOY 194).  During 2003, the period for which we 

present NEE data, July-September precipitation totaled 118 mm at the sites.  During 

2004, the period for which we measured plant physiological attributes, monsoon 

atmospheric conditions began on DOY 194 and ended on DOY 233.  It should be noted 

that the 2004 summer precipitation total includes a 31 mm contribution in the third week 

of September from dissipating Tropical Storm Xavier. 

Vegetation at the grassland site was dominated by big sacaton (Sporobolus 

Wrightii) with a canopy height of 1 m.    Sacaton is a C4 bunchgrass associated with 

riparian-influenced grasslands in the southwestern United States (Richter et al. 2002). 
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During 2003, the grassland growing-season plant area index (LAI) varied from 1.0-2.5 

(Scott et al. in press).  The shrubland site was a co-dominant stand of velvet mesquite 

(Prosopis velutina Woot.) and big sacaton.  Velvet mesquite is deciduous and is regarded 

as a deeply rooted, facultative phreatophyte (Snyder and Williams 2000).  Mesquite at the 

shrubland ranged in height from 0.5 – 5 m; total canopy cover during 2003 was 

approximately 55% (Scott et al. in press).  At the shrubland site, sacaton dominated the 

understory and inter-shrub spaces. During the 2003 growing season, total PAI ranged 

from 1.1 to 1.5 at the shrubland site (Scott et al. in press). 

 

Collection and analysis of NEE 

A 3-dimensional, sonic anemometer (Model CSAT-3; Campbell Scientific Inc., 

Logan UT) and an open-path infrared gas analyzer (LI-7500, LI-COR Inc., Lincoln, NE) 

were mounted on towers at 3 m at the grassland site and 6 m at shrubland to record wind 

speed and direction, temperature and the concentrations of water vapor and carbon 

dioxide.  Data were sampled at 10 Hz, averaged and calculated to 30-minute covariances 

and recorded by a datalogger (CR5000, Campbell Scientific Inc., Logan UT).  Scott et al. 

(2005) provide additional details of tower-based instrumentation and analysis and on the 

methods used to process NEE data collected during 2003.  By convention, positive NEE 

values indicate net carbon loss and negative NEE values indicate net carbon gain by the 

ecosystem.  We examined daylight flux data only and excluded NEE data from time 

periods when u* < 0.15.  Because we were interested in a cumulative probability 

distribution of flux, we did not gap-fill missing NEE values. 
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To examine seasonal changes the dynamics of carbon exchange associated with 

the onset of monsoon precipitation, the growing season was divided into two 

approximately equal parts: a pre-monsoon period (DOY 135-194) and a monsoon period 

(DOY 195-255).  This division is based on the beginning and the end of monsoon 

circulation according to local atmospheric conditions defined by the National Weather 

Service.  To address the prediction that increased woody plant abundance would decrease 

ecosystem sensitivity to monsoon rainfall, we compared pre-monsoon and monsoon 

daylight fluxes at the two sites using flux-duration curves analogous to the stream flow 

duration curves calculated by Searcy (1959).   

 Briefly, NEE data for the period of interest at each site was assigned a rank in 

order of descending magnitude, positive to negative.  An exceedence frequency (F) was 

calculated for each ranked value (r) according to the formula: 

F = [r / (n + 1)] * 100       

where n is the number of ranked NEE values for the period of interest.   For example, the 

largest NEE value (r = 1) for a 50-hour period (n = 100, 30-minute averaged values) 

would have an exceedence frequency (F) equal to 1.  Particular exceedence values are 

expressed using QF.  The flux value exceeded 50% of the time (the median), therefore 

would be expressed as Q50. 

 We used Kolmorgorov-Smirnov (K-S) tests to compare pre-monsoon and 

monsoon cumulative frequency distributions to one another at each site and linear 

regression (JMP In Statistical Discovery Software Ver. 4, SAS Institute Inc. Cary, NC) to 

correlate site specific pre-monsoon and monsoon cumulative frequency distributions to 
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one another.  If NEE was unresponsive to monsoon circulation, then the slope of the 

regression would be equal to one.  If monsoon rains stimulated NEE, then the slope of the 

regression would be greater than 1.  The amount of stimulation (i.e. the sensitivity) is 

indicated as an increase in the slope.  The slope of the linear correlation between pre-

monsoon and monsoon cumulative frequency distributions therefore provides an index of 

the sensitivity of NEE to the monsoon that may be compared between sites. 

 

Field measurements 

 At the shrubland site, we selected 5 individual mesquite plants in each of three 

size-classes and 5 individual sacaton plants for repeated measurements during 2004.  

Primary criteria for the selection of mesquite individuals were that they appeared in 

healthy condition and that they fit into one of the a priori size-classes (Table 1).  Mid-

sized sacaton plants situated in inter-canopy locations were selected to characterize the 

seasonal performance of the population.  Canopy dimensions of each mesquite plant were 

estimated with a meter stick.  Mean canopy diameter was calculated from measurements 

made on the cardinal compass directions. 

We measured predawn plant water (ψpd) using a Scholander-type pressure 

chamber (PMS Instruments, Corvallis, OR, USA).  Measurements were made between 

01:30 and 02:30 hours.  Mid-canopy leaves of mesquite and sacaton were cut with a 

sharp blade, placed in a plastic bag, sealed and stored in a plastic cooler before 

measurement with the pressure chamber.  Measurements of ψpd were made prior to and 

after the onset of monsoon circulation on DOY 141, 181, 212 and 224. 
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To assess seasonal patterns of maximum individual rates of leaf gas exchange, we 

measured net CO2 assimilation (Anet) and stomatal conductance of H2O (gs) between 

09:00 and 11:00 hours periodically throughout the growing season (Naumberg et al. 

2003).  Diurnal measurements of S. wrightii in a similar, nearby riparian setting suggest 

that maximum leaf gas exchange rates occur in the mid-morning (Potts unpublished 

data). We used a portable photosynthesis system (LI-6400, Li-Cor, Lincoln, NE, USA) 

on sun-lit leaves positioned in the middle canopy of each plant.  Inside the measurement 

cuvette of the LI-6400, the red/blue light source was set to 1500 µmol m-2 sec-1 and CO2 

concentration was set to 370 µmol mol-1.  Vapor pressure deficit and air temperature were 

set to ambient conditions in the cuvette during each measurement period.  Leaves were 

collected in the field after gas exchange measurements and their area was estimated using 

a desktop scanner and imaging software (Scion Image, Scion Corp., Frederick, MD). 

 

Leaf carbon isotope and %N analysis 

The carbon isotope ratio of leaf tissues provides a record of woody plant 

photosynthetic responses to environmental variation (Williams and Ehleringer 1996).  

Francey and Farquhar (1982) provide a widely accepted model of carbon isotope 

variation in photosynthetically fixed carbon.  The ratio of 13C to 12C in photosynthate 

(δ13Cp) is a function of the isotope ratio of the air surrounding the leaf (δ13Ca), the ratio of 

leaf internal to ambient CO2 concentration (ci/ca), the diffusive fractionation of 13CO2 in 

air (a = 4.4 ‰), and the fractionation by Rubisco (b = 27 ‰) in the form: 

 δ13Cp  = δ13Ca - a - (b - a) ci/ca  (1) 
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Variation in observed isotopic ratios in leaf tissues can be attributed to environmental, 

physiological and genetic factors that affect ci/ca.  In the case of limited water availability 

or high transpirational demand, stomata respond by closing and reducing the supply of 

CO2 in the leaf thereby decreasing ci/ca and increasing δ13Cp (Farquhar et al. 1989). 

Isotopic analysis of bulk leaf tissue combines recently assimilated photosynthate and 

structural carbohydrates and so reflects an integrated estimate of growing-season ci/ca. 

Mature, sun-lit leaves positioned in the middle canopy were collected periodically 

for isotopic analysis during the 2004 growing season (DOY 141, 170, 205, 224, 248).  

Leaf samples were stored in paper envelopes and air dried in the laboratory.  We 

homogenized individual leaf samples with a mortar and pestle.  Leaf tissue was analyzed 

for δ13C on a continuous flow gas-ratio mass spectrometer (Delta PlusXL, Finnigan MAT 

Inc., San Jose, CA) coupled to an elemental analyzer (Costech, Valencia, CA) at the 

University of Arizona Department of Geosciences.  To evaluate the precision of the mass 

spectrometer an acetanilide standard (NBS-22 and USGS-24) was measured along with 

the leaf-tissue samples (-29.06 ‰, SD = 0.03). Data are reported relative to the PDB 

carbonate standard using “delta” (δ) notation in parts per thousand (‰) (Craig 1957).  In 

addition to reporting carbon isotope values, we report carbon to nitrogen ratios of leaf 

samples collected on DOY 224 using the same instrumentation. 
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Statistical analysis of plant physiological data 

Plant physiological data were checked for normality and analyzed with JMP In 

Statistical Discovery software Version 4 (SAS Institute Inc. Cary, NC).  We used 

repeated measures MANOVA to examine the dependence of ψpd, gs and Anet and leaf 

tissue δ13C on plant type, time and their interaction.  The effect of time and its interaction 

with plant type are reported as univariate G-G epsilon F-values.  DOY 224 leaf tissue 

nitrogen differences among plant functional type and mesquite size-classes were assessed 

using ANOVA.  

 

Results 

 
Sensitivity to the onset of the monsoon 
 

Cumulative frequency distributions of NEE for the two sites illustrate a shift in the 

frequency and magnitude of carbon exchange with the onset of the monsoon (Figure 1 a 

and b).  In the grassland, cumulative frequency distributions of pre-monsoon and 

monsoon NEE fluxes were distinct (K-S test, D = 0.48, p <0.0001, n = 99).  NEE fluxes 

became both more positive and more negative during the monsoon.  This is consistent 

with a system in which shallow soil wetting stimulates photosynthesis in plants and 

respiratory activity in both autotrophs and heterotrophs (Fig. 1a). During the monsoon, 

the frequency of daytime net carbon loss also increased in the grassland.  This is 

illustrated by a leftward shift in the point where the cumulative frequency distribution 

crosses the zero value of NEE.  Like the grassland, the cumulative frequency 

distributions of fluxes in the shrubland were seasonally distinct (K-S test, D = 0.25; p = 
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0.003, n =99).  Similar to the grassland, positive NEE fluxes became more positive 

(consistent with an increase in respiratory activity) and negative NEE fluxes became 

more negative (consistent with an increase in photosynthetic activity) (Fig.  1b). In 

contrast to the grassland, the frequency of net carbon loss remained virtually unchanged 

in the shrubland. 

To quantify the sensitivity of net ecosystem exchange to the onset of summer rains at 

each site we used least squares linear regression to compare the cumulative frequency 

distributions of NEE prior to and after the onset of the monsoon (Fig. 2).  The slope of 

the linear regression in the grassland (mean = 2.71, 95% confidence interval 2.60 to 2.81, 

n = 99) was distinct from that of the shrubland (mean = 1.40; 95% confidence interval = 

1.35 to 1.45, n = 99).  The greater slope in the grassland suggests that NEE at this site 

was more sensitive to the onset of the monsoon.  However, in contrast with our 

prediction, the regression slope of the shrubland excluded the null hypothesis value of 1 

suggesting that woody plants may dampen but not preclude NEE sensitivity to the 

monsoon. 

 
Vegetation response to the monsoon 

 In the shrubland, seasonal patterns of predawn leaf water potential (ψpd) varied 

among plant functional types and mesquite size-classes (Table 2, plant type x time).  

Between May 20 (DOY 141) and June 29 (Doy181), ψpd declined among all plant types 

consistent with decreasing soil moisture availability and increasing transpiration demand 

from rising daytime temperatures, high vapor pressure deficits and full development of 

the canopy (Figure 3, lower panel).  This decline was most pronounced among the 
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smallest mesquite size-class and sacaton bunchgrasses.  Comparing ψpd values on June 29 

(DOY 181) and July 30 (DOY 212; Figure 3, lower panel) illustrates that mesquite size-

class and plant functional type interacts with the onset of summer precipitation to 

differentially affect plant water status (plant type x time, Table 2).  Small mesquite and 

sacaton bunchgrass ψpd responded strongly to the onset of monsoonal circulation and 

precipitation.  The response of ψpd to summer rainfall was dampened in the medium size-

class while ψpd among the largest mesquite size-class was unchanged.  By early 

September (DOY 248), small mesquite and sacaton returned to their pre-monsoon (DOY 

181) states while the larger mesquite classes exhibited a water status consistent with 

access to stable sources of soil moisture. 

 Stomatal conductance of water vapor (gs) varied significantly during the growing 

season among plant types (Table 2, plant type x time).  On May 20 (DOY 141), mesquite 

in all three size-classes had similar, low levels of conductance (Figure 4, middle panel).  

As the pre-monsoon period progressed, size-classes diverged—larger mesquite plants 

increased gs while the smallest mesquite plants maintained low values, similar to those 

observed in sacaton.  After the onset of the monsoon (~ DOY 212), gs increased among 

the smallest mesquite plants and the bunchgrasses but remained unchanged among the 

larger shrubs.  Among mesquite, gs peaked on DOY 224 and was followed by a decline 

on DOY 248, consistent with increasing vapor pressure deficits and drying surface soils 

through the end of the period of monsoon circulation on DOY 233.  Though we cannot 

say definitively whether gs responded to the precipitation associated with dissipating 
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Tropical Storm Xavier around DOY 260 (Figure 3, upper panel), gs on DOY 269 was 

similar among all plant types to values observed before the start of the monsoon. 

 Mid-morning patterns of leaf carbon assimilation (Anet) were influenced by plant 

type, time and their interaction (Table 2).  Prior to the monsoon, Anet among large and 

medium individuals increased steadily while smaller mesquite plants maintained low 

levels of photosynthesis (Figure 4, lower panel).  Leaf gas exchange among the medium-

sized mesquite plants suggests similar performance to the large size-class prior to the 

monsoon and sensitivity to the onset of summer rains similar to small size-class (Figure 

4). 

 

 
Leaf tissue isotopic variation and nitrogen content 
  
 A significant amount of variation in leaf tissue stable carbon isotope ratios (δ13C) 

was explained by plant type using a statistical model that compared C4 sacaton to C3 

mesquite (Table 2).  In a statistical model that included C3 mesquite and excluded the 

distinctive isotopic values of the C4 sacaton, size-class explained a significant amount of 

variation in δ13C (Table 2). Leaf tissue δ13C values in sacaton and the smallest mesquite 

were constant throughout the growing season (Figure 5, bottom panel).  Among largest 

mesquite there was a gradual trend towards increasing isotopic discrimination during the 

course of the growing season. 

 Late-monsoon (DOY 224) leaf nitrogen (%N) indicated significant plant 

functional type differences between sacaton and mesquite (Figure 5, inset).  A 

comparison of %N among size-classes of mesquite indicated that the largest shrubs 
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possessed leaves relatively rich in nitrogen while medium and small shrubs were 

indistinguishable from one another. 

 

Discussion 

 

We predicted that increases in rooting depth associated with woody encroachment 

coupled with shallow alluvial groundwater would decouple shrubland NEE dynamics 

from the onset of summer rains associated with the North American Monsoon.  In 

contrast with our prediction, flux-duration analysis revealed that shrubland NEE did 

respond to the monsoon, though to a lesser degree than the grassland (Figure 1; Figure 3).  

Huxman et al. (2004c) used flux duration analysis of NEE data to compare theoretical 

growing-season cumulative frequency distributions of carbon exchange in a coniferous 

forest (Niwot Ridge, CO, U.S.A.) and a semi-arid grassland (Jornada Basin, NM, 

U.S.A.).  This comparison succinctly illustrated the difference between the coniferous 

forest in which snowmelt-dominated soil moisture declined steadily throughout the 

growing season and the semi-arid grassland in which soil moisture was dependent on 

episodic rainfall pulses.   

In the present study, we compared seasonal patterns of NEE from two sites that 

differed in woody plant abundance.  Apparent access to alluvial groundwater by the 

largest mesquite in the shrubland acts to partially decouple ecosystem carbon exchange 

from precipitation inputs.  The seasonal shift in NEE that we observed at the shrubland 

can be related to the dependence of smaller mesquite and sacaton bunchgrasses to 
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shallow soil moisture availability.  Together, these data illustrate the complex influence 

of woody plants on seasonal patterns of ecosystem carbon exchange. 

Overall, seasonal patterns of δ13C support the idea that mature mesquite shrubs 

had access to abundant moisture throughout the growing season (Figure 5). However, 

whole-tissue isotopic analysis did not reflect seasonal differences in plant performance 

among mesquite size-classes (Table 2).  This is surprising given the wide range of 

seasonal variation in gs between medium and smaller size-classes of mesquite.  Carbon 

isotope analysis of soluble leaf sugars in mesquite showed that when the signature of 

structural carbon is removed, δ13C may be used to track short term changes in plant 

performance following experimental irrigation (Fravolini et al. 2005). 

Leaf nitrogen content is positively correlated with photosynthesis (Tjoelker et al. 

2005).  Differences in leaf nitrogen content among plant types could contribute to the 

plant type differences in Anet.  Indeed, there were plant functional type and mesquite size-

class differences in leaf %N measured during the middle growing season (Figure 5).  

However, given observed patterns of ψpd and that differences in %N were not observed 

between the smaller size-classes of mesquite, water, not nitrogen, should be considered 

the primary controller of seasonal patterns of plant performance in this system.  

Differences in %N among size-classes of mesquite suggest the possibility that symbionts 

of large mesquite positioned on roots in the phreatic zone of the soil fix proportionately 

more nitrogen than those of the smaller size-classes in this ecosystem (Virginia and 

Jarrell 1990). 
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Early in the season (DOY 141), sacaton had high Anet suggesting that this 

bunchgrass may have been accessing soil moisture stored in the soil profile from winter 

and spring rains.  Alternatively, Anet represents a balance of gross photosynthesis and leaf 

respiration.  Higher rates of respiration in actively growing leaf tissue early in the 

growing season could mask or accentuate photosynthetic variation among plant types.  In 

deciduous mesquite, lower Anet during the early growing season may indicate high levels 

of leaf respiration or differences in construction costs between the C3 shrubs and the C4 

bunchgrass.  During the middle growing season, sacaton leaves had lower %N than 

mesquite (Figure 6 inset) suggesting functional type differences in leaf construction costs.  

The greater-than-expected response of mesquite shrubland vegetation to summer 

precipitation may lend support to the Faciliation Optima model of woody encroachment 

(Figure 7; Teague and Smit 1992; House et al. 2003).  The model predicts an increase in 

net primary production (NPP) associated with the facilitation of grass productivity by 

intermediate densities of woody plants.  Alternatively, an increase in NPP at intermediate 

stages of woody encroachment is due to a more complete utilization of environmental 

resources by a greater diversity of plant functional types and woody plant size-classes 

present in the shrubland would yield the same pattern.  In the shrubland, ψpd data 

supports vertical partitioning of soil moisture suggesting more complete utilization of 

resources by the diversity of plant functional types and woody plant size-classes present 

there. 

Our measurement of sensitivity was based on NEE that in turn represents the 

balance of photosynthetic and respiratory processes in the ecosystem.  Our investigation 
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focused on plant photosynthetic performance driving seasonal patterns of daytime NEE.  

However, a shift in ecosystem respiration associated with increases in woody plant 

abundance also could affect seasonal patterns of daytime NEE.  Despite efforts to 

quantify the contribution of woody plants to belowground carbon pools and their effects 

on soil carbon pools (Jackson et al. 2002), little is known regarding the effects of woody 

encroachment on ecosystem respiration fluxes (representing the metabolism of 

contributions from aboveground plant tissues, roots and soil heterotrophs, all potentially 

critical controllers of ecosystem carbon balance, Valentini et al. 2000).   In a southern 

Texas, upland mesquite savanna, McCulley et al. (2004) determined that woody plants 

intensified belowground carbon cycling by simultaneously increasing soil carbon and soil 

respiration rates.  However, Scott et al. (in press) reported on 2003 fluxes from the woody 

encroachment gradient in the present study and found that rates of ecosystem respiration 

in the shrubland were similar to those of the grassland.  This supports the idea that at least 

under the climate conditions that prevailed during 2003, ecosystem-level changes in 

photosynthesis rather than respiration may shape seasonal shifts in NEE. 

Late-summer precipitation associated with dissipating tropical cyclones is an 

irregular, but significant, climatic feature in the southwestern United States with 

potentially important consequences to hydrologic systems  (Merritt and Wohl 2003).  A 

lack of plant physiological response to Tropical Storm Xavier suggests late-season 

rainfall associated with these storms may not be “biologically significant” (sensu 

Reynolds et al. 2004).  We suggest that in the case of late-season precipitation, phenology 

constrains plant responses (Figure 3, middle, lower panels).  Phenological canalization is 
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a constraint to woody plant growth in response to experimental irrigation in the Mojave 

Desert (Snyder et al. 2004; Comstock and Ehleringer 1992).  If future climate change is 

accompanied by an increase in the frequency of tropical cyclones, the consequences to 

Sonoran desert ecosystems may not include a significant, direct photosynthetic response 

by plant communities. 

The findings of this research suggest that carbon dynamics in shrublands may be 

less sensitive to intra-annual precipitation variability than grasslands.  Size-class 

distribution of woody plants may play an important role in constraining seasonal 

dynamics of shrubland carbon exchange.  From the perspective of riparian ecosystem 

management, these results suggest that patterns of ecosystem productivity may be 

constrained by seasonal rainfall, even in systems dominated by facultative phreatophytes 

such as velvet mesquite and big sacaton.  Finally, the independent physiological 

responses of different mesquite size-classes to precipitation associated with the North 

American Monsoon may provide insight into more effective woody plant control 

strategies for riparian vegetation managers. 
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Table 1.  Canopy characteristics of each mesquite size-class expressed as mean ± 
standard deviation (N = 5). 
  
    Canopy characteristic 
Size-class   Height (m)  Mean diameter (m) 
 
Small    1.10 ± 0.29  1.13 ± 0.43 
Medium   2.93 ± 0.32  2.32 ± 0.45 
Large    3.74 ± 0.46  4.79 ± 1.08 
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Table 2. Mean square (MS), degrees of freedom (df), F-statistic (F), corresponding P 
values from the repeated measures MANOVA statistical analysis of predawn leaf water 
potential (ψpd), net assimilation of CO2 by the leaf (Anet), leaf stomatal conductance (gs) 
and leaf tissue δ13C during the 2004 growing season.  Plant type refers to grasses and 
mesquite in different size classes. 
 
________________________________________________________________________ 
Factors    MS  df  F  P value 
 
ψpd 
 Plant type  10.6  3,9  31.8  <0.0001 
 Plant type x time 0.08  9,17  3.35  0.015 
 Time   3.68  3,7  0.0096  0.01 
gs 
 Plant type  10.87  3,8  29.01  <0.0001 
 Plant type x time 0.364  9,23  2.36  0.047 
 Time   0.364  3,24  15.19  <0.0001 
Anet 
 Plant type  5.43  3,8  14.49  0.001 
 Plant type x time 0.50  12,32  2.29  0.03 
 Time   0.50  4.32  10.42  <0.0001 
δ13C  
 Plant type  318.1  3,10  1060.3  <0.0001 
 Plant type x time 0.82  10,33  1.81  0.09 
 Time   0.82  3,33  9.27  <0.0001 
δ13C (mesquite-only) 
 Plant size  1.87  2,6  5.42  0.045 
 Plant type x time 0.77  6,18  0.69  0.66 
 Time   0.77  3,18  8.40  0.0009 
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Figure Legends 
 
Figure 1. Cumulative frequency distributions of daytime net ecosystem exchange of CO2 

(NEE) generated using flux duration analysis (Huxman et al. 2004c) in a sacaton 

grassland (a) and mesquite shrubland (b) prior to and during the monsoon (solid and 

dashed line respectively).  Negative NEE indicates net assimilation of CO2 by the 

atmosphere. The solid horizontal line indicates compensation between photosynthetic and 

respiratory processes. 

 

Figure 2. Linear correlation of NEE cumulative frequency distributions prior to and 

during the monsoon in a riparian sacaton grassland (solid circles) and a mesquite 

shrubland (open circles).  The dashed line is the 1:1 line.  Slope magnitude represents an 

index of NEE sensitivity to the monsoon. 

 

Figure 3. (upper panel) 2004 growing season precipitation expressed in mm by event.  

The hatched portion of the figure indicates the period of atmospheric conditions 

associated with the North American Monsoon.  (lower panel) Predawn leaf water 

potential (ψpd) of sacaton bunchgrass and mesquite trees in three size-classes during the 

2004-growing season.  Error bars indicate SE. 

 

Figure 4.  (upper panel) As in Figure 3.  (middle panel)  Mid-morning leaf stomatal 

conductance (gs expressed in mol H20 m-2 sec-1).  (lower panel)  Mid-morning net 
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assimilation of CO2 by leaves (Anet expressed as µmol CO2 m-2 sec-1).  Here, positive 

values indicate assimilation of CO2 by the leaf.   

 

Figure 5. (upper panel) As in Figure 3. (lower panel)  Leaf tissue stable carbon isotope 

ratio (δ13C) expressed in parts per thousand.  Increasingly negative values of δ13C are 

suggestive of more favorable plant water status.  

 

Figure 6.  (inset) Mean (± SE) late monsoon (DOY 224) leaf nitrogen content (% N) by 

plant functional type and ANOVA results.  The comparison of plant functional types 

considers all mesquite size-classes as a single functional type. (full) Mean (± SE) late 

monsoon (DOY 224) leaf nitrogen content (% N) by mesquite size-class and ANOVA 

results.  Capital letters indicate groups with different mean values (pairwise Student’s T-

test, p < 0.05). 

 

Figure 7. The Facilitation-optima model to predict the effect of increasing woody plant 

abundance on aboveground net primary productivity (ANPP).  The transition from 

grassland to shrubland is marked by an increase in ANPP associated with more complete 

environmental resource utilization by an increased diversity of plant types.  ANPP 

declines as woody plant abundance increases from shrubland to woodland and canopy 

sub-dominant plants are excluded (redrawn from House et al. 2003).  The solid line 

represents total ANPP; dotted and dashed lines represent the ANPP contribution of 

woody plants and grasses to total ecosystem productivity respectively.
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Figure 1. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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