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High Vapor Pressure Deficit Decreases the Productivity
and Water Use Efficiency of Rain‐Induced Pulses
in Semiarid Ecosystems
Matthew C. Roby1,2 , Russell L. Scott2 , and David J. P. Moore1

1School of Natural Resources and the Environment, University of Arizona, Tucson, AZ, USA, 2Southwest Watershed
Research Center, USDA‐ARS, Tucson, AZ, USA

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 inNEP and an 11–25% decrease inWUE, 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
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.

1. Introduction

Episodic rain events drive pulses of carbon and water exchange in many arid and semiarid ecosystems
(Huxman, Snyder, et al., 2004)—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,
Snyder, et al., 2004; Noy‐Meir, 1973; Schwinning et al., 2004). With high rates of biogeochemical cycling,
pulses have a disproportionately large impact on annualGEP (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., 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 subannual periods (Barnes et al., 2016; Jenerette et al., 2012; Jung et al., 2017).
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Whereas dryland studies have focused on water availability (soil moisture supply) as a control on ecosystem
functioning (Chen et al., 2009; Huxman, Cable, et al., 2004; Huxman, Snyder, et al., 2004; Tarin, Nolan,
Eamus, et al., 2020; Tarin, Nolan, Medlyn, 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 nonlinearly with rising tempera-
ture, 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 manifesta-
tions 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 het-
erotrophic respiration during periods of sufficient water availability.

We present a modified conceptual model of the pulse response of ecosystem carbon and water exchange to
rainfall (Huxman, Cable, et al., 2004; Huxman, Snyder, et al., 2004; Yan et al., 2014) and extend it to repre-
sent the hypothesized effect of VPD during pulses. We show the expected pattern of canopy‐scale stomatal

Figure 1. Conceptual response patterns for pulse events with moderate (solid) and high (dashed) vapor pressure deficit
(VPD) assuming an inactive prepulse 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, Snyder,
et al. (2004) to represent hypothesized effects of high VPD using functions described in Table S1 in the supporting
information.
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conductance (Gcanopy) alongside fluxes to infer how plant responses to VPD alter GEP and ET (via its tran-
spiration component). Assuming a prepulse 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
andWUE: (1) a period of negative NEP and lowWUE (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 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 dom-
inate 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 covar-
iance data from four sites with varied vegetation.

2. Methods
2.1. 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, 2004b) is also composed of the same C4 grasses. The Santa Rita Mesquite
Savanna (savanna; AmeriFlux ID: US‐SRM; Scott, 2004a) is a former grassland composed mainly of peren-
nial bunchgrasses (Eragrostis lehmanniana; various native species) that is now 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).

2.2. 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 ecosys-
tem 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, time scales during which these fluxes are relatively decoupled
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(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
data sets 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 & Wallace, 1985). However, the
contribution of soil conductance to Gsfc decreases as shallow soil moisture declines with time since rain.

2.3. Pulse Characterization

Pulse events were identified by examining growing season periods during which daily precipitation exceeded
5 mm and was followed by at least 1 day of rain‐free weather. We defined the growing season as 1 July to 30
September, 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 1,000
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 1‐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 prepulse
state caused by soil water stress (Huxman, Snyder, et al., 2004), Figure 2 depicts general pulse patterns fil-
tered 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 prepulse dryness increases sample size and enables us
to make more general inferences about how VPD impacts pulse responses in these systems across the grow-
ing season.

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 (°) 31.76°N 31.82°N 31.79°N 31.74°N
Longitude (°) 110.05°W 110.87°W 110.83°W 109.94°W
Elevation (m) 1,370 1,120 1,290 1,530
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

Note. Pulse events defined as periods of daily rainfall exceeding 5 mm followed by no precipitation for at least 1 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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2.4. 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 half‐hourly pulse data during high
light conditions (PPFD> 1,000 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 ¼ βint þ βVPDVPD þ βθθ þ βVPDVPD × 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.

2.5. 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

Figure 2. General pulse pattern at the savanna averaged over 55 events with dry antecedent soil moisture. Panels show
mean (lines) ±1 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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because these variables have relatively low correlation at hourly to
daily time scales (Novick et al., 2016) (Figure S4).

3. Results
3.1. Pulse Climatology

Across sites, an average of 12–16 pulse events occurred each summer
growing season (July–September) and the average interstorm dura-
tion was 7–9 days (Table 1). Productivity during pulse events was con-
siderable, 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.

3.2. General Pulse Patterns at the Savanna

To be consistent with the dry prepulse soil water conditions assumed in Figure 1, we first show the pulse
response at the savanna filtered for events with low prepulse soil moisture (θ < 20th percentile during the
day before a rain event). The pattern averaged over 55 events showed high variation in fluxes and environ-
mental drivers (Figure 2; see Figure S5 for a single pulse). Rain events caused increases in θ and declines in
VPD, relative to prepulse 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 prepulse values. Rapid increases in ET, likely due to high rates
of evaporation, outpaced GEP which drove initial declines inWUE. Whereas Re, ET, and Gsfc peaked within
1 day since rain, GEP increased more gradually, causing NEP and WUE to peak 2–4 days after rain.

3.3. 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 indi-
cated by the sign and relative magnitudes of βVPD and βθ. The βVPD × θ coefficient was significant for all terms
(exceptGsfc), confirming the VPD × θ interaction. Results from empirical models were consistent with that of
models based on leaf‐level gas exchange theory (Text S1and Table S2). Output from theory‐based models
indicated that increasing VPD had a negative effect onGsfc,GEP, and ET, whereas increasing θ had a positive
effect (Figure S1 and Table S2).

3.4. 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–S8).
To ensure our results were robust to the binning approach, we repeated the analysis using five 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–S13).

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 andWUE at the shrubland) (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 reduc-
tions in pulse responses across soil moisture states (low, moderate, and high), adverse effects of high VPD
were often strongest for high θ (Figures S8–S14).

Table 2
Empirical Model Results

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

Note. βint is the value of Y when all predictors are zero. βVPD, βθ, and βVPD × θ
are coefficients from empirical models (Equation 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).
*This indicates p < 0.05.
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3.5. 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 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.

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.

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 ±1 standard deviation expressed as percentages.
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4. 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 andWUE at high VPD were per-
sistent across a range of soil moisture states and vegetation types
(Figures 4, 5, and S8–S13), 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.

4.1. 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 sup-
pressed ecosystem photosynthesis (Figures 2–5). Specifically, high VPD was associated with reductions in
average and peak rates of GEP and appeared to shorten pulses by advancing the onset of postpeak 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 thatGEP andGcanopy have similar sensitivity to VPD,
previous studies have shown that differences in the VPD sensitivity of assimilation and stomatal conduc-
tance 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 (Grossiord et al., 2020; Zhang et al., 2019). 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 pre-
vious research on a site in this study (US‐Wkg) demonstrates that iWUE did not show a clear response 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 (Figures 5 and S8–S13). 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, Nolan, Eamus, et al., 2020; Tarin, Nolan, Medlyn, et al., 2020).

The weak relationship between VPD and Re supports our hypothesis that high VPD does not strongly influ-
ence Re (Figures 1, 4, and 5 and 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 VPDmay indirectly stimulate respiration through associated warming, ele-
vated VPD often coincides with low soil moisture, which directly suppresses soil respiration and may cause

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 ±1 standard deviation expressed as
percentages.
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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 gen-
erally brief (Huxman, Cable, et al., 2004; Huxman, Snyder, et al., 2004; Sponseller, 2007) and insensitive to
VPD (Table 2 and Figures 4 and 5), the lack of a strong respiration pulse signal does not change our conclu-
sion that losses in NEP at high VPD are driven by changes in GEP.

ET dynamics and the high sensitivity of GEP to atmospheric demand reduced the water use efficiency of
pulse events when VPDwas high.We report on ecosystemWUE 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 nontranspirational 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, Snyder, et al., 2004; 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 gen-
erally occurs over time scales longer than pulse events (Kautz et al., 2019). We defined pulses using aggre-
gates 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, ETwas lower when
VPD was high (Figures 3 and 4). Reductions in transpiration linked to 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).

4.2. 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 grass-
lands (Figures 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 sen-
sitivity 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), per-
haps because the higherWUE 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).

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, sur-
face 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
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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 ecosys-
tems to rising atmospheric demand.

4.3. 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 inter-
storm periods (Figures 4 and S8–S13). 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, Snyder, et al., 2004; 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).

Average summer VPD in the southwest United States 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 (Figures 3 and S8–S13). 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).

5. Conclusions

In summary, here we advance the pulse model of net carbon gain and water use efficiency in semiarid eco-
systems by quantifying the influence of VPD on ecosystem fluxes. We found that high VPD after rain sup-
presses GEP more than Re, which decreases the productivity 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 wide-
spread pulse behavior has been documented across biomes (Feldman et al., 2018). Because pulses are impor-
tant 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 math-
ematical models may help us better understand global change impacts on semiarid ecosystems.
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