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ABSTRACT 

Warming and rainfall intensification linked to climate change will alter water availability 

in drylands—arid and semiarid regions that cover 41% of the land surface, house over two 

billion people, and impact global carbon and water cycling. In these water-limited systems, 

episodic rainfall drives pulses of plant and soil activity that regulate ecosystem exchanges of 

water and carbon. Despite the outsize importance of pulse events on dryland carbon and water 

dynamics, prior frameworks have not considered how rising atmospheric demand and the 

intensification of rainfall modify pulse responses. Moreover, models of soil carbon emissions are 

largely based on studies from temperature-limited, mesic regions which may not reflect how soil 

moisture regulates respiration processes. These knowledge gaps limit our ability to assess how 

changing moisture availability in a warming climate will impact dryland carbon and water 

cycling. My dissertation addresses these gaps by using observations to confront models and 

advance the pulse framework of water-limited ecosystems. In Appendix A, I identify the 

dominant drivers of soil CO2 efflux in drylands and present a model that can capture efflux 

dynamics by considering interactions among temperature, moisture, and photosynthesis. In 

Appendix B, I integrate flux tower datasets to show that high atmospheric demand suppresses 

ecosystem photosynthesis more than respiration or evapotranspiration, which decreases the 

carbon uptake and water efficiency of rain pulses. In Appendix C, I use a rainfall manipulation 

experiment to conclude that precipitation intensification toward fewer, larger storms decreases 

seasonal soil CO2 efflux in a semiarid grassland. Together, these findings advance the pulse 

paradigm and indicate the potential for climate-mediated shifts in dryland carbon and water 

cycling. 



13 

 

 

CHAPTER 1: INTRODUCTION 

Carbon and water cycling in drylands 

Arid and semiarid ecosystems, also known as drylands, are complex mosaics of plant and 

soil communities that cover 41% of the global land surface, house over 2 billion people, and 

influence global carbon and water cycling (D’Odorico et al., 2010; Millennium Ecosystem 

Assessment, 2005). In drylands, rates of potential evaporation often exceed water inputs through 

precipitation, resulting in moisture limitation that causes water stress to plant and soil 

communities (Noy-Meir, 1973; Porporato et al., 2002). The imbalance between water supply and 

demand establishes tight coupling between soil moisture and ecosystem processes and makes 

drylands sensitive to changes in climate that alter water availability (Newman et al., 2006; 

Rodriguez-Iturbe, 2000; Wilcox et al., 2003). Due to their sensitivity to moisture (Biederman et 

al., 2016; Scott et al., 2015; Shao et al., 2013) and expansive cover (Huang et al., 2016), drylands 

are known to dominate the trend and interannual variability of the terrestrial carbon sink 

(Ahlström et al., 2015; Poulter et al., 2014). Drylands also provide key ecosystem services. 

Primary production creates biomass for food, fuel, and fiber resources, whereas soil development 

and nutrient cycling can support natural climate solutions (Millennium Ecosystem Assessment, 

2005). Understanding dryland processes is therefore important to constrain projections of the 

terrestrial carbon sink (Friedlingstein et al., 2014) and quantify how climate change impacts 

ecosystem service provisioning. 

The activity of plant and soil communities drives ecosystem-scale exchanges of carbon, 

water, and energy. We can gain insight into the dynamics and controls of these processes using 

eddy covariance measurements (Baldocchi, 2008) and soil chambers (Moore et al., 2013; Savage 

https://paperpile.com/c/mwBLDS/eJtA
https://paperpile.com/c/mwBLDS/gZJy+vQJX
https://paperpile.com/c/mwBLDS/kii2+MrWm+QAsN
https://paperpile.com/c/mwBLDS/kii2+MrWm+QAsN
https://paperpile.com/c/mwBLDS/TN2S+DQnn+HEDG
https://paperpile.com/c/mwBLDS/TN2S+DQnn+HEDG
https://paperpile.com/c/mwBLDS/TkXO
https://paperpile.com/c/mwBLDS/G3xM+SKcW
https://paperpile.com/c/mwBLDS/XO6R
https://paperpile.com/c/mwBLDS/QEBy
https://paperpile.com/c/mwBLDS/RUDF+hfN6
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& Davidson, 2003). Eddy covariance quantifies ecosystem evapotranspiration (ET) and the net 

exchange of carbon dioxide (CO2), which can be partitioned into gross ecosystem photosynthesis 

and ecosystem respiration (Reichstein et al., 2005). Gross ecosystem photosynthesis (GEP), the 

amount of CO2 assimilated by an ecosystem, provides substrate for biomass production and is 

the source of carbon inputs that support ecosystem metabolic activity (Chapin et al., 2011). 

Ecosystem respiration (Re) is the CO2 emitted by aboveground autotrophic respiration and soil 

CO2 efflux (Fs)—defined here as the sum of microbial respiration and belowground autotrophic 

respiration. Fs indicates rates of ecosystem metabolism and nutrient cycling (Luo & Zhou, 2006; 

Orchard & Cook, 1983) and often dominates ecosystem-scale carbon exchange immediately after 

rain events (Huxman et al., 2004; López-Ballesteros et al., 2016; Sponseller, 2007). Together, 

eddy covariance and soil chamber methods enable us to quantify dryland ecosystem responses to 

changes in climate and land management. 

  

Climate change in water-limited regions 

Rising atmospheric concentrations of CO2 and other greenhouse gases due to human 

activities have warmed the atmosphere, land, and oceans (IPCC, 2021). In the southwestern 

United States, the region of focus in this dissertation, widespread warming has been 

accompanied by increased atmospheric demand for moisture (Ficklin & Novick, 2017) and an 

intensification of precipitation (Zhang et al., 2021). Because these factors influence water supply 

and demand, there is a need to examine how these changes are influencing moisture-dependent 

processes in drylands. 

https://paperpile.com/c/mwBLDS/RUDF+hfN6
https://paperpile.com/c/mwBLDS/FppX
https://paperpile.com/c/mwBLDS/2hEo
https://paperpile.com/c/mwBLDS/ChQt+sEWO
https://paperpile.com/c/mwBLDS/ChQt+sEWO
https://paperpile.com/c/mwBLDS/MkPE+vjME+tzKy
https://paperpile.com/c/mwBLDS/DvGF
https://paperpile.com/c/mwBLDS/PBkU
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Atmospheric demand for moisture (expressed as vapor pressure deficit, VPD) is the 

difference between saturation vapor pressure and actual vapor pressure. VPD is an important 

control on biotic and abiotic fluxes of carbon and water. From 1979 to 2013, average VPD 

increased by about 0.007 kPa per year across the United States (Ficklin & Novick, 2017). 

Increases in VPD have been especially prominent in the southwest US, due to simultaneous 

increases in saturation vapor pressure and decreases in actual vapor pressure (Ficklin & Novick, 

2017). Of particular importance for this study, VPD has increased most during summer months, 

which coincides with the monsoon growing season in the southwest. Furthermore, there is strong 

consensus among climate models that VPD will continue to increase due to the nonlinear, 

positive relationship between saturation vapor pressure and air temperature (Breshears et al., 

2013; Ficklin & Novick, 2017; Seager et al., 2015). Quantifying ecosystem responses to VPD is 

important because models predict that average summertime VPD in the southwest will increase 

by at least 1 kPa by 2065–2099 (Ficklin & Novick, 2017). 

Prior studies focused on plant responses indicate the potential for rising VPD to impact 

ecosystem-scale fluxes of water, carbon, and energy. Plants respond to increasing VPD by 

decreasing stomatal conductance to minimize transpiration and optimize the water cost of carbon 

gain (Buckley, 2019; Collatz et al., 1991; Leuning, 1995; Medlyn et al., 2011). Decreasing 

stomatal conductance drives reductions in intercellular CO2 concentration, which can reduce 

assimilation and increase photorespiration (Dai et al., 1992). Although there is no direct 

relationship between VPD and ecosystem respiration, abiotic responses to VPD—including 

evaporation from soil and interception surfaces—can impact soil moisture availability and 

resulting fluxes of water, carbon, and energy. 

https://paperpile.com/c/mwBLDS/DvGF
https://paperpile.com/c/mwBLDS/DvGF
https://paperpile.com/c/mwBLDS/DvGF
https://paperpile.com/c/mwBLDS/DvGF+TfMZ+81VZ
https://paperpile.com/c/mwBLDS/DvGF+TfMZ+81VZ
https://paperpile.com/c/mwBLDS/DvGF
https://paperpile.com/c/mwBLDS/bRiZ+ldpM+sak5+79cm
https://paperpile.com/c/mwBLDS/5sg9
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In addition to changes in atmospheric demand for moisture, ongoing intensification of 

precipitation has altered water supply. Precipitation intensification is changing the intensity, 

frequency, and length of time between storms (Fowler et al., 2021; Guerreiro et al., 2018; 

McCabe et al., 2010; Polade et al., 2014). In southeastern Arizona, a study leveraging a dense 

network of rain gauges found that rainfall intensity increased between 1961 and 2017 (Demaria 

et al., 2019). Furthermore, a recent synthesis of 50-year weather station records found reductions 

in annual total rainfall, an increase in precipitation variability, and increased frequency of 

prolonged drought for the southwest US (Zhang et al., 2021). General circulation models predict 

further intensification of precipitation with a shift toward larger, fewer events with longer dry 

intervals (Cook et al., 2020; Moustakis et al., 2021). Given these changes in moisture 

availability, it is important to examine dryland ecosystem responses to atmospheric demand and 

precipitation intensification. 

The pulse framework 

In drylands, intermittent rain events drive pulses of plant and soil activity that regulate 

land-atmosphere fluxes of carbon, water, and energy. Pioneering work on pulses (Noy-Meir, 

1973) was advanced in a 2004 Ecologia special issue, Pulse Events and Arid Systems. In the 

conceptual model proposed by Huxman et al. (2004), small rain events trigger soil evaporation 

and soil CO2 efflux mediated by microbial responses to wetting of surface soils (Birch, 1958; 

Schwinning & Sala, 2004). Larger events that cause infiltration in deeper soil layers support 

plant activity, leading to increased photosynthesis and transpiration (Reynolds et al., 2004). 

Subsequent studies have advanced this framework by examining how pulse responses are shaped 

by factors such as antecedent moisture (Ogle & Reynolds, 2004) and soil texture (Cable et al., 

https://paperpile.com/c/mwBLDS/gxOC+2I9d+XkaQ+HxoQ
https://paperpile.com/c/mwBLDS/gxOC+2I9d+XkaQ+HxoQ
https://paperpile.com/c/mwBLDS/XDuS
https://paperpile.com/c/mwBLDS/XDuS
https://paperpile.com/c/mwBLDS/PBkU+XDuS
https://paperpile.com/c/mwBLDS/PiZF2+2HFZM
https://paperpile.com/c/mwBLDS/gZJy
https://paperpile.com/c/mwBLDS/gZJy
https://paperpile.com/c/mwBLDS/7FoZ+rHxS
https://paperpile.com/c/mwBLDS/7FoZ+rHxS
https://paperpile.com/c/mwBLDS/gC1i
https://paperpile.com/c/mwBLDS/BExN
https://paperpile.com/c/mwBLDS/wT0O
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2008). Although the pulse model has been a powerful tool for understanding dryland carbon and 

water exchanges, the paradigm should be updated amid intensifying climate stress. This is 

particularly important given climate projections and the widespread spatial extent of pulse 

behavior (Feldman et al., 2018). My dissertation identifies important knowledge gaps related to 

the pulse paradigm: 1. Existing pulse frameworks do not consider how rising atmospheric 

demand shapes pulse responses. 2. Prior pulse frameworks do not provide clear predictions for 

how simultaneous changes in precipitation size and frequency impact pulse responses. To 

address these gaps, I combine data from eddy covariance and automated soil chambers to 

examine how soil moisture supply and atmospheric demand for moisture regulate fluxes of 

carbon, water, and energy in drylands. 

  

https://paperpile.com/c/mwBLDS/wT0O
https://paperpile.com/c/mwBLDS/vzHn
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CHAPTER 2: THE PRESENT STUDY 

This dissertation is composed of research projects included herein as Appendices A, B, 

and C. As lead-author I wrote these projects as articles for publication in peer-reviewed journals. 

Appendix A was published in 2018 in Soil Systems. Appendix B was published in 2020 in 

Journal of Geophysical Research-Biogeosciences. Appendix C will be submitted to a journal in 

November 2021. I wrote the manuscripts, analyzed the data, and interpreted the findings with 

assistance from coauthors. Below I summarize the motivation, main findings, and author 

contributions for each appendix. 

Appendix A: Drivers of soil CO2 efflux in drylands (Roby et al., 2019) 

Soil CO2 efflux (Fs), the carbon emitted by microbial and belowground autotrophic 

respiration, is a major pathway for carbon loss from ecosystems (Ryan & Law, 2005). Although 

CO2 exchanges in drylands influence global carbon dynamics, our understanding of Fs is largely 

based on studies from more mesic regions that assume Fs is limited by temperature (Davidson et 

al., 2006; Lloyd & Taylor, 1994). However, in pulse-driven systems models based on 

temperature are unreliable when water is limiting. To identify and evaluate models for pulse-

driven systems, I linked soil chambers with eddy covariance towers to examine the key controls 

on Fs. I hypothesized that interactions among temperature, moisture, and photosynthesis control 

Fs, and that the explanatory power of these drivers varies with vegetation structure. 

Across three semiarid ecosystems with varied structure, I found that rainfall drove pulses 

of Fs and soil moisture regulated the temperature response of Fs. Specifically, high soil moisture 

enhanced baseline rates of Fs and increased the temperature sensitivity of Fs. To partition the 

autotrophic and microbial components of total Fs, I co-led a trenching experiment at the 

https://paperpile.com/c/mwBLDS/hdSV
https://paperpile.com/c/mwBLDS/QDfe
https://paperpile.com/c/mwBLDS/8v2v+qAiL
https://paperpile.com/c/mwBLDS/8v2v+qAiL
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grassland and found that soils near grass patches emitted more CO2 than bare ground. 

Heterotrophic respiration accounted for 56% of total growing season Fs, whereas belowground 

autotrophic respiration accounted for 44% of total growing season Fs. I next made similar 

comparisons in the shrubland and savanna using chambers near vegetated patches and chambers 

in intercanopy soil. Across sites, soil near vegetation had higher Fs rates than intercanopy soil. I 

further examined the link between Fs and plant activity by examining the relationship between 

chamber Fs and tower photosynthesis. Chambers near vegetation were more sensitive to variation 

in gross ecosystem photosynthesis than chambers in intercanopy soil, which indicates that carbon 

inputs at the ecosystem scale can drive soil carbon emissions. To build better models for dryland 

systems, I then evaluated a Fs model that considered key interactions between soil temperature, 

moisture, and photosynthesis and compared it with predictions from a model based solely on 

temperature. Across sites, the complete model explained 69-86% of Fs variability and better 

captured temporal dynamics in Fs compared to the temperature-only model. By demonstrating 

how the consideration of moisture-plant interactions improves the predictability of Fs, this work 

has broad relevance for modeling carbon dynamics in drylands. 

For this project, I integrated observations from three sites, analyzed data, compared 

model predictions, and wrote scripts to generate figures and tables. I designed and conducted the 

trenching field experiment with Russell Scott. I interpreted results, drew conclusions, and wrote 

the manuscript, cover letter, and response to reviewer comments with input from coauthors. 
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Appendix B: Atmospheric aridity decreases pulse productivity (Roby et al., 2020) 

Ecosystem processes in semiarid regions are strongly regulated by soil moisture and 

demonstrate pulsed patterns of activity following resource availability (Huxman et al., 2004; 

Jenerette et al., 2008; Kurc & Small, 2007; Noy-Meir, 1973). The pulse framework has been a 

powerful tool for understanding ecosystem responses to rainfall. However, because existing 

pulse theories have focused on the role of soil moisture supply, it is unclear how changes in 

atmospheric demand for moisture impact pulse responses. This is an important knowledge gap 

because vapor pressure deficit (VPD) has increased for many regions and climate models 

generally agree on further increases with ongoing warming, especially in the southwest US 

(Ficklin & Novick, 2017). To address this gap, I advanced the dryland pulse framework to 

include atmospheric demand. I hypothesized that vegetation responses to VPD (including 

conductance, transpiration, and photosynthesis) modulate the net ecosystem production (NEP) 

and water-use efficiency (WUE) of pulse events. To test this hypothesis, I examined 667 pulse 

events from four sites in the southwest United States and found that VPD modified the pulse 

paradigm: high VPD suppressed ecosystem photosynthesis and surface conductance more than 

respiration or evapotranspiration, which decreased the NEP and WUE of pulses. Across sites, a 1 

kPa increase in VPD during pulse events was associated with a 13-56% loss in NEP. Because 

high VPD reduced productivity even when soil moisture was non-limiting, our results indicate 

the potential for projected increases in VPD to reduce the carbon sequestration of drylands 

independent of changes in rainfall amount. 

My contribution was to design the research questions and conceptual hypotheses. I 

conducted the analysis and integrated multi-year flux datasets from four sites in southern 

https://paperpile.com/c/mwBLDS/8by1
https://paperpile.com/c/mwBLDS/MkPE+gZJy+6fwP+LT9R
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Arizona. I analyzed the data, interpreted the findings, drew conclusions, and wrote the 

manuscript and response to reviewer comments with input from coauthors. 

 

Appendix C: Rainfall intensification reduces seasonal soil CO2 efflux 

Tight coupling between soil moisture and soil CO2 efflux (Fs) documented in Roby et al. 

(2019) indicates the potential for changing precipitation patterns to impact dryland carbon 

dynamics. Although observations indicate that precipitation is intensifying toward fewer, bigger 

storms separated by longer droughts (Demaria et al., 2019; Fowler et al., 2021; Polade et al., 

2014; Zhang et al., 2021), it is unclear how Fs responds to simultaneous changes in storm size 

and frequency. To address this gap, I used a rainfall manipulation experiment in which plots 

received equal amounts of total summer growing season precipitation that was temporally 

repackaged into regular events of inversely varied size and frequency, with event sizes ranging 

from 5 to 50 mm and dry intervals ranging from 3.5 to 21 days. 

I found that temporal repackaging of equal total rainfall influenced Fs pulses and 

cumulative Fs. Repackaging into few, large events decreased seasonal cumulative Fs by 13%, 

relative to small, frequent events. Differences in seasonal cumulative Fs were driven by changes 

in the pulse response and sensitivity of Fs to soil moisture under rainfall repackaging scenarios. 

Infrequent irrigation decreased the sensitivity of Fs to soil moisture and shortened the duration of 

wet soil conditions for most of the growing season. As the season progressed, the magnitude of 

post-wetting Fs diminished for frequently irrigated plots and was associated with reductions in 

soil moisture and temperature. Conversely, late in the season the duration of Fs pulses was 

sustained longer in the infrequently irrigated plots, which also experienced later peak plot 

https://paperpile.com/c/mwBLDS/gxOC+XkaQ+PBkU+XDuS
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greenness. A closer look revealed a positive relationship between Fs and plot greenness (a proxy 

for vegetation activity) during drydown periods. Together, these findings show that (i) in dryland 

systems with coarse-textured soils, rainfall repackaging primarily modulates Fs through changes 

in shallow soil moisture availability, and (ii) vegetation responses to repackaging likely shape 

seasonal dynamics in the Fs pulse response. This work demonstrates that changes in the size and 

frequency of rain events can impact carbon losses from semiarid systems independent of changes 

in total rainfall amount. 

For this project, I deployed automated soil chamber systems at the Rainfall Manipulation 

in the Santa Rita Experimental Range Experiment. I collected and analyzed the data, generated 

and interpreted the results, drew conclusions, and wrote the manuscript with input from 

coauthors. Coauthors identified the rainfall treatments, designed the physical structures, applied 

irrigation, and collected data on plot greenness. 
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CHAPTER 3: CONCLUSIONS 

In drylands, ecosystem exchanges of carbon and water demonstrate a pulsed response to 

rainfall. Although the pulse framework has been a useful lens for examining dryland ecosystem 

processes, it must be updated to account for warming-driven changes in the supply and demand 

of moisture. In three research projects, my dissertation advances the pulse paradigm of drylands 

by quantifying how atmospheric demand and rainfall intensification impact land-atmosphere 

fluxes of carbon and water. 

In Appendix A we found that water availability limits autotrophic and heterotrophic 

respiration and that the stimulatory effect of temperature on soil CO2 efflux (Fs) depends on soil 

moisture (Roby et al. 2019). To accurately predict soil carbon responses to climate warming, 

researchers should therefore consider how soil moisture modulates the temperature response of 

Fs. These results will likely extend to more mesic regions in the future since moisture stress is 

projected to occur more frequently across much of the globe (Jenerette et al., 2012) and because 

some studies project an expansion of global drylands (Feng & Fu, 2013). We also found that 

carbon inputs associated with vegetation activity modulate spatial variation in Fs. The complete 

model—which accounted for interactions among soil temperature, moisture, and ecosystem 

photosynthesis—better captured dynamics in Fs across sites with varied vegetation structure. As 

gridded moisture and productivity products become increasingly available, future research could 

test if this modeling approach constrains estimates of soil carbon dynamics across gradients in 

ecosystem productivity, soil texture, and land management. 

         In Appendix B we demonstrated that atmospheric demand (quantified as vapor pressure 

deficit; VPD) is a key control on the net carbon uptake and water-use efficiency of pulse events 

https://paperpile.com/c/mwBLDS/IMxD
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(Roby et al. 2020). This is an important development of the pulse framework, which has 

previously focused on soil moisture supply. Because VPD is projected to increase in many 

regions, this work indicates the potential for climate-mediated reductions in ecosystem 

productivity, carbon sequestration, and water-use efficiency that are independent of changes in 

total rainfall amount. The observed losses in ecosystem photosynthesis under high VPD suggest 

an increase the amount of precipitation required to generate carbon sink activity in drylands 

(Scott et al., 2015; Tarin et al., 2020). Because we found substantial losses in productivity even 

when soil moisture was high, our findings likely have implications for agricultural production in 

irrigated systems subject to intensifying heat and drought stress. 

         In Appendix C we determined that temporal repackaging of rainfall alters cumulative 

seasonal soil CO2 efflux by changing patterns of soil moisture availability (Roby et al. in prep). 

We found that repackaging rainfall into fewer, larger events reduced cumulative Fs. We also 

found evidence that rainfall intensification impacts the seasonality of Fs pulses and likely alters 

plant and microbial contributions to soil CO2 emissions. Amid widespread observed warming 

and increasing precipitation variability, rainfall in semiarid regions is expected to shift toward 

infrequent, large events with longer droughts (Cook et al., 2015; Heisler-White et al., 2008; Liu 

et al., 2017). Here we show that holding total amount constant, the intensification of rainfall into 

fewer, larger events imposes moisture stress that suppresses soil metabolic activity in semiarid 

ecosystems. Because Fs is the second largest land-atmosphere flux of carbon (Ryan & Law, 

2005), changes in Fs can impact the net carbon dynamics of dryland ecosystems. Given projected 

intensification of rainfall toward fewer, larger events with longer dry intervals, our results 

indicate the possibility of reductions in soil carbon losses from drylands.  

https://paperpile.com/c/mwBLDS/DQnn+Pud2
https://paperpile.com/c/mwBLDS/fIBk+NK5g+CatS
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         Together, these findings advance the pulse framework to account for changes in the 

supply and demand of water linked to climate warming. Incorporating these advances into 

models may help improve predictions of dryland ecosystem responses to ongoing increases in air 

and soil water stress. Because pulses exert outsize influence on dryland carbon exchanges, our 

study indicates the potential for climate-mediated shifts in the carbon cycling of water-limited 

regions. Models generally agree on future increases in VPD (Ficklin & Novick, 2017) and an 

intensification of rainfall toward fewer, larger storms separated by longer dry intervals (Polade et 

al. 2014). This work demonstrates the potential for reductions in net carbon uptake in a future 

with increased VPD (Roby et al. 2020). However, given the tight link between soil moisture and 

soil CO2 efflux (Roby et al. 2019), this work also indicates that a future with larger, fewer storms 

may reduce carbon losses in drylands (Roby et al. in prep). Taken together, the conclusions 

drawn in this dissertation generate a new hypothesis to test: Opposing ecosystem responses to 

rising VPD (decreased carbon uptake) and precipitation intensification (decreased carbon 

emissions) act as a negative feedback to mitigate climate change impacts on carbon sequestration 

in drylands. Future work may test this hypothesis by investigating the integrated response of 

carbon fluxes to changes in VPD and rainfall.  
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Abstract 

Soil CO2 efflux (Fsoil) is a major component of ecosystem carbon balance. Globally 

expansive semiarid ecosystems have been shown to influence the trend and interannual 

variability of the terrestrial carbon sink. Modeling Fsoil in water-limited ecosystems remains 

relatively difficult due to high spatial and temporal variability associated with dynamics in 

moisture availability and biological activity. Measurements of the processes underlying 

variability in Fsoil can help evaluate Fsoil models for water-limited ecosystems. Here we combine 

automated soil chamber and flux tower data with models to investigate how soil temperature (Ts), 

soil moisture (ϴ), and gross ecosystem photosynthesis (GEP) control Fsoil in semiarid 

ecosystems with similar climate and different vegetation type. Across grassland, shrubland, and 

savanna sites, ϴ regulated the relationship between Fsoil and Ts, and GEP influenced Fsoil 

magnitude. Thus, the combination of Ts, ϴ, and GEP controlled rates and patterns of Fsoil. In a 

root exclusion experiment at the grassland, we found that growing season autotrophic respiration 

accounted for 45% of Fsoil. Our modeling results indicate that a combination of Ts, ϴ, and GEP 

terms is required to model spatial and temporal dynamics in Fsoil, particularly in deeper-rooted 

shrublands and savannas where coupling between GEP and shallow ϴ is weaker than in 

grasslands. Together, these results highlight that including ϴ and GEP in Fsoil models can help 

reduce uncertainty in semiarid ecosystem carbon dynamics. 
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Introduction 

Semiarid ecosystems have been shown to impact global carbon dynamics [1,2]. 

Ecosystem respiration strongly influences net carbon balance [3] and contributes significantly to 

variability in the net carbon exchange of semiarid ecosystems [4,5]. Soil carbon dioxide (CO2) 

efflux (Fsoil) represents CO2 efflux due to belowground plant and microbial respiration and 

biogeochemical processes, and is a major component of total ecosystem respiration [6,7]. 

Increased understanding of the processes underlying Fsoil variation in globally expansive 

semiarid ecosystems is necessary to reduce uncertainty in terrestrial carbon dynamics. 

While controls on respiration processes in more mesic regions are well documented [8,9], Fsoil in 

water-limited ecosystems exhibits spatial and temporal variability associated with dynamics in 

moisture availability and biological activity [10–16]. Compared to mesic sites, Fsoil estimates in 

water-limited ecosystems are more uncertain, partially due to relatively sparse data in drylands 

despite the recent increase in measurements of Fsoil globally [17]. Limitations in available data 

inhibit the development and evaluation of new Fsoil models for application in water-limited 

ecosystems. Measurements that examine the processes underlying variability in Fsoil across a 

variety of environmental and biological conditions would be useful to develop and evaluate 

models that recognize the role of temperature, moisture, and substrate limitation on carbon 

exchange [16,18], particularly in globally extensive drylands projected to expand in response to 

global change [19,20]. 

Multivariate models can be useful to represent how dynamics in substrate availability and 

environmental factors contribute to pulses and seasonality in the metabolic activity of water-

limited ecosystems [21–24]. However, existing biogeochemical models largely represent 
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respiration processes with static temperature sensitivity equations and empirical moisture 

functions predominantly developed in mesic regions [8,14,25,26]. In water limited-ecosystems, 

dynamics in soil moisture and photosynthesis strongly regulate Fsoil over sub-seasonal to 

interannual timescales [9,27]. Soil moisture availability can influence the magnitude, 

temperature response, and seasonality of Fsoil and can cause hysteresis between Fsoil and its 

drivers [11,15,16,18,24,28–31]. Vegetation structure and function characteristics—including root 

distribution, hydraulic redistribution, root respiration, photosynthate exudation, and effects on 

microclimate—can influence the factors that control spatial and temporal variability in Fsoil 

[16,22,32–35]. 

Previous studies in water-limited ecosystems have illustrated how Fsoil varies with 

interacting environmental and vegetative factors. Variation in plant and soil characteristics 

modify the response of Fsoil to changes in water availability and temperature [13,36], and 

vegetation structure impacts the timescales over which environmental and vegetative factors 

influence Fsoil in mixed-vegetation ecosystems [34,37]. Despite advances in our understanding of 

dryland Fsoil, representing how these interacting factors impact Fsoil in heterogeneous ecosystems 

remains a modeling challenge. 

Models are beginning to capture the effects of moisture availability and vegetation 

activity on the temperature dependency of Fsoil [31]. Such model structures impose moisture 

constraints on Fsoil [38] and assume that respiration processes are stimulated by canopy 

photosynthesis [39]. However, it is not well known if these new models can capture dynamics in 

Fsoil associated with interacting environmental and vegetative factors across structurally diverse 

semiarid ecosystems. 
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Multisite measurements targeted to investigate the complex interactions between these 

drivers can help us determine if new Fsoil models are broadly applicable in semiarid ecosystems. 

Trenched-plot experiments can help isolate the interacting effects of environmental and 

vegetative factors on Fsoil [6,40–42]. Even if trenched-plots are unavailable, measurements from 

plots that differ in their distance from patchy vegetation can be used to assess how plants may be 

influencing Fsoil through effects on microclimate and root activity [13,34,37]. 

In this study, we integrated data and modeling to investigate how environmental and 

vegetative factors influence Fsoil across three semiarid sites. These sites were similar in climate 

forcing but differed in stand structure, with major differences in the amounts of grass, shrubs, 

and trees. The objectives of this study were to (1) combine automated soil chamber and flux 

tower data to investigate how soil temperature (Ts), soil moisture (ϴ), and gross ecosystem 

photosynthesis (GEP) regulate Fsoil in semiarid grassland, shrubland, and savanna ecosystems; 

and (2) assess the ability of data-informed models to predict temporal variability in Fsoil across 

three structurally diverse semiarid ecosystems. To achieve these objectives, we combined data 

from a grassland trenched-plot experiment with measurements from intercanopy and under-

canopy plots in shrubland and savanna sites that differed in their proximity to vegetation. We 

then tested model performance at each site to determine if the mechanisms underlying variation 

in Fsoil were broadly consistent across these ecosystems. We hypothesize that the combination of 

Ts, ϴ, and GEP control Fsoil at each site, and that the relative explanatory value of model drivers 

varies among sites due to differences in how vegetation structure impacts coupling between 

shallow soil moisture and carbon exchange. Based on this hypothesis, we predict that the relative 
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explanatory value of ϴ and GEP will differ the most at sites with deeper rooting depths 

(savanna>shrubland>grassland) where GEP is less coupled to shallow soil moisture. 

 

Materials and Methods 

Site description 

This study was conducted at three AmeriFlux sites in southeast Arizona, USA. Kendall 

Grassland (grassland; AmeriFlux site ID: US-Wkg) is a warm-season, semiarid grassland 

dominated by perennial bunchgrasses (mainly, Eragrostis lehmannia). Lucky Hills Shrubland 

(shrubland; site ID: US-Whs) is a shrubland composed of a variety of Chihuahuan desert shrubs 

(Larrea tridentata, Parthenium incanum, Acacia constricta). Both sites are located within the 

USDA Agricultural Research Service Walnut Gulch Experimental Watershed. Santa Rita 

Mesquite Savanna (savanna; site ID: US-SRM) is a semiarid grassland that has experienced 

encroachment by velvet mesquite trees (Prosopis velutina). The savanna site is located in the 

Santa Rita Experimental Range, roughly 80 km west of the other sites. A detailed description of 

the sites can be found in a previous study [43]. The sites experience similar mean annual 

temperature (~17 °C) and mean annual precipitation (320-384 mm) but differ in their vegetative 

structure and productivity (Table 1 and Figure 1). Grass covers 37% of the grassland, whereas 

woody cover dominates the shrubland (40%) and savanna (35%). Canopy height and mean 

annual leaf area index increase from lowest to highest for the shrubland, grassland, and savanna. 

Roughly 60% of annual precipitation occurs in July-September associated with the North 

American Monsoon. 
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Soil CO2 efflux and environmental measurements 

Net efflux of carbon dioxide (CO2) at the soil-atmosphere interface (Fsoil) was measured 

using an infrared gas analyzer coupled with automated soil chambers (LI-8100, LI-COR, 

Nebraska, USA). Automated chambers were deployed at each site in plots near vegetation. Soil 

collars were inserted to a depth of 8-9 cm, leaving 2-3 cm of the collars exposed. We used the 

FV8100 Data File Viewer (LI-COR) to estimate Fsoil by fitting an exponential regression to the 

rate of increase in CO2 molar fraction over each 120 s measurement interval. We excluded Fsoil 

estimates from fits with R2 < 0.90 and values of Fsoil < -1 or > 15 µmol CO2 m
-2 s-1.  

In 2017, Fsoil was measured twice per hour at the grassland using four chambers adjacent to 

patches of perennial bunchgrass (Eragrostis lehmanniana, “grass”). To exclude the effects of 

vegetation activity on Fsoil, we added four additional chambers in bare plots and trenched each 

plot’s perimeter on 22 June 2017, prior to the summer rainy season, hereafter referred to as 

“trenched”. Trenches were dug to ~30 cm depth and lined with ground cover fabric to prevent 

root growth back into the plot. Roughly ~84% of the grass roots at this site are within the top 30 

cm of soil [44]. We regularly weeded the trenched plots to ensure the soil was bare throughout 

the growing season. We assume CO2 efflux measured in trenched plots represents heterotrophic 

respiration (Rh), while total Fsoil measured in grass plots includes Rh and belowground 

autotrophic respiration (Ra). We define Ra as the difference between grass Fsoil and trenched Rh. 

Supplementary measurements of Ts and ϴ were measured at a depth of 5 cm with a LI-COR 

temperature probe and a soil moisture probe (EC-5, Decagon, now METER Group, Washington, 

USA), respectively. Beginning in June 2017, ECH2O 5TM probes (METER Group) were used to 

measure 5 cm Ts and ϴ for all chambers at the site. 
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To extend our investigation across sites with differing vegetation structure, we also measured 

Fsoil, Ts, and ϴ in the shrubland and savanna. In the shrubland in 2012, Fsoil was measured every 

two hours using four chambers under creosote bush shrubs (Larrea tridentata) and four 

chambers located between the sparsely separated shrubs (~2 m from canopy drip lines). In the 

savanna in 2015, hourly Fsoil was measured using three chambers installed halfway between the 

tree bole and drip line of velvet mesquite trees (Prosopis velutina) and from three chambers ~5 

m from trees in the intercanopy space. A malfunctioning chamber at the savanna site was 

excluded from analysis, which reduced the number of tree plots to two. We measured 5 cm Ts 

and ϴ at the shrubland and savanna using LI-COR temperature probes and ECH2O probes, 

respectively. Importantly, the intercanopy plots at the shrubland and savanna sites were not 

trenched and therefore were likely influenced by root activity. 

Ecosystem photosynthesis 

To quantify how vegetation activity influences Fsoil, ecosystem-scale carbon fluxes were 

measured using the eddy covariance technique. Details of the instrumentation and methods used 

at each site have been described previously [45]. Briefly, 30 min average net ecosystem 

exchange of CO2 (NEE) was partitioned into gross ecosystem photosynthesis (GEP; hereafter 

referred to as photosynthesis) and ecosystem respiration (Reco; [43]). An exponential function 

was fit to friction velocity-filtered nighttime NEE and air temperature over a ~5 day moving 

window to determine Reco [46]. GEP was calculated as the difference between Reco and NEE, 

with the sign convention of positive values for GEP and Reco. A previous comparison of Reco 

and Fsoil at the savanna site [47] showed that integrated Fsoil was greater than Reco over the 

course of a growing season. This indicates that Fsoil is systematically overestimated, or Reco is 
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underestimated, as Reco should also account for aboveground respiration. If Reco is 

underestimated, this would result in an underestimate of GEP. However, this systematic bias 

should not have a large impact on our modeling results so long as GEP and Fsoil capture the 

temporal variability in these processes. This is because the empirical model coefficients 

described below are optimized to fit the data. 

Data analysis  

At each site, plot means were calculated as the average of replicates. Missing data and 

outliers were replaced with the mean of replicates. Hourly means were used to examine the 

impact of ϴ on the relationship between Fsoil and Ts. To investigate how water availability 

influenced the temperature response of Fsoil at the grassland, we fit Eq. 1 to data binned by ϴ 

quantiles in 10% increments.  

Daily means were calculated from sub-daily measurements to account for differences in 

sampling rates among sites. The response of Fsoil to recent carbon inputs was determined by 

regressing daily mean Fsoil against daily mean GEP, and we used the Student’s t-test to evaluate 

differences in regression parameters [48]. Daily means were used to investigate seasonality in 

carbon fluxes and environmental variables and to examine relationships between Fsoil and GEP. 

We used the paired t-test to test for differences in daily mean Fsoil and drivers between plots that 

varied in their distance from vegetation. At the grassland, we tested for differences between plots 

in the basal rate and temperature sensitivity of Fsoil by testing for overlap in the 95% confidence 

intervals of coefficients determined by fitting Eq. 1 described below. 
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Model development 

We used a modeling framework to investigate how the inclusion of environmental and 

vegetative terms influenced predicted spatial and temporal variation in Fsoil. All models were 

based on an exponential temperature function [8]: 

𝐹𝑠𝑜𝑖𝑙 = 𝐹𝑟𝑒𝑓𝑒𝑏𝑇𝑠, (1) 

where Fsoil is soil CO2 efflux (µmol CO2 m
-2 s-1), Fref is the basal Fsoil when Ts is 0°C (µmol CO2 

m-2 s-1), and b is the temperature sensitivity of Fsoil. We supplemented temperature-based models 

with ϴ and GEP terms to represent the effects of moisture availability and vegetation activity on 

Fsoil [31]. Moisture effects were incorporated into Eq. 1 using a quadratic structure that reflects 

how excessively high or low ϴ suppresses Fsoil [38,49,50] as: 

𝐹𝑠𝑜𝑖𝑙 = 𝐹𝑟𝑒𝑓,𝛳[1 − 𝑐(𝛳 − 𝛳𝑜𝑝𝑡)]2𝑒𝑏𝑇𝑠, (2) 

where ϴopt is the optimum ϴ value for which Fsoil is greatest and c represents the sensitivity of 

Fsoil to ϴ by controlling the slope of the exponential curve (higher values of c indicate stronger 

effects of ϴ). At each site we determined ϴopt by examining the response of daily mean Fsoil to ϴ 

and visually estimating the value of ϴ associated with maximum Fsoil. Following [31], we added 

a photosynthesis term to Eq. 1 to represent the effects of Ts and GEP on Fsoil using: 

𝐹𝑠𝑜𝑖𝑙 = 𝐹𝑟𝑒𝑓,𝐺𝐸𝑃

𝐺𝐸𝑃

𝐺𝐸𝑃𝑚𝑎𝑥
+𝑛

1+𝑛
𝑒𝑏𝑇𝑠, (3) 

where n represents the degree to which GEP drives Fsoil relative to heterotrophic processes (n = 0 

indicates strong GEP effect on Fsoil) and GEPmax is the maximum value of GEP. The combined 

effects of temperature, moisture, and photosynthesis were represented by 
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𝐹𝑠𝑜𝑖𝑙 = 𝐹𝑟𝑒𝑓,𝛳,𝐺𝐸𝑃

𝐺𝐸𝑃

𝐺𝐸𝑃𝑚𝑎𝑥
+𝑛

1+𝑛
[1 − 𝑐(𝛳 − 𝛳𝑜𝑝𝑡)]2𝑒𝑏𝑇𝑠, (4) 

Models were fit using nonlinear least squares regression in which the coefficients were estimated 

using an iterative method based on starting values in Matlab (Mathworks, Inc., Massachusetts, 

USA). To account for differences in model complexity, model performance was assessed using 

the coefficient of determination (R2), Akaike Information Criterion (AIC; [51]), and root mean 

squared error (RMSE). We used cross-correlation to test for lags between daily mean Fsoil and 

daily mean GEP. For sites with significant lag, we re-fit Eq. 3 and 4 with optimum lag and 

assessed changes in model performance. 

 

Results 

Seasonality of soil CO2 efflux 

Across all sites, daily mean Fsoil and GEP followed seasonal dynamics of changes in 

water availability (Figure 2a, c, d; Figure S1 and S2). At the grassland site with grass and 

trenched plots, a brief and limited spring growing season (DOY 75-100) was followed by low 

Fsoil, GEP, and ϴ, despite increasing Ts (Figure 2a-d). Average pre-summer monsoon (DOY 0-

175) daily mean Fsoil for the grass plot was 0.52 µmol CO2 m
-2 s-1. During the monsoon (DOY 

175-250), ϴ was high and average daily mean Fsoil for the grass plot increased significantly to an 

average 2.3 µmol CO2 m
-2 s-1 (p < 0.01). Rates of GEP responded gradually to the onset of 

monsoon precipitation, whereas Fsoil increased rapidly with ϴ. (Figure 2a, c, d). Post-monsoon 

(DOY 250-365) rates of Fsoil and GEP decreased following seasonal decreases in GEP, ϴ and Ts 

(Figure 2a-d). 
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Environmental controls on soil CO2 efflux 

Median Fsoil increased with ϴ (Figure S3, S4, S5), and daily mean ϴ contributed to 51-

77% of the variation in daily mean Fsoil at all sites. (Figure S6, S7, S8). Ts explained significant 

variation in Fsoil for high ϴ, but Ts and Fsoil were weakly coupled when ϴ was low (Figure 3a). 

Since the amount of variation in Fsoil explained by Eq. 1 varied significantly with ϴ, we used the 

quantile fit results (Figure 3a) and re-fit Eq. 1 into wet (grass: ϴ > 7th quantile; trenched: ϴ > 6th 

quantile) and dry (grass: ϴ < 8th quantile; trenched: ϴ < 7th quantile) conditions. Rates of Fsoil 

were generally low for dry conditions, despite increasing Ts, whereas Fsoil increased strongly 

with Ts when the soil was wet (Figure 3b, c). Basal soil CO2 efflux (Fref) and the temperature 

sensitivity of Fsoil (b) varied significantly with ϴ and differed between the grass and trenched 

plots (Figure 3b, c; p < 0.01). Fref was 54% and 64% greater for wet than dry conditions at the 

grass and trenched plots, respectively. Between plots, grass Fref was 63% and 73% greater than 

trenched Fref for wet and dry conditions, respectively. Wet conditions were associated with 

greater b than dry conditions, and this difference was more pronounced in vegetated than 

trenched plots. Similar to the grassland, wet conditions at the savanna corresponded with high 

Fref and b; however, the temperature response of Fsoil at the savanna was more variable than at 

the grassland (Figure S9). Unexpectedly, Fsoil did not show a clear response to Ts at the shrubland 

(Figure S10). For all sites, we found that Ts alone was not the only driver of Fsoil and that even 

when accounting for variation in ϴ, significant variation in Fsoil remained unexplained (Figure 3, 

S9, S10). 

  Although the seasonal pattern of Fsoil at the grassland was similar for the grass and 

trenched plots, there were significant differences in the magnitude of daily mean Fsoil between 
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plots (Figure 2a) that strongly correlated with daily mean GEP (R2 = 0.66). Daily mean Fsoil 

during the monsoon was significantly greater for the grass (2.3 µmol CO2 m
-2 s-1) than trenched 

plots (1.2 µmol CO2 m
-2 s-1; p < 0.01), despite similar Ts and ϴ (p > 0.1). Using the difference in 

Fsoil between grass and trenched plots in the grassland, we estimate that belowground autotrophic 

(Ra) and heterotrophic (Rh) respiration accounted for 44% and 56% of cumulative growing 

season Fsoil, respectively (Figure 4).  

To investigate how plant activity influenced Fsoil across sites with varying vegetation type 

and productivity, we examined the relationship between Fsoil and GEP. Daily mean Fsoil 

increased with daily mean GEP at all sites, and the rate of increase was greater for plots near 

vegetation (Figure 5; p < 0.01). At all sites, Fsoil was 35-59% greater for plots near vegetation 

compared to plots that were either trenched (grassland only) or located further from vegetation 

(~2-5 m). 

 

Model performance 

To integrate these varied environmental controls on Fsoil we used a multivariate modeling 

approach by sequentially adding Ts, ϴ, and GEP as explanatory variables. For the grassland, we 

tested the ability of data-informed models to predict temporal variability in Fsoil. The model 

based solely on Ts (Eq. 1) explained less than 40% of the variation in observed daily mean Fsoil 

for the grass and trenched plots (Table 2). As shown in sections 3.2 and 3.3, the temperature 

response of Fsoil varied strongly with ϴ and the magnitude of Fsoil was related to GEP. Models 

that represented these observed effects of ϴ (Eq. 2) and GEP (Eq. 3) on Fsoil outperformed Eq. 1, 

as indicated by higher R2 lower AIC, and lower RMSE (Table 2). For the grass plots, adding 
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either a moisture or photosynthesis term to Eq. 1 increased R2 to a similar degree. Conversely, in 

the trenched plots that were manipulated to exclude root activity associated with photosynthesis, 

goodness of fit metrics show that the model with a moisture term (Eq. 2) was better than the 

model with a photosynthesis term (Eq. 3). The complete model—which included temperature, 

moisture, and photosynthesis terms (Eq. 4)—outperformed less complex models in the grass 

plots. However, in the trenched plots that were uninfluenced by GEP, Eq. 2 and Eq. 4 explained 

a similar amount of variation in Fsoil but Eq. 4 had lower AIC. 

We also tested the models at the shrubland and savanna to determine if the trend in 

performance was consistent across sites with different vegetation. As in the grassland, 

temperature alone was a poor predictor of variation in Fsoil, and adding moisture (Eq. 2) or 

photosynthesis (Eq. 3) terms strongly improved model performance (Table 2). Adding a moisture 

term to the temperature-based model explained more variation in Fsoil than did adding a 

photosynthesis term (Table 2). To test if this difference in relative explanatory power was related 

to the timing of photosynthesis relative to microbial respiration of root exudates, we used cross-

correlation analysis to investigate lags between Fsoil and GEP. Correlation was maximized when 

Fsoil was lagged relative to GEP by zero days in the grassland, one day in the shrubland, and two 

days in the savanna (Table 3). Applying these lags and re-fitting the models increased the 

amount of variation in Fsoil explained by Eq. 3 to be comparable to Eq. 2 at the shrubland and 

savanna. The complete model (Eq. 4) performed best in the shrubland and savanna. As indicated 

by lower AIC, Eq. 4 improved model performance most in the savanna—which is also where we 

observed the weakest coupling between daily mean GEP and ϴ and the largest Fsoil –GEP lag 
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among sites (Table 3). We found that the relative explanatory value of model drivers varied 

among sites (Table 2). 

Importantly, model drivers influenced temporal dynamics in predicted Fsoil (Figures 6 and 

7). Eq. 1 (Ts) failed to reproduce the seasonality observed in Fsoil, generally over-predicting Fsoil 

during the dry pre-monsoon period and under-predicting Fsoil during the growing season (Figures 

6, S11, S12). Adding a moisture term to the temperature-based model improved predicted 

seasonality in Fsoil because it better captured variability in observed Fsoil and predicted high Fsoil 

immediately following rain events at the monsoon onset. However, Eq. 2 tended to 

underestimate growing season Fsoil since it did not represent the stimulating effect of GEP on 

Fsoil (Figure 4). Adding a photosynthesis term (Eq. 3) better predicted the magnitude of growing 

season Fsoil but was delayed relative to observations due to lags between the onset of high ϴ and 

GEP upregulation. Thus, the inclusion of both moisture and photosynthesis terms in Eq. 4 was 

required to model the seasonality, magnitude, and variability in Fsoil at all sites (Figure 7). 

Discussion 

In three semiarid ecosystems we found that Ts, ϴ, and GEP influenced the dynamics, 

magnitude, and variability of Fsoil. Water availability strongly influenced Fsoil rates and patterns, 

whereas GEP stimulated Fsoil, particularly for plots near vegetation. These results provide 

additional evidence that moisture availability regulates temporal variation in Fsoil, and biological 

factors impact spatial variation in Fsoil [10,11,13,52]. The complete model (Eq. 4) integrated Ts, 

ϴ, and GEP controls and better captured temporal dynamics in observed Fsoil than less complex 

models. Testing the model across sites with similar climate forcing indicated that the explanatory 

value of model drivers varied with vegetation structure and productivity. Together, these results 
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show that models that account for Ts, ϴ, and GEP can represent how Fsoil responds to changes in 

water availability and vegetation activity in ecosystems with varying structure. 

  

Water availability limits autotrophic and heterotrophic respiration 

The temperature response of Fsoil was conditional on ϴ (Figure 3). Modeling these 

interactions is important since warming-driven reductions in ϴ can suppress Fsoil despite higher 

Ts [23]. In the grassland, high ϴ enhanced the temperature sensitivity of Fsoil, whereas low ϴ 

suppressed Fsoil in the grass and trenched plots (Figure 3), which indicates that water availability 

constrains both Ra and Rh. Low soil moisture can inhibit Rh by decreasing substrate availability, 

microbial activity, solute transport, or some combination of these drivers [23,29,53,54]. Moisture 

limitation may also suppress Ra through reductions in root exudates due to decreased rates of 

photosynthesis and phloem transport in water-stressed plants [23,55]. Thus, changes in moisture 

availability can cause seasonal variation in the magnitude and temperature response of Fsoil in 

semiarid ecosystems, as previously found in mesic forests [38]. Models that account for 

interactions between Ts and ϴ are more apt to capture seasonality and pulsed dynamics in Fsoil 

that impact the carbon balance of semiarid ecosystems [7,56]. The need to represent water stress 

effects on Fsoil is likely to apply beyond semiarid ecosystems since most regions already 

experience periods of water limitation [57] and drylands are projected to expand [19]. 

Ecosystem photosynthesis stimulates soil CO2 efflux 

The link between GEP and Fsoil contributes to spatial variation in Fsoil rates (Figure 5). 

We found that recent photosynthesis impacts Fsoil likely through enhanced root respiration and 

the stimulating effect of root exudation on microbial respiration (Figure 5, Tables 2 and 3), 
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which has been reported across a variety of ecosystems [11,35,37,39,58]. Even when ϴ was 

similar, growing season rates of Fsoil were greater for plots near vegetation (Figures 2 and 3). 

Even though the shrubland and savanna did not have trenched plots, Fsoil closer to the vegetation 

was higher and responded more strongly to photosynthesis variation. Despite the uncertainty in 

GEP due to NEE measurement and partitioning bias, and differences in measurement scale, GEP 

was correlated with Fsoil and was important to predict temporal dynamics in Fsoil (Table 3; [13]). 

Note that since GEP used here is an ecosystem-scale flux, and photosynthetic inputs are likely to 

vary across space (Figures 3 and 4), predictive models of Fsoil could be improved if new tools to 

disaggregate ecosystem flux measurements were used to determine the spatial distribution of 

GEP [59]. 

The effects of GEP on Fsoil are illustrated by seasonal changes in Fsoil partitioning. We 

found that the difference in Fsoil between plots increased as the growing season progressed 

(Figures 2, S1, S2), and Fsoil was greater and more sensitive to GEP for plots near vegetation 

(Figure 5), as previously reported in this region [13]. These dynamics are likely linked to plant 

physiology and phenology, which have been shown to affect the magnitude and partitioning of 

Fsoil in temperate forests [41,60] and California grasslands [11]. Applying the model at the 

grassland showed that GEP had a stronger effect on Fsoil for the grass plots (Table 2; low n: 

strong GEP effect on Fsoil) than the trenched plots (high n: weak GEP effect on Fsoil). At the 

grassland, our estimate of Ra (difference in Fsoil between the grass and trenched plots) correlated 

strongly with GEP (R2 = 0.66) and was a considerable fraction (44%) of total growing season 

Fsoil (Figure 4). While we did not have trenched plots at the shrubland and savanna to partition 

Fsoil, differences in the seasonal pattern of Fsoil for plots that differed in their proximity to 
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vegetation indicate that Ra is likely also a considerable fraction of Fsoil at these sites (Figures 5, 

S1, S2). Our estimate of the growing season Ra:Fsoil ratio for the grassland is lower than the mean 

value reported in a review of grass and crop ecosystems (60.4%; [61]) but similar to results from 

a mesic grassland (48-52%; [62]). Since Ra can be a significant component of Fsoil in ecosystems 

that span a wide range of water availability, refined understanding of controls on Ra is necessary 

to reduce uncertainty in Fsoil. 

Moisture and photosynthesis terms improve modeled carbon-water dynamics 

Model predictions based solely on temperature do not accurately reflect Fsoil in water-

limited ecosystems. However, by explicitly representing the combined effects of Ts, ϴ, and GEP, 

the full model (Eq. 4) predicted temporal variation in observed Fsoil associated with dynamics in 

moisture availability and vegetation activity across structurally diverse sites (Figure 7). At the 

shrubland in particular, Eq. 4 explained 74% of the variation in daily mean Fsoil even though we 

did not observe a relationship between Fsoil and Ts (Table 2). Decoupling between Fsoil and Ts 

when moisture was limiting (Figure 3) likely explains why the temperature-only model (Eq. 1) 

did not capture seasonal dynamics in Fsoil (Figure 6). By adding ϴ to a temperature-based model, 

predicted Fsoil was suppressed when water was limiting and enhanced when ϴ was optimal 

(Figure 6). Together, Ts and ϴ explained more than 50% of the observed variability across sites 

(Table 2). The superior performance of Eq. 2 over Eq. 1 and Eq. 3 across sites with different 

vegetation structure underscores that water availability is a key control on respiration processes 

in semiarid ecosystems (Table 2).  

While supplementing a temperature-based model with either ϴ or GEP terms increased 

the amount of explained variation in Fsoil to a similar degree, the combination of Ts, ϴ, and GEP 



52 

 

 

was required to maximize model performance and predict seasonality in Fsoil. Models that 

accounted for ϴ captured the pulsed increase in metabolic activity at the monsoon onset 

characteristic of semiarid ecosystems [12,21,63], whereas GEP terms improved the prediction of 

Fsoil magnitude and seasonality by reflecting the stimulating effect of photosynthesis on basal 

Fsoil ([39]; Figure 6). We found that Fsoil increased rapidly in response to increased ϴ at the 

beginning of the monsoon, whereas GEP increased more gradually (Figure 2), which reflect 

differences in the timing of ecosystem responses to rainfall pulses [56]. While these results 

indicate that this model captures Fsoil dynamics in these subtropical, warm-season ecosystems, 

future studies should test this model in cool-season desert ecosystems. We also found that 

predictions from GEP-based models lagged observed Fsoil. Previous research has documented 

lags between GEP and Fsoil ranging from hourly to daily timescales depending on the vegetative 

cover and time of year [22,31,37,64]. Consistent with previous research, no lag was detected at 

the grassland [65]. However, applying one or two days of lag between GEP and Fsoil improved 

model performance at the shrubland and savanna (Table 2). These results provide additional 

evidence in support of incorporating lag information in semi-empirical Fsoil models [65]. 

Together, our findings indicate that models with Ts, ϴ, and GEP terms can better capture 

rainfall-driven pulses in carbon dynamics than simpler models [56]. 

Vegetation activity and structure influence the relative importance of soil CO2 efflux drivers 

The degree of vegetation activity influences the relative importance of Fsoil controls. In 

the grassland, Fsoil for grass plots was more sensitive to GEP (Table 2; low n), whereas Fsoil for 

trenched plots was more sensitive to ϴ (high c). This result is consistent with our expectation 

that ϴ would more strongly regulate Fsoil from plots manipulated to exclude the effects of GEP 
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on belowground activity. Similarly, Fsoil was more sensitive to ϴ than GEP (Table 2; high c, high 

n) at sites with low cumulative GEP (shrubland, grassland trenched plots). We observed 

unexpected differences between sites in how ϴ influenced the relationship between Fsoil and Ts. 

Contrary to the grassland, the effect of ϴ on the relationship between Fsoil and Ts was weaker in 

the savanna and was not observed in the shrubland (Figures 3, S9, S10). Previous work in this 

region found that the temperature sensitivity of Fsoil was lower during wet conditions in grass 

plots but not influenced by moisture in plots near mesquite trees [37]. The complete model 

captured how vegetation modulated the effects of environmental controls on Fsoil and therefore 

may be applicable in various ecosystems subject to water limitation. 

Interactions between vegetation structure and carbon-water coupling can help explain site 

differences in the explanatory power of Fsoil controls. Vegetation can cause decoupling and lags 

between Fsoil and its controls [16,34] due to plant structure and rooting characteristics. Previous 

work in this region found that Fsoil was more sensitive to antecedent photosynthesis rates in 

mesquite plots, whereas Fsoil near grass plots was more influenced by same-day photosynthesis 

[37]. Similarly, we found greater lag between GEP and Fsoil (Table 3) at the savanna (two days) 

and shrubland (one day) than the grassland (zero days), perhaps due to larger structure and 

longer phloem transport distance for the woody plants [22,37]. While ϴ and GEP controls were 

interchangeable for the grass plots, ϴ had greater explanatory power than unlagged GEP in the 

shrubland and savanna. Lagging GEP made its explanatory power comparable to ϴ (Table 2). 

Thus, we suggest that future semi-empirical models include terms that account for lag. 

Differences in lags  may be related to variation in rooting characteristics between sites. In the 

short-rooted grassland, strong coupling between shallow ϴ and GEP leads to covariation which 
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makes either term suitable to explain variation in Fsoil. Conversely, trees and shrubs generally 

have a higher proportion of roots in deep soil than grasses [44], and GEP is more coupled to 

deeper ϴ [4,64], leading to more of a disconnect between GEP and shallow ϴ and their effects 

on Fsoil [32,56,66]. 

Fsoil drivers suggest that ecosystem composition likely alters the magnitude and spatial 

variability of Fsoil. Woody encroachment has been shown to increase Fsoil variation in semiarid 

grassland [13] and savanna ecosystems [34]. Vegetation structure and functioning contributes to 

spatial variation in Fsoil (Figure 5) and modifies the response of Fsoil to environmental controls 

(Figure 3 and Table 2). The strong performance of the complete model across ecosystems with 

differing structure indicates that simple models with environmental and vegetative controls [31] 

may be useful to investigate how changes in ecosystem composition will impact Fsoil. To 

increase the utility of this model, further research should focus on how to represent differences in 

ϴ-GEP coupling between woody ecosystems and grasslands [67]. 

 

Conclusions 

Temperature, moisture, and photosynthesis were each important controls on Fsoil in grassland, 

shrubland, and savanna ecosystems. While models relying on Ts erroneously predicted high Fsoil 

before the growing season, those with ϴ and GEP controls captured variation in Fsoil associated 

with dynamics in moisture availability and vegetation activity. This study is novel in that it is the 

first to test if a Fsoil model driven by daily Ts, ϴ, and GEP can capture temporal dynamics and 

variability in Fsoil across semiarid sites with similar climate forcing but differing vegetation 

structure. While the mechanism governing the relative importance of Ts, ϴ, and GEP controls 
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across sites remains unclear, it is likely related to vegetation characteristics associated with 

productivity and water use. Our results indicate that this simple model structure can capture Fsoil 

dynamics associated with transitions from process-rate limitation to substrate constraints [22]. 

This study builds upon recent modeling advances [31] and indicates that this type of modeling 

approach can capture spatial and temporal variation in Fsoil across structurally diverse, semiarid 

ecosystems, particularly if time series data of plant function is available. Combining this 

modeling approach with increased monitoring of Fsoil at flux tower sites could help investigate 

connections between plot and ecosystem-scale carbon exchange [47]. Future studies should test 

this model in cool-season ecosystems, which tend to be temperature-limited when soil moisture 

is non-limiting [24]. It is reasonable to infer that the relative importance of model drivers would 

differ between cool-season ecosystems and the warm-season ecosystems examined herein. 

Accounting for the interactive effects of Ts, ϴ, and GEP on Fsoil will be important to determine 

the response of water-limited ecosystems to changes in climate and land cover. 
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Tables 

Table 1. Description of the study sites. 
 Walnut Gulch Kendall 

Grassland (grassland) 

Lucky Hills Shrubland 

(shrubland) 

Santa Rita Mesquite 

Savanna (savanna) 

Year 2017 2012 2015 

Latitude, longitude (°) 31.7378°N, 109.9428°W 31.749°N, 110.052°W 31.822°N, 

110.867°W 

Elevation (m) 1530 1370 1120 

Mean air temp. (°C) 15.6 17.6 19.0 

Mean annual precip. (1971-2010; 

mm) 

346 320 384 

Mean annual GEP (g C m-2 year-1)  227 159 331 

Mean LAI (MODIS) 0.30 0.25 0.37 

Woody cover (%) 3 40 35 

Perennial grass/forb cover (%) 37 3 15 

Soil type Very gravelly, sandy to 

fine 

sandy, and clayey loams 

Gravelly sandy loams Deep loamy sands 

Plots Grass (n = 4) 

Trenched (n = 4) 

Shrub (n = 4) 

Intercanopy (n = 4) 

Under tree (n = 2) 

Intercanopy (n = 3) 
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Table 2. Fitted model (Eq. 1-4) parameters and the coefficient of determination (R2), Akaike 

information criterion (AIC), and root mean squared error (RMSE, µmol CO2 m
-2 s-1) used to 

assess model performance at the grassland, shrubland, and savanna sites. Bold numbers indicate 

best performance among model groups (highest R2; lowest AIC; lowest RMSE). 

 
Models 1-4 have the form of Eq. 1-4 described in section 2.5. Fsoil is soil CO2 efflux; ϴ is 

volumetric soil moisture; ϴopt is the optimal ϴ for Fsoil; GEP is gross ecosystem photosynthesis; 

GEPmax is the maximum value of GEP. Each row lists the model parameters (Fref, b, c, and n). * 

indicates models in which Fsoil was lagged relative to GEP (1 day at shrubland; 2 days at the 

savanna) based on results from a cross-correlation analysis. 
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Table 3. Lag times for maximum cross-correlation between daily means of gross ecosystem 

photosynthesis (GEP) and soil CO2 efflux (Fsoil). Also shown is the coefficient of determination 

(R2) of linear regressions between un-lagged and lagged daily mean ϴ and GEP for the 

grassland, shrubland, and savanna sites. 
1. Site 2. Lag (days)  3. R2 4. R2 

5.  6. GEP-Fsoil 7. GEP-ϴ 

8. No lag 

9. GEP-ϴ 

10. With lag 

11. Grassland 12. 0 13. 0.53 14. - 

15. Shrubland 16. 1 17. 0.34 18. 0.47 

19. Savanna 20. 2 21. 0.14 22. 0.26 

All regressions significant at p < 0.01. 
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Figures 

 

Figure 1. Webcam images depicting the vegetation type of the grassland (a), shrubland (b), 

and mesquite savanna (c) sites. 
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Figure 2. Seasonal pattern in 2017 of observed (a) daily mean soil CO2 efflux (Fsoil), (b) soil 

temperature (Ts), and (c) volumetric soil moisture (ϴ) for soil near patches of grass (black) 

and in bare, trenched intercanopy space (gray) from the grassland. Also shown is (d) daily 

mean gross ecosystem photosynthesis (GEP). 
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Figure 3. (a) Coefficient of determination (R2) values from an exponential fit of soil CO2 

efflux (Fsoil) to soil temperature (Ts), Eq. 1, for different 10% quantiles of volumetric soil 

moisture (ϴ) at the grassland site. The influence of ϴ (color) on the temperature response of 

Fsoil for grass (b) and trenched plots (c) with curves fit for wet and dry ϴ conditions. 
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Figure 4. Cumulative daily mean soil CO2 efflux (Fsoil) for grass (black) and bare, trenched 

intercanopy soil (gray) during the 2017 experiment comparison period at the grassland site. 

The grass-trenched difference (dashed) is an estimate of belowground autotrophic 

respiration. 
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Figure 5. Linear relationship between daily mean soil CO2 efflux (Fsoil) and gross ecosystem 

photosynthesis (GEP) at the grassland (a), shrubland (b), and savanna (c) sites. Closed 

circles indicate plots near or under vegetation canopies, and open circles are for plots either 

trenched (a) or between shrub/tree canopies (b, c). 
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Figure 6. Loess smoothed temporal dynamics in daily mean observed (black) and predicted 

(color) soil CO2 efflux (Fsoil) at the grassland site. Eq. 1 is based on an exponential 

relationship between Fsoil and soil temperature (Ts), whereas Eq. 2 and Eq. 3 combine Eq. 1 

with volumetric soil moisture (ϴ) and gross ecosystem photosynthesis (GEP) terms, 

respectively. Eq. 4 is the complete model with Ts, ϴ, and GEP terms. 
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Figure 7. Loess smoothed temporal dynamics in daily mean observed (black) and predicted 

(purple) soil CO2 efflux (Fsoil) at the grassland (a), shrubland (b), and savanna (c) sites. Eq. 

4 is the complete model with soil temperature (Ts), volumetric soil moisture (ϴ) and gross 

ecosystem photosynthesis (GEP) terms. 
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Supplementary Materials 

 

Figure S1. 2012 time series of observed daily mean soil CO2 efflux (Fsoil), soil temperature 

(Ts), and volumetric soil moisture (ϴ) for soil near patches of shrub (black) and in intercanopy 

space (gray) from the shrubland. Also shown is gross ecosystem photosynthesis (GEP). 
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Figure S2. 2015 time series of observed daily mean soil CO2 efflux (Fsoil), soil temperature (Ts), 

and volumetric soil moisture (ϴ) for soil near mesquite trees (black) and in intercanopy space 

(gray) from the savanna. Also shown is gross ecosystem photosynthesis (GEP). 
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Figure S3. Boxplot of soil CO2 efflux (Fsoil) for 10 quantiles of volumetric soil moisture (ϴ) at 

the grassland site. 
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Figure S4. Boxplot of soil CO2 efflux (Fsoil) for 10 quantiles of volumetric soil moisture (ϴ) at 

the shrubland site. 
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Figure S5. Boxplot of soil CO2 efflux (Fsoil) for 10 quantiles of volumetric soil moisture (ϴ) at 

the savanna site. 
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Figure S6. Relationship between hourly (top row) or daily mean (bottom row) soil CO2 efflux 

(Fsoil) and soil temperature (Ts), volumetric soil moisture (ϴ), and gross ecosystem 

photosynthesis (GEP) at the grassland site. Lines denote significant linear regressions between 

Fsoil and controls. 
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Figure S7. Relationship between hourly (top row) or daily mean (bottom row) soil CO2 efflux 

(Fsoil) and soil temperature (Ts), volumetric soil moisture (ϴ), and gross ecosystem 

photosynthesis (GEP) at the shrubland site. Lines denote significant linear regressions between 

Fsoil and controls.  
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Figure S8. Relationship between hourly (top row) or daily mean (bottom row) soil CO2 efflux 

(Fsoil) and soil temperature (Ts), volumetric soil moisture (ϴ), and gross ecosystem 

photosynthesis (GEP) at the savanna site. Lines denote significant linear regressions between 

Fsoil and controls. 
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Figure S9. (a) Coefficient of determination (R2) values from an exponential fit of soil CO2 efflux 

(Fsoil) to soil temperature (Ts), Eq. 1, for different 10% quantiles of volumetric soil moisture (ϴ) 

at the savanna site. The influence of ϴ (color) on the temperature response of Fsoil for tree plots 

(b) with curves fit for wet and dry ϴ conditions. 
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Figure S10. (a) Coefficient of determination (R2) values from an exponential fit of soil CO2 

efflux (Fsoil) to soil temperature (Ts), Eq. 1, for different 10% quantiles of volumetric soil 

moisture (ϴ) at the shrubland site. The influence of ϴ (color) on the temperature response of Fsoil 

for shrub plots (b) with curves fit for wet and dry ϴ conditions. 
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Figure S11. Same as Figure 6 but for the shrubland site.  
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Figure S12. Same as Figure 6 but for the savanna site. 
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Abstract 

Intermittent rain events drive dynamic pulses of carbon and water exchange in many arid 

and semiarid ecosystems. Although soil moisture is known to control these pulses, the effect of 

atmospheric dryness on pulses is not well documented. Here we hypothesized that vapor pressure 

deficit (VPD) modulates net ecosystem production (NEP) and ecosystem-scale water-use 

efficiency (WUE) during pulse events due to its effects on canopy stomatal conductance and 

evapotranspiration. We quantified relationships between VPD and carbon and water exchange 

during growing season rain events, and tested their generality across four semiarid flux sites with 

varied vegetation in the southwest United States. Across grassland, shrubland, and savanna sites, 

we found that high VPD during pulses suppressed ecosystem photosynthesis and surface 

conductance to a greater degree than respiration or evapotranspiration, particularly when soil 

moisture was high. Thus, periods of high VPD were associated with a 13-64% reduction in NEP 

and a 11-25% decrease in WUE, relative to moderate VPD conditions. Sites dominated by shrubs 

with the C3 photosynthetic pathway were more sensitive to VPD than sites dominated by C4 

grasses. We found that a 1 kPa increase in VPD reduced the average NEP of pulse events by 13-

56%, which illustrates the potential for projected increases in atmospheric demand to reduce the 

net productivity of semiarid ecosystems. 

Plain Language Summary 

In many water-limited regions, summer storms provide water that drives brief periods of 

high ecosystem activity (photosynthesis, respiration, and evapotranspiration) called “pulse 

events”. While many studies have focused on soil moisture as a control on pulse events, it is not 
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well known how changes in the air’s evaporative strength, or dryness, influence patterns of 

carbon and water exchange during pulses. We analyzed data from four semiarid sites in southern 

Arizona and found that air dryness modified the widely accepted pulse framework of carbon and 

water exchange for semiarid areas. Drier air led to larger reductions in photosynthesis than 

respiration and evapotranspiration, which decreased the overall productivity and water-use 

efficiency of plants. These findings indicate the potential for drier air in a warming climate to 

reduce the ability of dryland plants to use water. Because pulses are important for the carbon 

balance of these systems, drier during these critical pulse periods could reduce how much carbon 

global drylands remove from the atmosphere. Incorporating the effects of air dryness on pulse 

patterns into models may help us better understand global change impacts on semiarid 

ecosystems. 

Introduction 

Episodic rain events drive pulses of carbon and water exchange in many arid and 

semiarid ecosystems (Huxman et al., 2004a)—regions known to substantially impact interannual 

variation in the land carbon sink (Ahlström et al., 2015; Poulter et al., 2014). Pulses are transient 

periods characterized by high rates of gross ecosystem photosynthesis (GEP), evapotranspiration 

(ET), and ecosystem respiration (Re) that occur when rain events temporarily mitigate water 

stress effects on plant and microbial activity (Huxman et al., 2004a; Noy-Meir, 1973; 

Schwinning et al., 2004). With high rates of biogeochemical cycling, pulses have a 

disproportionately large impact on annual GEP (Kannenberg et al., 2020), which is a key driver 

of variation in the net ecosystem production (𝑁𝐸𝑃 = 𝐺𝐸𝑃 − 𝑅𝑒) and ecosystem-scale water-use 

efficiency (𝑊𝑈𝐸 = 𝐺𝐸𝑃/𝐸𝑇) of semiarid regions (Baldocchi et al., 2018; Biederman et al., 
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2016; Jia et al., 2016; Liu et al., 2019; Scott et al., 2015). Therefore, it is necessary to examine 

controls on ecosystem carbon and water fluxes during these important sub-annual periods 

(Barnes et al., 2016; Jenerette et al., 2012; Jung et al., 2017). 

Whereas dryland studies have focused on water availability (soil moisture supply) as a 

control on ecosystem functioning (Chen et al., 2009; Huxman et al., 2004a,b; Tarin et al., 2020), 

syntheses spanning gradients in climate and plant functional type highlight the role of 

atmospheric demand for moisture (vapor pressure deficit; VPD) as an important, and sometimes 

dominant, constraint on carbon and water exchange (Novick et al., 2016; Zhang et al., 2019). 

High VPD can intensify reductions in land carbon uptake during compound (air and soil) drought 

(Zhou et al., 2019). Because saturation vapor pressure increases non-linearly with rising 

temperature, climate warming is projected to cause widespread increases in VPD (Breshears et 

al., 2013; Ficklin & Novick, 2017; Seager et al., 2015). However, it is not well known how VPD 

influences pulse responses in semiarid regions. 

Biotic and physical responses indicate how high VPD may influence the carbon and 

water dynamics of pulses. In response to increasing VPD, plants decrease stomatal conductance 

to reduce water loss (Buckley, 2019; Collatz et al., 1991; Leuning, 1995). These plant responses 

can decrease ecosystem-scale canopy conductance, GEP, and ET (Anthoni et al., 1999; Ding et 

al., 2018; Grossiord et al., 2020; Novick et al., 2016; Sulman et al., 2016; Wharton et al., 2009; 

Zhang et al., 2019). Additionally, physical manifestations of high VPD (warmer temperatures; 

increased evaporative demand) may influence ET by increasing rates of soil and interception 

evaporation, and may stimulate temperature-dependent autotrophic and heterotrophic respiration 

during periods of sufficient water availability. 
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We present a modified conceptual model of the pulse response of ecosystem carbon and 

water exchange to rainfall (Huxman et al., 2004a; Huxman et al., 2004b; Yan et al., 2014) and 

extend it to represent the hypothesized effect of VPD during pulses. We show the expected 

pattern of canopy-scale stomatal conductance (Gcanopy) alongside fluxes to infer how plant 

responses to VPD alter GEP and ET (via its transpiration component). Assuming a pre-pulse 

state of water stress, the pulse event begins when fluxes increase in response to water availability 

supplied by rainfall (Figure 1; solid lines). Whereas GEP and Gcanopy increase gradually as plants 

upregulate in response to wetting of deeper soil layers (Reynolds et al., 2004; Scott et al., 2006), 

Re, which is dominated by soil respiration during pulses (Sponseller, 2007; Xu et al., 2004), 

peaks rapidly then declines as changes in shallow soil moisture regulate microbial activity 

(Barron-Gafford et al., 2011; Conant et al., 2000; Jenerette et al., 2008; Roby et al., 2019). ET, 

which rapidly increases due to high rates of evaporation from soil and canopy surfaces, remains 

high as increasing transpiration (with associated increases in Gcanopy) offsets declines in 

evaporation linked to shallow soil water depletion. Root zone soil drying ultimately causes 

Gcanopy to decline, driving associated reductions in GEP and ET (dominated by transpiration later 

in the pulse). Absent VPD stress, these patterns yield two phases of NEP and WUE: (1) a period 

of negative NEP and low WUE (caused by low GEP, high Re, and high ET dominated by 

evaporation); followed by (2) a prolonged period of high NEP and high WUE (due to high GEP, 

low Re, and high ET dominated by transpiration). 

We predict that physical and biotic responses to high VPD alter pulse patterns (Figure 1; 

dashed lines). Physical responses to high VPD dominate the early pulse period, during which 

increased temperature and evaporative demand promote higher evaporation rates from soil and 
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canopy surfaces (Scott et al., 2006) and stimulate respiration processes (Cable et al., 2011; Lloyd 

& Taylor, 1994). These responses cause increases in Re and ET, relative to moderate VPD 

conditions. As events progress, shallow soil drying decreases Re (Liu et al., 2009) and reduces 

the evaporative fraction of ET, permitting biotic processes to dominate the pulse response (Szutu 

& Papuga, 2019). Stomatal responses to high VPD, represented by reduced Gcanopy, drive declines 

in GEP and the transpiration fraction of ET. We hypothesize that high VPD drives physical and 

stomata-mediated responses that reduce GEP and have a minor impact on total ET, thus 

decreasing the NEP and WUE of pulse events. To assess the generality of these responses in 

pulse-driven semiarid regions dominated by summer rainfall, we test these hypotheses with 49 

site years of eddy covariance data from four sites with varied vegetation. 

Materials and Methods 

Site description 

We used data from four AmeriFlux sites that share similar semiarid climates but differ in 

their vegetation type and average productivity (Scott et al., 2015). Briefly, the sites have similar 

annual mean temperature and total precipitation, about 60% of which falls from July–September 

during the North American Monsoon (Table 1). Two sites are grasslands and the others are 

dominated by woody vegetation. On average, the most productive site is Santa Rita Grassland 

(grassland-1; AmeriFlux ID: US-SRG; Scott, 2008), which is dominated by C4 perennial 

bunchgrasses (mostly Eragrostis Lehmanniana). Kendall Grassland (grassland-2; AmeriFlux ID: 

US-Wkg; Scott, 2004) is also composed of the same C4 grasses. The Santa Rita Mesquite 

Savanna (savanna; AmeriFlux ID: US-SRM; Scott, 2004) is a former grassland composed 

mainly of perennial bunchgrasses (Eragrostis Lehmanniana; various native species) that is now 
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about 35% covered by velvet mesquite trees (Prosopis velutina). Lucky Hills Shrubland 

(shrubland; AmeriFlux ID: US-Whs; Scott, 2007) is characterized by Chihuahuan desert shrubs 

(e.g., Parthenium incanum, Larrea tridentata, Acacia constricta) and is on average the least 

productive site. Grassland-1 and the savanna are in the Santa Rita Experimental Range, whereas 

grassland-2 and the shrubland are located in the USDA-ARS Walnut Gulch Experimental 

Watershed (details in Table 1).  

Meteorology and flux data 

Land-air fluxes of CO2, water vapor, and energy were measured using the eddy 

covariance technique. Meteorological variables (including precipitation) were measured at the 

same locations as fluxes. Instrumentation and data processing have been described previously 

(Scott et al., 2015). Briefly, net ecosystem exchange of CO2 (NEE) was partitioned into gross 

ecosystem photosynthesis (GEP) and ecosystem respiration (Re) using the nighttime approach 

(Reichstein et al., 2005). Here we focus on the net ecosystem production of CO2, defined as 

𝑁𝐸𝑃 = −𝑁𝐸𝐸. To minimize correlation between GEP and Re, we analyzed half-hourly and 

daily mean fluxes, timescales during which these fluxes are relatively decoupled (Figure S2). We 

tested the partitioning method by comparing the pulse response of Re with independent 

measurements of soil respiration for available years at the savanna (Roby et al., 2019) and found 

that the datasets yield similar patterns (data not shown). We calculated bulk surface conductance 

to water vapor (Gsfc; mol m-2 s-1) by inverting the Penman-Monteith equation to serve as a proxy 

for canopy-scale stomatal conductance (Gcanopy) (Monteith, 1965; Monteith & Unsworth, 2013). 

Unlike Gcanopy, Gsfc reflects the contribution of both stomatal and soil conductances (Shuttleworth 
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& Wallace, 1985). However, the contribution of soil conductance to Gsfc decreases as shallow 

soil moisture declines with time since rain. 

Pulse characterization 

Pulse events were identified by examining growing season periods during which daily 

precipitation exceeded 5 mm and was followed by at least one day of rain-free weather. We 

defined the growing season as July 1 - September 30, during which much of the annual 

precipitation and 62-68% of annual GEP occurs at these sites (Table 1). To better isolate the 

influence of VPD on pulse patterns, we excluded periods of light-limitation, defined as data 

during which photosynthetic photon flux density (PPFD) was less than 1000 µmol m-2 s-1, based 

on the response of GEP to PPFD (Figure S3). Pulse events were analyzed using half-hourly and 

daily mean data aggregated into one-day bins of time since rain. We tested for differences 

between mean daily fluxes using two-sample t-tests. 

To maintain consistency with the conceptual hypothesis (Figure 1), which assumes an 

inactive pre-pulse state caused by soil water stress (Huxman et al., 2004a), Figure 2 depicts 

general pulse patterns filtered for events with dry antecedent soil moisture. Subsequent figures 

were not filtered for dry antecedent conditions. Because pulse events occur sequentially during 

the summer growing season and have variable antecedent soil water, our decision to not filter for 

pre-pulse dryness increases sample size and enables us to make more general inferences about 

how VPD impacts pulse responses in these systems across the growing season. 

Modeling the VPD sensitivity of pulse responses 

We used empirical models as an initial test of the hypothesis that biotic and physical 

pulse responses have differential sensitivity to VPD (Kimm et al., 2020). All models were fit to 
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half-hourly pulse data during high light conditions (PPFD > 1000 µmol m-2 s-1). To enable 

inferences about the relative importance of drivers, we applied the same multiple linear 

regression for each response term:  

𝑌 =  𝛽𝑖𝑛𝑡 +  𝛽𝑉𝑃𝐷𝑉𝑃𝐷 +  𝛽𝜃𝜃 + 𝛽𝑉𝑃𝐷×𝜃𝑉𝑃𝐷 × 𝜃 1 

Where Y is the half-hourly flux (µmol CO2 m
-2 s-1) or surface conductance (mol m-2 s-1) and VPD 

and θ (volumetric soil water content; m3 m-3) are half-hourly predictors.  𝛽𝑖𝑛𝑡 is the value of Y 

when all predictors are zero.  𝛽𝑉𝑃𝐷, 𝛽𝜃, and 𝛽𝑉𝑃𝐷×𝜃 are coefficients for the main effects (VPD, θ) 

and the 𝑉𝑃𝐷 × 𝜃 interaction. All regression variables were scaled from zero to one to enable us 

to compare the relative effects size of terms with different magnitude. 

VPD and soil moisture categorization 

To isolate the effects of air and soil dryness, we defined moisture categories using 

frequency distributions of VPD and soil moisture. First, half-hourly VPD values < 0.6 kPa were 

excluded (Novick et al., 2016). VPD was defined as “low” if < 33rd percentile, “moderate” if 

between the 33rd and 66th percentiles, and “high” if > 66th percentile. θ (hereafter soil moisture) 

was measured from 5-15 cm, depending on site data availability and rooting depth (Table 1). 

Low, moderate, and high θ groups were defined using the same percentile ranges as VPD. We 

can examine the relative importance of changes in VPD and θ on ecosystem responses because 

these variables have relatively low correlation at hourly to daily timescales (Novick et al., 2016) 

(Figure S4). 

Results 
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Pulse climatology 

Across sites, an average of 12-16 pulse events occurred each summer growing season 

(July-September) and the average interstorm duration was 7-9 days (Table 1). Productivity 

during pulse events was considerable, with 62-68% of annual GEP occurring during these 

months. Annual and growing season GEP were highest at grassland-1 (rainiest site) and lowest at 

the shrubland (driest site). Mean annual temperature and pulse mean VPD were highest at the 

savanna and lowest at grassland-2. 

General pulse patterns at the savanna  

To be consistent with the dry pre-pulse soil water conditions assumed in Figure 1, we 

first show the pulse response at the savanna filtered for events with low pre-pulse soil moisture 

(θ < 20th percentile during the day before a rain event). The pattern averaged over 55 events 

showed high variation in fluxes and environmental drivers (Figure 2; see Figure S5 for a single 

pulse). Rain events caused increases in θ and declines in VPD, relative to pre-pulse values, 

whereas θ decreased and VPD increased as days since rain elapsed. Notably, VPD was highly 

variable during the pulse event, whereas θ became less variable with time. Rain events caused 

increases in fluxes and Gsfc, relative to pre-pulse values. Rapid increases in ET, likely due to high 

rates of evaporation, outpaced GEP which drove initial declines in WUE. Whereas Re, ET, and 

Gsfc peaked within one day since rain, GEP increased more gradually, causing NEP and WUE to 

peak 2-4 days after rain. 
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Drivers of variation in carbon and water fluxes at the savanna 

We used multiple linear regression to test if changes in VPD explained the high 

variability in savanna pulse responses (Figure 2).  𝛽𝑉𝑃𝐷 was negative for all models, indicating 

that higher VPD reduced average pulse responses (Table 2). Conversely, positive values for 𝛽𝜃 

indicate that higher θ increased pulse responses. As hypothesized, increased VPD was associated 

with reductions in GEP but did not strongly impact Re, as indicated by the sign and relative 

magnitudes of 𝛽𝑉𝑃𝐷 and 𝛽𝜃. The 𝛽𝑉𝑃𝐷×𝜃 coefficient was significant for all terms (except Gsfc), 

confirming the 𝑉𝑃𝐷 × 𝜃 interaction. Results from empirical models were consistent with that of 

models based on leaf-level gas exchange theory (Section S1; Table S2). Output from theory-

based models indicated that increasing VPD had a negative effect on Gsfc, GEP, and ET, whereas 

increasing θ had a positive effect (Figure S1, Table S2). 

High VPD impacts on pulse events 

We applied a binned-averaging approach to better isolate the influence of VPD on pulse 

patterns. At the savanna, high VPD during periods of moderate θ was associated with reductions 

in the average GEP, Gsfc, NEP, and WUE of pulse events (p < 0.05), relative to moderate VPD 

(Figure 3). Because high VPD did not strongly impact Re or ET (p > 0.05), reductions in NEP and 

WUE were primarily driven by decreased GEP (p < 0.05), relative to moderate VPD. These 

general patterns were consistent across sites (Figures S6-8). To ensure our results were robust to 

the binning approach, we repeated the analysis using 5 bins of equal width for both θ and VPD 

and found that VPD effects were not sensitive to the number of bins used (Figures S9-13). 

At all sites, reductions in the average NEP, WUE, and Gsfc of pulse events occurred under 

high VPD, relative to moderate VPD (p < 0.05; except for Gsfc and WUE at the shrubland) 
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(Figure 4). Notably, these reductions were driven by decreased GEP at high VPD (p < 0.05 at all 

sites except grassland-1) instead of changes in Re or ET. Reductions in Gsfc at high VPD are 

consistent with stomatal control of water loss, which may explain why ET was not greater under 

conditions of enhanced evaporative demand. Whereas we observed reductions in pulse responses 

across soil moisture states (low, moderate, and high), adverse effects of high VPD were often 

strongest for high θ (Figure S8-14). 

Impact of air and soil water deficits on integrated pulse responses 

To contextualize the influence of high VPD, we quantified the response of pulse 

integrated fluxes to air and soil water deficits. Compared to moderate conditions (defined as the 

average value of pulse responses when VPD and θ were both moderate), high VPD decreased the 

NEP (13-64%), WUE (11-25%), and Gsfc (22-34%) of pulse events at all sites (Figure 5). 

Because high VPD had minor impacts on Re (-4 to 7%) and ET (-10 to 0.1%), reductions in NEP 

and WUE were driven by decreased GEP (7-27%). We found larger NEP losses at high VPD for 

the shrubland and savanna than in grasslands. The result that high VPD strongly reduced Gsfc but 

did not enhance pulse-integrated ET is consistent with stomatal regulation of transpiration (a 

major fraction of ET). This contrasts with the consistent negative effects of soil water deficits on 

ET and Gsfc. Pulses with low θ and moderate VPD had less NEP (45-137%), WUE (10-21%) and 

GEP (37-62%), as well as decreased Gsfc (32-43%), Re (5-25%), and ET (25-35%) compared to 

events with moderate conditions. 

Next we quantified the VPD sensitivity of carbon exchange to examine how rising trends 

in atmospheric demand may alter semiarid ecosystem productivity. We determined this 

sensitivity by dividing the average change in flux by the average change in VPD between 
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moderate and high VPD pulse events. A 1 kPa increase in VPD above moderate conditions was 

associated with a 13-56% loss in the average NEP (0.58-2.00 µmol CO2 m
-2 s-1) of pulse events, 

largely driven by 8-23% reductions in GEP (0.56-1.92 µmol CO2 m
-2 s-1) (Figure 6). Because the 

majority of annual GEP at these sites occurs during growing season pulse events (Table 1), our 

findings highlight the potential for rising VPD to reduce the productivity of these ecosystems. 

Discussion 

Pulse responses strongly influence annual ecosystem productivity and are a characteristic 

feature of many drylands (Noy-Meir, 1973; Schwinning et al., 2004; Scott et al., 2012). Whereas 

soil moisture is known to regulate pulses, the effect of atmospheric dryness on pulse responses in 

water-limited environments may have been overlooked. Here we tested the hypothesis that 

differences in the VPD sensitivity of Gsfc, GEP, Re, and ET modulate pulse patterns of NEP and 

WUE (Figure 1). We found that VPD modified the pulse paradigm: high VPD drove larger 

reductions in GEP and Gsfc than Re and ET and thus decreased the NEP and WUE of pulse events 

(Figures 3-5). Losses in NEP and WUE at high VPD were persistent across a range of soil 

moisture states and vegetation types (Figures 4 and 5; Figure S8-13), which indicates that 

atmospheric demand operates as a semi-independent control on the pulse dynamics of water-

limited ecosystems. Below we discuss three specific aspects of these findings. 

Decreased GEP at high VPD drove losses in NEP and WUE 

We found strong evidence that GEP losses at high VPD decreased the net carbon uptake 

of pulse events. Because GEP peaked several days later than Re, plants were exposed to periods 

of increasing VPD that suppressed ecosystem photosynthesis (Figures 2-5). Specifically, high 

VPD was associated with reductions in average and peak rates of GEP and appeared to shorten 
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pulses by advancing the onset of post-peak declines in GEP (Table 2; Figures 4 and 5). High 

sensitivity of GEP and Gsfc to VPD likely derives from leaf-level responses to air dryness. In 

response to rising VPD, plants decrease stomatal conductance to minimize the water cost of 

carbon gain (Medlyn et al., 2011), which reduces intercellular CO2 concentration and rates of 

assimilation (Farquhar & Sharkey, 1982; Oren et al., 1999) and can increase photorespiration 

(Dai et al., 1992). Evidence from empirical (Table 2) and theory-based models (Table S2) and 

binned-averaging analysis (Figures 3-6) indicates that the negative effects of high VPD on 

surface conductance (Novick et al., 2016) and ecosystem photosynthesis (Anthoni et al., 1999; 

Noormets et al., 2008; Sulman et al., 2016; Wagle et al., 2015) decrease the carbon uptake of 

pulse events in semiarid ecosystems. These findings were validated experimentally by Ruehr et 

al. (2012), who used irrigation to alleviate soil water stress (analogous to a pulse event) in a 

semiarid pine forest and found that high VPD was associated with declines in canopy 

conductance that decreased GEP.  

Whereas our conceptual hypothesis (Figure 1) assumes that GEP and Gcanopy have similar 

sensitivity to VPD, previous studies have shown that differences in the VPD sensitivity of 

assimilation and stomatal conductance cause ecosystem-scale intrinsic water-use efficiency 

(𝑖𝑊𝑈𝐸 = 𝐺𝐸𝑃/𝐺𝑠𝑓𝑐) to vary with environmental conditions (Beer et al., 2009; Grossiord et al., 

2020; Zhang et al., 2019). The relatively high VPD conditions at these sites constrain both GEP 

and Gsfc, causing iWUE to become invariant or decline with further increases in VPD (Zhang et 

al., 2019; Grossiord et al., 2020). Additionally, our comparison of events under high VPD (~4.5 

kPa) and moderate VPD (~3.5 kPa) spans a relatively narrow range of VPD for which previous 

research on a site in this study (US-Wkg) demonstrates that iWUE did not show a clear response 
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to increasing VPD (Zhang et al., 2019). We find that substantial VPD constraints on 

photosynthesis and surface conductance persist across a range of soil moisture states and are 

strongest during wet interstorm periods, especially at sites dominated by C3 shrubs (Figure 5; 

Figure S8-13). Our results indicate the potential for high VPD to alter the amount of rainfall 

required to generate net carbon uptake in semiarid regions (Scott et al., 2015; Tarin et al., 2020). 

The weak relationship between VPD and Re supports our hypothesis that high VPD does 

not strongly influence Re (Figures 1, 4, and 5, Table 2). This insensitivity likely derives from the 

absence of a mechanistic link between VPD and cellular respiration and may be augmented by 

opposing responses of Re to VPD-modulated factors. Whereas high VPD may indirectly stimulate 

respiration through associated warming, elevated VPD often coincides with low soil moisture, 

which directly suppresses soil respiration and may cause reductions in substrate exudation by 

water-stressed plants (Anthoni et al., 1999; Baldocchi et al., 2006; Chen et al., 2009; Kuzyakov 

& Gavrichkova, 2010; Roby et al., 2019; Ruehr et al., 2012). Because autotrophic respiration 

generally scales with GEP (Chapin et al., 2011), autotrophic respiration likely decreases during 

pulses as high VPD reduces GEP. Re declined monotonically during pulses, indicating that 

shallow soil moisture or labile carbon pools were becoming limiting (Barron-Gafford et al., 

2011; Ma et al., 2012; Potts et al., 2006); however, we observed no VPD effect on the decline 

(Figures 3 and 4). Because Re pulses are generally brief (Huxman, et al., 2004a,b; Sponseller, 

2007) and insensitive to VPD (Table 2; Figures 4 and 5), the lack of a strong respiration pulse 

signal does not change our conclusion that losses in NEP at high VPD are driven by changes in 

GEP. 
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ET dynamics and the high sensitivity of GEP to atmospheric demand reduced the water-

use efficiency of pulse events when VPD was high. We report on ecosystem WUE because it 

considers key abiotic water losses, which can substantially reduce the water efficiency of dryland 

productivity (Biederman et al., 2017; Scott & Biederman, 2017). Whereas non-transpirational 

water fluxes are high 0-2 days after rain (Knauer et al., 2018), transpiration (T) dominates ET 

later in pulse events, during which ecosystem WUE better reflects biotic responses to hydrologic 

stress. Rain events caused immediate reductions in WUE (Figures 3 and 4), likely due to high 

rates of abiotic evaporation from soil and canopy surfaces that decreased the T/ET ratio (Huxman 

et al., 2004a; Scott et al., 2006; Szutu & Papuga, 2019). As interstorm days elapsed, GEP 

increased whereas ET decreased, and T/ET likely increased (Cavanaugh et al., 2011; Scott et al., 

2006)—all factors that would contribute to increasing WUE (Figures 3 and 4).  Furthermore, 

WUE decreased more due to declines in GEP rather than changes in ET when VPD was high 

(Figures 3-5). While changes in leaf area may influence the magnitude of Gsfc, GEP, and ET, 

variation in leaf area index (LAI) at these sites generally occurs over timescales longer than pulse 

events (Kautz et al., 2019). We defined pulses using aggregates of data sampled throughout the 

growing season, which enables us to make more general inferences about VPD effects on pulse 

responses. However, to ensure our results were not sensitive to LAI variation, we repeated the 

analysis using only data from August, a period of relatively constant LAI (Cavanaugh et al., 

2011; Kautz et al., 2019). The results were consistent with those obtained for the entire growing 

season (data not shown). 

 High VPD reduced GEP and Gsfc but did not increase ET (Figure 5). Often during pulses, 

ET was lower when VPD was high (Figures 3 and 4). Reductions in transpiration linked to 
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stomatal closure may explain why ET did not increase despite elevated evaporative potential at 

high VPD. Together, the observed reductions in GEP and Gsfc but not ET (Figures 4 and 5) 

indicate strong stomatal regulation of water loss under high VPD conditions (Monteith, 1995). 

While high VPD is known to reduce ecosystem-scale iWUE in drylands (Zhang et al., 2019), our 

focus on ecosystem-scale WUE (GEP/ET) reflects how abiotic water losses impact the efficiency 

of carbon gain, and shows that documented differences in the VPD sensitivity of fluxes (Anthoni 

et al., 1999) influence pulse patterns of NEP and WUE in semiarid systems (Figures 3-5). 

Grass and shrub-dominated sites differed in their sensitivity to VPD 

Site differences in the VPD sensitivity of pulse responses are consistent with leaf-level 

physiology. We found that high VPD had stronger impacts at sites dominated by C3 trees and 

shrubs than in C4-dominated grasslands (Figure 4-6). High air temperature often accompanies 

high VPD (Breshears et al., 2013), and previous research at the savanna attributed the greater 

productivity of C4 grasses during warm conditions to a higher temperature optima for 

photosynthesis than that of C3 shrubs (Barron-Gafford et al., 2013). Lower VPD sensitivity in 

the grasslands likely stems from the ability of C4 species to maintain high rates of 

photosynthesis despite relatively low stomatal conductance in warm and dry conditions, relative 

to C3 plants (Christin & Osborne, 2014; Long, 1999; Osborne & Sack, 2012; Pearcy & 

Ehleringer, 1984; Sage & Monson, 1998). High rates of productivity persisted longer in 

grasslands than in sites dominated by C3 shrubs (Figure 4), perhaps because the higher WUE of 

C4 plants can reduce hydraulic stress and support higher relative stomatal conductance during air 

and soil drought (Anthoni et al., 1999; Christin & Osborne, 2014; Osborne & Sack, 2012).  
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Site differences in fluxes may be also be influenced by canopy structure and plant water-

use strategies (Barger et al., 2011; van der Molen et al., 2011). Canopy structural differences 

(e.g. stand density, LAI, surface roughness) can cause differences in evapotranspiration between 

C4 grasses (Roby et al., 2017) and can support higher fluxes (Baldocchi, 1994) and biomass 

accumulation (Dugas et al., 1996) in C3 species despite the higher WUE of the C4 pathway. 

Additionally, woody-plant species have deeper roots than grasses and are capable of hydraulic 

redistribution (Jackson et al., 1996; Nadezhdina et al., 2010), and a study of a nearby shrubland 

found that transpiration was primarily sourced from deeper soil moisture (Szutu & Papuga, 

2019). These woody-plant traits that mitigate soil moisture stress may enhance the susceptibility 

of these ecosystems to rising atmospheric demand. 

Implications for rising VPD 

The strong responses of GEP and Gsfc to high VPD indicate that atmospheric demand can 

limit carbon uptake independent of changes in precipitation. High VPD reduced NEP and WUE 

most during wet interstorm periods (Figure 4; Figure S8-13). Analogous to pulse events in this 

study, photosynthesis in C4 plants was found to be more resilient to dry-humid transitions than 

that of C3 species (Kawamitsu et al., 1993). In drylands, rain events need to be of substantial size 

(> ~5 - 10 mm) to generate carbon sink activity (Chen et al., 2009; Huxman et al., 2004a; Kurc 

& Small, 2007). Since GEP has a higher sensitivity to rain event size than Re, it has been 

suggested that projected increases in the frequency of large rain events will enhance NEP in 

semiarid ecosystems (Chen et al., 2009). However, the observed reductions in GEP at high VPD 

suggest that larger rain events will be required to support carbon sink activity in light of 

projected rises in VPD (Ficklin & Novick, 2017).  
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Average summer VPD in the southwest US is expected to increase by at least 1 kPa by 

2065-2099 (Ficklin & Novick, 2017). We found that a 1 kPa increase above moderate VPD 

decreases the average NEP of pulse events by 13-56% (Figure 6). Because productivity in these 

ecosystems is pulse dominated, the prospect of frequent high VPD during interstorm periods 

could substantially reduce the carbon sink capacity of these systems. It is important to note that 

our focus on periods with high light and soil moisture captures VPD impacts on peak 

productivity, which may not represent the carbon balance of actual pulse events. Despite this 

focus, we still observed strong reductions in NEP at high VPD (Figure 4) that caused brief 

periods of carbon source activity (Figure 3; Figure S8-13). High VPD sensitivity in sites 

dominated by C3 shrubs suggests the potential for rising trends in VPD to counter increases in 

semiarid ecosystem net productivity linked to woody plant encroachment (Barger et al., 2011). 

High sensitivity of GEP to drought has been shown to accelerate carbon loss and offset historical 

carbon sequestration in semiarid ecosystems (Lu et al., 2019; Scott et al., 2015). Periods of 

combined air and soil drought have been shown to decrease ecosystem productivity at 

continental scales and are projected to increase in frequency (Zhou et al., 2019). Here we show 

that atmospheric dryness can reduce carbon uptake during critical periods of water availability, 

which is likely to become an increasingly important constraint on ecosystem functioning as 

drylands expand globally (Feng & Fu, 2013). 

Conclusions 

In summary, here we advance the pulse model of net carbon gain and water-use 

efficiency in semiarid ecosystems by quantifying the influence of VPD on ecosystem fluxes. We 

found that high VPD after rain suppresses GEP more than Re, which decreases the productivity 
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of pulses. Notably, the sensitivity of GEP to high VPD was most pronounced in C3-shrub 

dominated sites when soil moisture was high. These findings indicate the potential for warming-

driven increases in VPD to reduce the ability of plants to use rain pulses, particularly in regions 

not dominated by C4 plants. Our results likely extend beyond drylands since widespread pulse 

behavior has been documented across biomes (Feldman et al., 2018). Because pulses are 

important for the carbon balance of semiarid systems, high VPD during these critical time 

periods could shift these regions from carbon sinks to sources. Representing VPD effects on 

pulse patterns into conceptual and mathematical models may help us better understand global 

change impacts on semiarid ecosystems. 
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Tables 

Table 1. Description of the study sites and growing season (July-September) pulse 

characteristics. 
 Shrubland 

(Lucky Hills 

Shrubland) 

Savanna 

(Santa Rita 

Mesquite 

Savanna) 

Grassland-1 

(Santa Rita Grassland) 

Grassland-2 

(Walnut Gulch 

Kendall Grassland) 

Ameriflux ID US-Whs US-SRM US-SRG US-Wkg 

Years of data 2007-2018 2004-2018 2008-2018 2004-2018 

Latitude (°) 

Longitude (°) 

31.76° N 

110.05° W 

31.82° N 

110.87° W 

31.79°N 

110.83°W 

31.74° N 

109.94° W 

Elevation (m) 1370 1120 1290 1530 

MAP (mm) 320 384 445 346 

MAT (°C) 17.6 19.0 18.6 17.3 

Pulse mean VPD 

(kPa) 

3.0 3.8 3.1 2.6 

Pulse events 129 193 161 184 

Avg. events per 

year 

12 14 16 13 

Pulse length 

(days) 

9 8 7 9 

Annual GEP 

(g C m−2 year−1) 

173 356 499 273 

Growing season 

GEP (g C m−2 

year−1) 

114 230 310 186 

MODIS LAI 

average annual 

max. 

0.57 0.84 1.07 0.84 

Woody cover (%) 40 35 11 3 

Grass/forb cover 

(%) 

3 15 44 37 

θ depth (cm) 15 5-10 5-10 10 

Soil type Gravelly sandy 

loams 

Deep loamy sands Deep loamy sands Very gravelly, 

sandy to fine sandy, 

and clayey loams 

Pulse events defined as periods of daily rainfall exceeding 5 mm followed by no precipitation for 

at least one day. MAT is mean air temperature; MAP is mean annual precipitation for 1971-2010. 

LAI is leaf area index. Pulse duration is the number of dry days between growing season rain 

events. Pulse VPD is the average vapor pressure deficit during a growing season pulse event. 

Annual GEP is the average annual gross ecosystem photosynthesis over the study period. θ depth 

refers to the measurement depth of volumetric soil moisture (m3 m-3). 
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Table 2. Empirical model results. 𝛽𝑖𝑛𝑡 is the value of Y when all predictors are zero.  𝛽𝑉𝑃𝐷, 𝛽𝜃, 

and 𝛽𝑉𝑃𝐷×𝜃 are coefficients from empirical models (Eq. 1) fit to half-hourly surface conductance 

(Gsfc), gross ecosystem photosynthesis (GEP), evapotranspiration (ET), and ecosystem 

respiration (Re). Explanatory variables are vapor pressure deficit (VPD) and volumetric soil 

moisture (θ). 

 

Term Equation  𝛽𝑖𝑛𝑡  𝛽𝑉𝑃𝐷 𝛽𝜃 𝛽𝑉𝑃𝐷×𝜃 R2 RMSE 

Gsfc 1 0.12* -0.13* 0.29* -0.28 0.51 0.05 

GEP 1 0.36* -0.58* 0.23* 0.68* 0.43 0.15 

ET 1 0.36* -0.34* 0.32* 0.46* 0.44 0.13 

Re 1 0.16* -0.05* 0.25* 0.27* 0.28 0.10 

* indicates p < 0.05. 
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Figures 

 

 
Figure 1. Conceptual response patterns for pulse events with moderate (solid) and high (dashed) 

vapor pressure deficit (VPD) assuming an inactive pre-pulse state due to soil water stress. Pulse 

patterns of (a) gross ecosystem photosynthesis (GEP), (b) canopy-scale stomatal conductance 

(Gcanopy), (c) ecosystem respiration (Re), (d) evapotranspiration (ET), (e) net ecosystem 

production (𝑁𝐸𝑃 = 𝐺𝐸𝑃 − 𝑅𝑒), and (f) ecosystem water-use efficiency (𝑊𝑈𝐸 = 𝐺𝐸𝑃/𝐸𝑇) 

expressed as a percentage of maximum rates as a function of days since a large rain event. 

Adapted from Huxman et al. (2004a) to represent hypothesized effects of high VPD using 

functions described in Table S1. 
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Figure 2. General pulse pattern at the savanna averaged over 55 events with dry antecedent soil 

moisture. Panels show mean (lines) +/- one standard deviation (shading) of (a) gross ecosystem 

photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), (d) 

evapotranspiration (ET), (e) net ecosystem production (NEP), (f) water-use efficiency (WUE), 

(g) vapor pressure deficit (VPD), and (h) volumetric soil moisture (θ). 
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Figure 3. Composite pattern of pulse responses grouped by days since rain for 193 pulse events 

from 2004-2018 at the savanna. Points show half-hourly fluxes aggregated by days since rain for 

moderate VPD (blue) and high VPD (red) when soil moisture was moderate (defined as θ 

between 33rd and 66th percentiles). Lines show mean (a) gross ecosystem photosynthesis (GEP), 

(b) surface conductance (Gsfc), (c) ecosystem respiration (Re), (d) evapotranspiration (ET), (e) net 

ecosystem production (NEP), and (f) water-use efficiency (WUE), which were computed as the 

average of half-hourly values for each day since rain and have the same color ordering as points. 

Shaded region denotes the standard error. 
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Figure 4. Mean patterns of pulse responses for moderate (solid) and high (dashed) vapor pressure 

deficit (VPD) during moderate soil moisture conditions at the four sites (defined as θ between 

33rd and 66th percentiles). Lines show daily mean net ecosystem production (NEP; black), gross 

ecosystem photosynthesis (GEP; green), ecosystem respiration (Re; red), evapotranspiration (ET; 

black), surface conductance (Gsfc; gray), and water-use efficiency (WUE; blue) for each day since 

rain. 
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Figure 5. Impact of air and soil water deficits on integrated pulse responses. Bars show changes 

in mean responses integrated over a 10-day composite pulse due to high vapor pressure deficit 

(VPD; black) during moderate soil moisture conditions, or due to low soil moisture (θ; gray) 

during moderate VPD conditions. Changes refer to percent differences in daily mean (a) gross 

ecosystem photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), 

(d) evapotranspiration (ET), (e) net ecosystem production (NEP), and (f) water-use efficiency 

(WUE). Error bars show ± one standard deviation expressed as percentages. 
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Figure 6. Sensitivity of carbon uptake to a 1 kPa increase in vapor pressure deficit (VPD) 

averaged over a 10-day pulse event. Bars show percent changes in net ecosystem production 

(NEP; black) and gross ecosystem photosynthesis (GEP; gray) for a 1 kPa increase in mean 

VPD, relative to moderate VPD and soil moisture conditions. Error bars show ± one standard 

deviation expressed as percentages. 

  



131 

 

 

Supporting Information 

 

Table S1. Functions used to generate curves in Figure 1. 

Variable Coefficient Reference 

GEP 𝑌 = 𝑦𝑜 +
𝑎

1 + (
𝑡 − 𝑡𝑜

𝑏
)

2 Archontoulis & Miguez, 

2015 

Re 𝑌 = 𝑦𝑜 + 𝑎𝑡𝑒−𝑏𝑡 Yan et al., 2014 

ET 𝑌 = 𝑦𝑜 + 𝑎𝑡𝑒−𝑏𝑡 Yan et al., 2014 

Gsfc 𝑌 = 𝑦𝑜 +
𝑎

1 + (
𝑡 − 𝑡𝑜

𝑏
)

2 Archontoulis and Miguez, 

2015 

NEP 𝐺𝐸𝑃 − 𝑅𝑒  

WUE GEP/ET  

In each function, t represents days since rain. 𝑦𝑜, a, b, and 𝑡𝑜 are coefficients controlling the 

magnitude and shape of curves. NEP is calculated as the difference between GEP and Re. WUE 

is calculated as GEP/ET. 
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Section S1: Theoretical models to test the VPD sensitivity of pulse responses 

 

We also used theoretical models to test the hypothesis that pulse responses have differential 

sensitivity to VPD. Models based on leaf-level theory reflect VPD influences on responses 

mediated by stomata (Medlyn et al., 2011). All models were fit to half-hourly pulse data during 

high light conditions (PPFD > 1000 µmol m-2 s-1), as described in 2.3. 

 

The Medlyn model for stomatal conductance (gs) was used to test for VPD effects on terms 

mediated by vegetation: 

𝑔𝑠 = 𝑔𝑜 + 1.6 (1 +
𝑔1

√𝑉𝑃𝐷
) ∙

𝐴𝑤𝑤 ∙ 𝑓(𝜃)

𝑐𝑎
 

1 

where 𝑔𝑜 is residual conductance, 𝑔1 is a fitted parameter, Aww is the well-watered 

photosynthesis rate at high light modified by changes in soil moisture f(θ), and ca is the 

atmospheric CO2 concentration at the leaf surface (Medlyn et al., 2011). Neglecting 𝑔𝑜 and 

assuming constant ca permits us to merge constants (𝑎1 = 1.6 ∙ 𝐴𝑤𝑤 ⁄ ca). We next assume that the 

moisture regime of these semiarid sites permits a linear dependency of gs on θ. After multiplying 

out the VPD and θ functions we apply the model at the canopy level (Medlyn et al., 2017) to 

obtain an equation for surface conductance (Gsfc):  

𝐺𝑠𝑓𝑐 ≅ 𝑔𝑠 = 𝑎1 (𝑏 + 𝑐𝜃 +
𝑏 ∙ 𝑔1

√𝑉𝑃𝐷
+

𝑐𝜃 ∙ 𝑔1

√𝑉𝑃𝐷
) 

2 

where 𝑎1, b, c, and 𝑔1 are fitted parameters. As described in 2.2, Gsfc differs from the Gcanopy used 

to conceptualize the biotic response to VPD (Figure 1). However, Gsfc is a useful proxy for 

Gcanopy, particularly later in pulse events when drying soil diminishes contamination of Gsfc by 

soil conductance. 

 

The same model form was used to predict GEP:  

𝐺𝐸𝑃 = 𝑎1 (𝑏 + 𝑐𝜃 +
𝑏 ∙ 𝑔1

√𝑉𝑃𝐷
+

𝑐𝜃 ∙ 𝑔1

√𝑉𝑃𝐷
) 

3 

 

We used the Penman-Monteith model to model ET (𝐸𝑇 =
𝜆𝐸𝑇

𝜆
): 

𝜆𝐸𝑇 =
𝛥𝑅𝑛 + 𝜌𝑎 ∙ 𝑐𝑝 ∙ 𝑉𝑃𝐷 ∙ 𝑔𝑎

𝛥 +  γ ∙ (1 +
𝑔𝑎

𝐺𝑠𝑓𝑐
)

 
4 

 

Where Δ is the slope of the saturation vapor pressure curve (kPa C-1), Rn is net radiation (W m-2), 

ρa is mean air density (kg m-3), cp is the specific heat capacity of air (J kg-1 K-1), VPD is vapor 

pressure deficit (kPa), ga is aerodynamic conductance (m s-1), γ is the psychometric constant (kPa 

C-1), and Gsfc is surface conductance (m s-1). ga 

was determined as (Monteith & Unsworth, 2013): 

𝑔𝑎 =
1

𝑢
𝑢∗2 +  6.2 ∗  𝑢∗−0.67

 
5 
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Table S2. Coefficients from theoretical models (Section S1 Eqs. 2-4) fit to half-hourly surface 

conductance (Gsfc), gross ecosystem photosynthesis (GEP), and evapotranspiration (ET).  

 

Term Equation 𝑎1 b c 𝑔1 R2 RMSE r 

Gsfc 2 1.6* -0.01* -0.66* -3.38* 0.50 0.034 - 

GEP 3 1.6* 0.01 19.69* 4.86* 0.35 3.79 - 

ET 4 1.6* -0.01* -0.66* -3.38* - - 0.64 

r is the Pearson correlation coefficient between Eq. 4 and ET measured from the flux tower. * 

indicates p < 0.01 
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Figure S1. Response of modeled pulse variables to vapor pressure deficit (VPD; kPa) and 

volumetric soil moisture (θ; m3 m-3) using fitted output from equations in Table S2.   
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Figure S2. Relationship between gross ecosystem photosynthesis (GEP) and ecosystem 

respiration (Re) for different averaging periods at the savanna. Data for growing season periods 

with photosynthetic photon flux density > 1,000 µmol m-2 s-1. 
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Figure S3. Response of gross ecosystem photosynthesis (GEP) to photosynthetic photon flux 

density (PPFD) during the growing season. Right panel shows mean GEP per 10 unit bins of 

PPFD. 
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Figure S4. Correlation between vapor pressure deficit (VPD) and volumetric soil moisture (θ) is 

low at shorter averaging periods. Data are for growing season periods with PPFD > 1,000 µmol 

m-2 s-1. 
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Figure S5. A representative growing season pulse event at the savanna. Arrow denotes an 11 mm 

precipitation event on 9 August 2016 with patterns of (a) 5-10 cm volumetric soil moisture (θ) 

and vapor pressure deficit (VPD), (b) gross ecosystem photosynthesis (GEP) and ecosystem 

respiration (Re), and (c) evapotranspiration (ET).  
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Figure S6. Composite pattern of pulse responses grouped by days since rain at the shrubland. 

Points show half-hourly fluxes aggregated by days since rain for moderate VPD (blue) and high 

VPD (red) when soil moisture was moderate (defined as θ between 33rd and 66th percentiles). 

Lines show mean (a) gross ecosystem photosynthesis (GEP), (b) surface conductance (Gsfc), (c) 

ecosystem respiration (Re), (d) evapotranspiration (ET), (e) net ecosystem production (NEP), and 

(f) water-use efficiency (WUE), which were computed as the average of half-hourly values for 

each day since rain and have the same color ordering as points. Shaded region denotes the 

standard error. 
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Figure S7. Composite pattern of pulse responses grouped by days since rain at grassland-1. 

Points show half-hourly fluxes aggregated by days since rain for moderate VPD (blue) and high 

VPD (red) when soil moisture was moderate (defined as θ between 33rd and 66th percentiles). 

Lines show mean (a) gross ecosystem photosynthesis (GEP), (b) surface conductance (Gsfc), (c) 

ecosystem respiration (Re), (d) evapotranspiration (ET), (e) net ecosystem production (NEP), and 

(f) water-use efficiency (WUE), which were computed as the average of half-hourly values for 

each day since rain and have the same color ordering as points. Shaded region denotes the 

standard error. 
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Figure S8. Composite pattern of pulse responses grouped by days since rain at grassland-2. 

Points show half-hourly fluxes aggregated by days since rain for moderate VPD (blue) and high 

VPD (red) when soil moisture was moderate (defined as θ between 33rd and 66th percentiles). 

Lines show mean (a) gross ecosystem photosynthesis (GEP), (b) surface conductance (Gsfc), (c) 

ecosystem respiration (Re), (d) evapotranspiration (ET), (e) net ecosystem production (NEP), and 

(f) water-use efficiency (WUE), which were computed as the average of half-hourly values for 

each day since rain and have the same color ordering as points. Shaded region denotes the 

standard error. 
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Figure S9. Mean pulse responses at the savanna grouped by vapor pressure deficit (VPD) 

percentiles when soil moisture was from the 0-20th percentile. (a) gross ecosystem 

photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), (d) 

evapotranspiration (ET), (e) net ecosystem production (NEP), and (f) water-use efficiency 

(WUE). Error bars show ± one standard deviation. 
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Figure S10. Mean pulse responses at the savanna grouped by vapor pressure deficit (VPD) 

percentiles when soil moisture was from the 20th-40th percentile. (a) gross ecosystem 

photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), (d) 

evapotranspiration (ET), (e) net ecosystem production (NEP), and (f) water-use efficiency 

(WUE). Error bars show ± one standard deviation. 
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Figure S11. Mean pulse responses at the savanna grouped by vapor pressure deficit (VPD) 

percentiles when soil moisture was from the 40th-60th percentile. (a) gross ecosystem 

photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), (d) 

evapotranspiration (ET), (e) net ecosystem production (NEP), and (f) water-use efficiency 

(WUE). Error bars show ± one standard deviation. 
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Figure S12. Mean pulse responses at the savanna grouped by vapor pressure deficit (VPD) 

percentiles when soil moisture was from the 60th-80th percentile. (a) gross ecosystem 

photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), (d) 

evapotranspiration (ET), (e) net ecosystem production (NEP), and (f) water-use efficiency 

(WUE). Error bars show ± one standard deviation. 
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Figure S13. Mean pulse responses at the savanna grouped by vapor pressure deficit (VPD) 

percentiles when soil moisture was from the 80th-100th percentile. (a) gross ecosystem 

photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), (d) 

evapotranspiration (ET), (e) net ecosystem production (NEP), and (f) water-use efficiency 

(WUE). Error bars show ± one standard deviation.  
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Figure S14. Effect of high atmospheric demand (VPD) on mean fluxes during pulse events for 

various soil moisture (θ) conditions. Bars show percent differences in daily mean (a) gross 

ecosystem photosynthesis (GEP), (b) surface conductance (Gsfc), (c) ecosystem respiration (Re), 

(d) evapotranspiration (ET), (e) net ecosystem production (NEP), and (f) water-use efficiency 

(WUE). Error bars show ± one standard deviation for each difference. 
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Abstract  

The impacts of rainfall intensification on soil water availability to plants and microbes 

will likely influence soil CO2 efflux (Fs) in semiarid ecosystems. However, the response of Fs to 

compound changes in rainfall depth magnitude (size) and frequency is not well understood. To 

address this gap, we used automated chamber measurements from a rainfall manipulation 

experiment to examine how changes in rainfall size and frequency impact Fs at a semiarid 

grassland in southern Arizona. Plots received equal amounts of total summer growing season 

precipitation that was temporally repackaged into regular events of inversely varied size and 

frequency, with event sizes ranging from 5 to 50 mm and dry intervals ranging from 3.5 to 21 

days. We found that repackaging rainfall into infrequent, large events with long dry intervals 

decreased soil moisture, Fs, and seasonal cumulative Fs compared to regimes with more 

frequent, smaller events. Importantly, changes in the size and frequency of rainfall influenced the 

pulsed response of Fs to water inputs. During wetting-drying cycles, repackaging influenced key 

aspects of soil moisture and Fs dynamics, including mean, maximum, and antecedent values of 

soil moisture and Fs and their rate of decline during interstorm periods. Soil moisture explained 

substantial variation in Fs, and the sensitivity of Fs to soil moisture varied among repackaging 

treatments, likely because relatively low temperatures late in the season limited microbial 

responses to wetting in the infrequently irrigated plots. Our findings demonstrate that soil 

moisture responses to changes in rainfall size and frequency impact soil CO2 efflux pulses and 

seasonal emissions in semiarid grasslands. These results, coupled with the knowledge that CO2 

efflux pulses play an outsized role in dryland carbon exchange, indicate future climate-mediated 

shifts in the carbon cycling of semiarid ecosystems. 
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Introduction 

Warming-driven intensification of precipitation is changing the intensity, frequency, and 

length of time between storms (Fowler et al., 2021; Guerreiro et al., 2018; McCabe et al., 2010; 

Polade et al., 2014). In the southwest US, widespread warming has been accompanied by 

increases in precipitation variability and the frequency of prolonged drought (Demaria et al., 

2019; Zhang et al., 2021), and general circulation models predict further intensification of 

precipitation, with a shift toward larger, fewer events with longer dry intervals (Cook et al., 

2020; Moustakis et al., 2021). Due to tight carbon-water coupling in globally expansive arid and 

semiarid ecosystems (Huxman et al., 2004; Noy-Meir, 1973), precipitation changes that alter the 

amount and timing of soil moisture availability have implications for the terrestrial carbon sink 

(Ahlström et al., 2015; Poulter et al., 2014; Biederman et al., 2016). 

Soil moisture regulates the metabolic activity of plants and soil organisms in arid and 

semiarid ecosystems (Jenerette et al., 2008; Schwinning & Sala, 2004) and therefore exerts 

strong control over soil CO2 efflux (Fs; the sum of heterotrophic and belowground autotrophic 

respiration). In these systems, Fs has a pulsed response to rainfall driven by physical and 

microbial responses soil wetting (Birch, 1958; Huxman et al., 2004; Schwinning & Sala, 2004). 

Understanding Fs responses to rainfall is important because Fs indicates rates of ecosystem 

metabolism and nutrient cycling (Luo & Zhou, 2006; Orchard & Cook, 1983) and often 

dominates ecosystem-scale carbon exchange immediately after rain events (Huxman et al., 2004; 

López-Ballesteros et al., 2016; Sponseller, 2007). Because the temporal pattern of rainfall is a 

key control on soil moisture and Fs dynamics (Vargas et al. 2012; Leon et al. 2014; Porporato et 

al. 2002), it is necessary to examine how Fs will respond to precipitation intensification. 

https://paperpile.com/c/66hw3v/v56C7+qsoAg+yp1uq+TLzzr
https://paperpile.com/c/66hw3v/v56C7+qsoAg+yp1uq+TLzzr
https://paperpile.com/c/66hw3v/cip4j+Gg3FA
https://paperpile.com/c/66hw3v/cip4j+Gg3FA
https://paperpile.com/c/66hw3v/Mj4h6+LlqGG
https://paperpile.com/c/66hw3v/Mj4h6+LlqGG
https://paperpile.com/c/66hw3v/OVpAl+6N0ar
https://paperpile.com/c/66hw3v/gSemU+EXZh7
https://paperpile.com/c/66hw3v/TcYBQ+1iUV8
https://paperpile.com/c/66hw3v/mtMga+CpQyF
https://paperpile.com/c/66hw3v/6N0ar+op210+3NWBz
https://paperpile.com/c/66hw3v/6N0ar+op210+3NWBz
https://paperpile.com/c/pX2ARI/F6Br+al5W+7zqB
https://paperpile.com/c/pX2ARI/F6Br+al5W+7zqB
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Although prior work has examined Fs responses to some precipitation metrics – including 

seasonal amount (Zhao et al., 2021), event size (Post & Knapp, 2021), event timing (Thomey et 

al., 2011; Vargas et al., 2018), and interstorm duration (Sponseller, 2007) – it remains unclear 

how Fs will respond to covarying changes in event size and frequency associated with 

precipitation intensification. Projected shifts in rainfall toward larger, less-frequent events may 

enable larger post-wetting Fs pulses due to increased soil moisture relative to antecedent 

conditions (Austin et al., 2004; Cable et al., 2008; Niu et al., 2019) and substrate accumulation 

during long dry intervals (Franzluebbers et al., 2000; Sponseller, 2007). However, soil moisture 

stress during long dry intervals periods is known to reduce microbial and plant-mediated Fs 

(Knapp et al., 2008). In contrast, a regime with small, frequent events would support smaller 

post-wetting Fs pulses but more frequent activation of metabolic activity in near-surface soils 

where soil organic carbon and microbial activity are concentrated (Vargas et al., 2018; Garcia-

Pichel & Belnap, 1996). Additionally, changes in rainfall size and frequency likely impact 

autotrophic respiration associated with plant responses to rooting-zone infiltration, such as 

rhizosphere priming and photosynthetic substrate supply (Kuzyakov & Gavrichkova, 2010; Yan 

et al., 2011; Z. Liu et al., 2017; Ogle & Reynolds, 2004; Y. Wang et al., 2019). Rainfall 

manipulation experiments are an ideal tool to examine how these interactive aspects of 

precipitation impact ecosystem processes (Knapp et al., 2015).  

Whereas many studies have investigated plant responses to rainfall manipulation 

(Gherardi & Sala, 2015; Heisler-White et al., 2008), comparatively few have examined the 

response of soil processes to simultaneous changes in event size and frequency. Repackaging 

equal rainfall into fewer but larger events was associated with decreased Fs in a plot-level study 

https://paperpile.com/c/66hw3v/68Epe
https://paperpile.com/c/66hw3v/iX3b1
https://paperpile.com/c/66hw3v/SQufB
https://paperpile.com/c/66hw3v/SQufB
https://paperpile.com/c/66hw3v/op210
https://paperpile.com/c/66hw3v/NUbCm+NpVDD+55APq
https://paperpile.com/c/66hw3v/op210+CvE5R
https://paperpile.com/c/66hw3v/M5WRQ
https://paperpile.com/c/66hw3v/uBm06
https://paperpile.com/c/66hw3v/uBm06
https://paperpile.com/c/66hw3v/uBm06
https://paperpile.com/c/66hw3v/9PPzC+dEZZu+rJPex+l2k3W
https://paperpile.com/c/66hw3v/9PPzC+dEZZu+rJPex+l2k3W
https://paperpile.com/c/66hw3v/CArm6
https://paperpile.com/c/66hw3v/ZtWEi+x7LU4
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(Liu et al., 2017), but it increased Fs in a study that used mechanistic models (Tang et al., 2019). 

This uncertainty challenges our ability to assess and predict Fs responses to ongoing rainfall 

intensification. To address this gap, we used automated chamber systems and a rainfall 

manipulation experiment to examine Fs responses to co-occurring changes in rainfall size and 

frequency. Here we test the hypothesis that when temperature is non-limiting, Fs dynamics are 

controlled by soil moisture responses to rainfall size and frequency. Based on this hypothesis, we 

predict that temporal repackaging of equal rainfall into infrequent, large events results in 

decreased soil moisture availability and decreased Fs, relative to regimes with more frequent, 

smaller events. We also predict that plant responses to changes in rainfall size and frequency 

impact the seasonal evolution of Fs pulses. 

Materials and Methods 

Site description 

We conducted this experiment at the Rainfall Manipulation in the Santa Rita 

Experimental Range (RainManSR) site in southeast Arizona, USA (31.79° N, 110.90° W; 

elevation: 1075 m.). Mean annual temperature is 18.6 °C and mean annual precipitation (1971-

2010) is 445 mm, 50% of which occurs during the summer (July-September) monsoon season 

(Scott et al. 2015). Soils are characterized by well-drained sandy loams (72 % sand, 13% clay, 

15% silt). Rain-exclusion shelters are located in a savanna ecosystem, with woody vegetation 

and understory C4 perennial bunchgrasses, C4 annual grasses, and C3 forbs. However, to ensure 

a consistent plant community for the experiment, native perennial bunchgrass (Digitaria 

californica) seedlings were transplanted in November 2019 (20 plants m-2).  

https://paperpile.com/c/66hw3v/wyzO5
https://paperpile.com/c/66hw3v/9PuSO
https://paperpile.com/c/pX2ARI/0Fmu
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Experiment design and precipitation manipulation 

Rain-out shelters were covered with transparent film to block ambient rainfall. Plots 

measured 1.2 m by 1.5 m and were hand-irrigated using a digital flow meter. Irrigation 

treatments were applied using a randomized block design with two blocks as replicates. Within 

each block were two replicates of the four irrigation treatments (n = 4 chambers per treatment). 

All plots received 205 mm of total summer irrigation (the long-term mean seasonal precipitation 

amount), which was applied between July 14 and September 28, 2020 in events of varied size 

and frequency. Irrigation treatments had fixed dry intervals, ranging from 3.5 days (S1), 7 days 

(S2), 15 days (S3), to 21 days (S4). Average event sizes were 9 mm (S1), 17 mm (S2), 34 mm 

(S3), and 51 mm (S4). S2 represents the climatic normal precipitation frequency at this site. 

Soil CO2 efflux measurements 

We measured the net efflux of carbon dioxide (CO2) at the soil-atmosphere interface (Fs) 

hourly using automated chambers connected to a multiplexer and infrared gas analyzer (LI-8100, 

LI-COR, Nebraska, USA). Soil within the 20 cm diameter collars was weeded weekly. Fs was 

determined by fitting an exponential curve to the change in CO2 molar fraction over each 120 

second observation period. To ensure the sampled air was collected from the soil collar volume, 

we selected a pre-purge period of 30 seconds and a post-purge length of 45 seconds. We 

excluded Fs estimates if fitted R2 was < 0.95. Gaps in the hourly chamber data were filled with 

treatment medians for missing hours. 

Environmental variables 

 We measured half-hourly volumetric water content (soil moisture, θ; m3 m-3) and soil 

temperature (Ts; °C) using Campbell Scientific CS655 probes inserted into the soil at 30° from 
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nadir to integrate the measurement across the upper 10 cm of soil (see also: Zhang et al., 2021 in 

review). We monitored plot-level phenology using half-hourly images gathered with a      

Raspberry Pi Camera Module V2). To examine dynamics in vegetation growth, we used photo 

imagery to calculate the spatially averaged green chromatic coordinate (GCC) of plots using the 

phenopix R package. We report this data as the treatment average of daily normalized GCC 

anomalies.  

Statistical analysis 

We used analysis of variance (ANOVA) to test the effect of rainfall repackaging on Fs, θ, 

and Ts. We used linear regression to examine the sensitivity of Fs to θ for each treatment. To test 

if rainfall repackaging influenced the moisture sensitivity of Fs, we used ANOVA to determine if 

the interaction between treatment and θ was significant. We next multiple linear regression to 

model daily Fs using treatment, θ, Ts, and, DOY, and GCC as predictors.  

 

Results 

Dynamics in soil CO2 efflux and drivers under rainfall repackaging 

Rainfall repackaging influenced dynamics in Fs and environmental drivers (Figure 1). For 

all treatments, Fs variation was tightly coupled to changes in θ linked to irrigation size and 

frequency. All plots received 38 mm of irrigation on July 14, which drove similar increases in θ 

and Fs, and similar declines in Ts among treatments. In contrast to this uniform event, changes in 

the size and frequency of events under rainfall repackaging scenarios caused patterns of Fs and 

soil microclimate drivers to vary among treatments. As expected, plots irrigated frequently with 

smaller events (S1, S2) had smaller fluctuations in θ, which drove many small Fs pulses. 
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Conversely, infrequent large events (S3, S4) were associated with fewer, larger Fs pulses 

separated by prolonged interstorm periods with dry θ and low Fs. Averaged over the season, 

temporal repackaging of rainfall into fewer but larger events with longer interstorm intervals was 

associated with lower median Fs and θ, but higher Ts and greater θ variability (Table S1; Figures 

S1-2). 
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Figure 1. Temporal dynamics in daily (a) mean soil CO2 efflux (Fs), (b) mean volumetric soil 

moisture (θ, 0-10 cm), (c) total irrigation, (d) mean soil temperature (Ts, 0-10 cm), and (e) 

normalized green chromatic coordinate (GCC) weekly mean (solid) and seasonal maximum 

(dotted) under four levels of precipitation repackaging during the 2020 monsoon growing season. 

Colored depicts the treatment (n = 4) median (Fs) and mean (all other variables) for the more 

frequent, smaller event plots (S1, S2) and the less frequent, larger event plots (S3, S4).  
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Temporal rainfall repackaging alters cumulative soil CO2 efflux 

Temporal repackaging of equal total rainfall into fewer, larger events with longer dry 

intervals decreased seasonal cumulative Fs (Figure 2). Although all plots received 205 mm of 

water, repackaging rainfall into few large events (S4) reduced seasonal total Fs by 13% compared 

to many small events (S1). Notably, this difference in cumulative Fs was established during the 

first month of the experiment, after which a cumulative sum of 100 mm of water has been 

applied to all treatments, which indicates that the size and timing of a few storms can drive 

divergent responses in seasonal carbon losses. 

 

Figure 2. Cumulative daily soil CO2 efflux (Fs) under four levels of precipitation repackaging 

during the 2020 growing season. 
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Coherent pulse responses of soil CO2 efflux and soil moisture 

Focusing on a complete wetting-drying cycle demonstrates how tradeoffs in event size 

and frequency modulated pulse responses of Fs and θ (Figure 3a). Although plots irrigated with 

large events (S4) had a larger post-wetting pulse and higher Fs in the first week after irrigation, 

these plots experienced extended interstorm periods with low Fs. During these prolonged dry 

periods, frequently irrigated plots (S1) experienced additional events that kept Fs and θ relatively 

high. Averaged across all pulse events (Figure 3b, c), plots irrigated with few, large events had 

higher maximum θ and Fs but lower antecedent θ and Fs, relative to plots irrigated with many, 

small events. Whereas maximum θ occurred for all plots on the first day after irrigation, Fs 

peaked one day earlier for frequently irrigated plots than less-frequently irrigated plots, which 

may indicate differences in plant-mediated processes that influence Fs. 

 



160 

 

 

 

Figure 3. (a) Representative mid-growing season pulse events observed 23 August - 13 

September 2020. Lower panels show the average pulse responses of (b) soil CO2 efflux (Fs) and 

(c) 0-10 cm volumetric soil moisture (θ) aggregated by days since irrigation for the four levels of 

rainfall repackaging. 
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Soil microclimate and vegetation controls on soil CO2 efflux 

Due to strong coherence among pulse patterns of θ and Fs, we next examined the 

response of Fs to soil moisture (Figure 4a). Fs was positively correlated with θ (p < 0.01) and 

variation in θ explained 76-80% of Fs variability. The slope coefficient increased with increasing 

irrigation frequency, (p < 0.01), which indicates that rainfall repackaging impacts the sensitivity 

of Fs to θ. Rainfall repackaging also influenced the duration of wet soil conditions (Figure 4b). 

For much of the growing season (mid-July to mid-September), frequently irrigated plots (S1, S2) 

had more cumulative wet days than infrequently irrigated plots (S3, S4). 

 

 

Figure 4. (a) Response of hourly soil CO2 efflux (Fs) to soil moisture (θ) colored by rainfall 

repackaging treatment. Treatment differences in slope were determined using ANOVA. (b) 

cumulative days with wet conditions (defined here as θ exceeding 0.05 m3 m-3) for the four levels 

of rainfall repackaging. 
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We next examined if Fs showed a dependency on soil temperature and plot greenness (a 

proxy for vegetation activity). For all treatments, Fs increased with increasing Ts and the slope of 

this relationship increased with increasing θ (Figure 5). Moreover, daily Fs had a positive 

relationship with daily GCC, especially during the drydown phase of pulse events (Figure 6). 

Because soil CO2 efflux was dependent on soil moisture, soil temperature, and plot greenness, 

we next modeled Fs using multiple linear regression with θ, Ts, GCC, and treatment as 

predictors. The model explained 90% of variation in daily Fs (Table 1). Treatment, θ, and GCC 

had significant positive effects on Fs, (p < 0.05), whereas Ts was not significant (p = 0.54). 
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Figure 5. Response of hourly soil CO2 efflux (Fs) to soil temperature (Ts) colored by soil 

moisture (θ) for the four levels of rainfall repackaging.  
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Figure 6. Response of daily mean soil CO2 efflux (Fs) to normalized anomalies in green 

chromatic coordinate (GCC) colored by soil moisture (θ) for the four levels of rainfall 

repackaging. Note that a clear positive relationship emerges when excluding periods with high θ.   
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Table 1. ANOVA results from multiple linear regression of daily mean soil CO2 efflux (Fs) to 

soil moisture (θ), soil temperature (Ts), irrigation treatment (S2, S3, S4), and green chromatic 

coordinate (GCC).  

 

Coefficient  p 

Intercept  < 0.01* 

Treatment (S2)  0.02* 

Treatment (S3)  < 0.01* 

Treatment (S4)  < 0.01* 

θ  < 0.01* 

Ts  0.55 

GCC  < 0.01* 

* indicates p-value < 0.05. R2 = 0.90. 
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Seasonality of soil CO2 efflux pulses 

Seasonally, Fs, θ, and Ts declined for all treatments (Figure 17). Whereas the rate of 

decrease of Ts was similar among treatments, Fs and θ decreased more rapidly for frequently 

irrigated (S1, S2) than infrequently irrigated (S3, S4) plots, likely because the uniform irrigation 

on July 14 was large relative to subsequent events for frequently irrigated plots. Rainfall 

repackaging also influenced the timing of plant activity, with maximum green chromatic 

coordinate (GCC) occurring in early August for S1 and mid-September for S4. We also observed 

differences in the seasonal evolution of Fs pulses under rainfall repackaging (Figure 7). Although 

all plots had similar seasonal declines in pulse magnitude (Δ), the rate of decay of Fs, expressed 

as the exponential time constant (𝜏) varied among treatments. As the season progressed, Fs pulses 

were sustained longer for infrequently irrigated plots than frequently irrigated plots.  

Figure 7. Seasonal evolution of pulse magnitude (Δ) and the exponential time constant (𝜏) of soil 

CO2 efflux (Fs) under four levels of rainfall repackaging. 
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Discussion 

We quantified Fs responses to temporal rainfall repackaging in a semiarid grassland and 

found support for the hypothesis that precipitation intensification modulates soil CO2 efflux by 

altering patterns of soil moisture. As predicted, repackaging rainfall into few, large events with 

long dry intervals reduced cumulative soil CO2 emissions (Figure 2). These differences in 

cumulative seasonal Fs were driven by changes in the pulse response (Figure 3) and moisture 

sensitivity (Figure 4) of Fs under rainfall repackaging scenarios. Together, these findings build 

on generalized pulse responses to rainfall (Cable et al., 2013; Knapp et al., 2008; Sponseller, 

2007; Vargas et al., 2018; Roby et al., 2019) by demonstrating how tradeoffs in event size and 

frequency modulate soil moisture availability and soil carbon emissions in semiarid grasslands. 

Given widespread pulse behavior in water-limited ecosystems (Feldman et al., 2018), these 

findings suggest that rainfall intensification may reduce Fs in semiarid ecosystems independent 

of projected reductions in rainfall amount. 

Our study demonstrates that rainfall intensification impacts soil carbon emissions in 

semiarid grasslands by altering patterns of soil moisture availability. Because θ was the primary 

control on Fs (Figure 4a) and strongly modulated Fs pulses (Figure 3), regimes with many small 

events extended the duration of shallow soil wetting (Figure 4b) and increased total Fs (Figure 2). 

Frequent wetting enabled frequent activation of Fs (Leon et al., 2019) by increasing moisture 

availability in shallow soils where microbes are concentrated (Garcia-Pichel & Belnap, 1996), 

which likely enhanced microbial access to substrate and increased the biomass and/or activity of 

microbial communities (Manzoni et al., 2012; Moyano et al., 2013; Orchard & Cook, 1983).  

https://paperpile.com/c/66hw3v/4d2Lj+M5WRQ+op210+d1JTb
https://paperpile.com/c/66hw3v/4d2Lj+M5WRQ+op210+d1JTb
https://paperpile.com/c/66hw3v/pKdzt
https://paperpile.com/c/66hw3v/uBm06
https://paperpile.com/c/66hw3v/tlRKu+mtMga+CpQyF
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Whereas post-wetting Fs increased substantially regardless of event size, maximum Fs was 

greater after large events than small events (Figures 1, 3), which has been reported previously 

(Chen et al., 2008; Post & Knapp, 2021; Yan et al., 2014; Zhao et al., 2021). Post-wetting pulses 

are amplified when long interstorm periods cause dry antecedent conditions (Cable et al., 2008; 

Sponseller, 2007; Xu et al., 2004) and may result from carbon mineralization (Austin et al., 

2004), microbial responses to soil moisture (Unger et al., 2010), and/or displacement of CO2 by 

infiltrating water (Luo & Zhou, 2006). Despite large post-wetting Fs pulses, average Fs in the low 

frequency regime decreased during prolonged dry intervals (Figures 1, 3), likely because water 

stress reduced substrate diffusion and microbial activity (Davidson et al., 1998; Orchard & Cook, 

1983; Moyano et al., 2013). Ultimately, the high frequency regime’s larger number of events and 

greater Fs during brief interstorm periods compensated for smaller Fs pulses (Figure 3), resulting 

in increased soil carbon emissions relative to plots with large, infrequent rainfall (Figure 2). We 

conclude that for the range of rainfall regimes examined here, event frequency can outweigh the 

effects of event size in regulating the metabolic activity of coarse-textured soils in semiarid 

grasslands. 

Soil temperature and plot greenness (a proxy for vegetation growth) were secondary 

controls on Fs (Table 1). The positive effect of temperature on Fs was dependent on θ (Figure 5; 

see also Conant et al., 2004; Wang et al., 2014; Roby et al., 2019), which likely explain why 

plots irrigated with few, large events had lower total Fs despite higher average Ts (Table S1). 

Instead, high Ts in the low frequency regime may have exacerbated water stress by increasing 

rates of evaporation (Liu et al., 2009). We also found evidence that changes in Ts and θ 

influenced the magnitude of Fs pulses (Figure 7), which decreased seasonally with decreasing Ts 

https://paperpile.com/c/66hw3v/eiCHy+lffGB+68Epe+iX3b1
https://paperpile.com/c/66hw3v/NUbCm+op210+J2pKT
https://paperpile.com/c/66hw3v/NUbCm+op210+J2pKT
https://paperpile.com/c/66hw3v/55APq
https://paperpile.com/c/66hw3v/55APq
https://paperpile.com/c/66hw3v/SaJqG
https://paperpile.com/c/66hw3v/CpQyF
https://paperpile.com/c/66hw3v/pqn0q+mtMga
https://paperpile.com/c/66hw3v/pqn0q+mtMga
https://paperpile.com/c/66hw3v/YgP9J+FrKTD+9sxrJ
https://paperpile.com/c/66hw3v/p6B3w
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and θ (Figure 7). Decreasing Ts also appeared to influence the moisture sensitivity of Fs (Figure 

S3). Because respiration processes are temperature-dependent when soil moisture is non-limiting 

(Conant et al., 2004; Roby et al., 2019; B. Wang et al., 2014), low Ts likely decreased the 

efficiency with which respiring communities used available moisture (Figure S3). It is also 

possible that reductions in Ts decreased soil evaporation and enabled soil moisture to persist 

longer, which may have contributed to the sustained pulse response for large irrigation events 

late in the season (Figure 7). 

The positive relationship between Fs and GCC (Figure 6) indicates that plant-mediated 

processes stimulate Fs in semiarid grasslands. Prior work has shown that plant activity enhances 

Fs through rhizosphere priming and photosynthetic substrate supply (Kuzyakov & Gavrichkova, 

2010; Z. Liu et al., 2017; Ogle & Reynolds, 2004; Y. Wang et al., 2019). Our work demonstrates 

that measurements of plant greenness can capture the stimulatory effect of vegetation activity on 

respiration processes in semiarid ecosystems (Barron-Gafford et al. 2013; Roby et al. 2019; 

Vargas et al. 2008). Notably, the relationship between Fs and GCC was strongest during dry 

down periods. This suggests that microbial responses to soil wetting regulate Fs during the initial 

pulse period, whereas changes in plant activity modulate Fs during drydowns. Differences in the 

timing of plant and microbial responses to moisture dynamics may explain why maximum Fs 

during pulses occurred one day earlier for frequently irrigated plots than for infrequently 

irrigated plots (Figure 3). Prior work has shown that microbial respiration responds more rapidly 

to moisture inputs than plant-mediated respiration (Carbone et al., 2011). Together, these 

findings suggest that rainfall intensification impacts the seasonality of plant and microbial 

contributions to Fs. 

https://paperpile.com/c/66hw3v/YgP9J+FrKTD+9sxrJ
https://paperpile.com/c/66hw3v/9PPzC+dEZZu+rJPex+l2k3W
https://paperpile.com/c/66hw3v/9PPzC+dEZZu+rJPex+l2k3W
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Our results provide further evidence that reduced frequency of rainfall can decrease Fs 

from semiarid ecosystems even if total rainfall does not change (Liu et al., 2017) and identifies 

water stress during interstorm dry intervals as a key mechanism in regulating Fs responses to 

precipitation intensification. Future work should examine these processes across a gradient of 

soil texture. The linear relationship between Fs and θ showed no evidence of saturation, likely 

because high rates of infiltration in sandy soils prevented waterlogging (Linn & Doran, 1984). 

Fine textured soils may sustain the pulse response due to increased water holding capacity and 

enhanced autotrophic respiration. Because large differences in total Fs were established after just 

a few events (Figure 2), changes in the size, frequency, and weather conditions (soil temperature) 

during rain pulses can impact the metabolic activity and seasonal carbon losses from semiarid 

grasslands. Thus, these results demonstrate the potential for projected rainfall intensification to 

increase the variability soil carbon dynamics in water-limited regions. Our results also highlight 

that models will likely need to consider temperature and substrate to accurately estimate pulses 

and seasonality in Fs (Zhang et al. 2014). Future work should examine net ecosystem carbon 

exchange to test if the observed reductions in Fs with larger, less-frequent events offset losses in 

productivity caused by plant responses to stress (e.g. high atmospheric demand) during 

prolonged interstorm periods (Roby et al., 2020). 

Conclusions 

Changes in rainfall size and timing may have substantial effects on carbon losses from 

semiarid grasslands. Amid widespread observed warming and increasing precipitation 

variability, rainfall in semiarid regions is expected to shift toward infrequent, large rains with 

longer droughts (Liu 2017; Heisler-White 2008; Cook 2015). Here we show that holding total 

https://paperpile.com/c/66hw3v/wyzO5
https://paperpile.com/c/66hw3v/GA1yY
https://paperpile.com/c/pX2ARI/KOkV
https://paperpile.com/c/66hw3v/qKrm5
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amount constant, the intensification of rainfall into few, large events imposes water stress which 

suppresses soil metabolic activity in semiarid grasslands. We also found evidence that rainfall 

intensification impacts the seasonality of Fs pulses and likely alters plant and microbial 

contributions to soil CO2 emissions. Because pulses exert strong influence on dryland carbon 

exchanges, our study indicates the potential for future climate-mediated shifts in the carbon 

cycling of water-limited regions 
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Supplemental Information 

Supplemental Table 2. Analysis of variance (ANOVA) to test the effect of rainfall manipulation 

on daily mean soil CO2 efflux (Fs), soil moisture (θ), soil temperature (Ts).  

Response df F value p 

Fs 3 8.13 < 0.01* 

θ 3 6.17 < 0.01* 

Ts 3 3.27 0.02* 

* indicates p-value < 0.05. 
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Supplemental Figure 1. Boxplots of daily mean 0-10 cm volumetric soil moisture (θ), 0-10 cm 

soil temperature (Ts), and soil CO2 efflux (Fs) under four levels of precipitation repackaging. 
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Supplemental Figure 2. Frequency distribution of daily soil moisture (θ; left) and soil CO2 efflux 

(Fs; right) under four levels of precipitation repackaging.  
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Supplemental Figure 3. Response daily soil CO2 efflux (Fs) to soil moisture (θ) colored by soil 

temperature (Ts) for the four levels of rainfall repackaging.  

 

 


