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Understanding the hydrologic and carbon cycling consequences of precipitation variability in dryland ecosystems requires improved appreciation and accounting of how above- and belowground biophysical processes
diﬀer in their response to rainfall. Our objective was to contrast the sensitivity of dryland ecosystem evapotranspiration (ET), gross ecosystem productivity (GEP), and ecosystem respiration (Re) in response to inter- and
intra-annual precipitation variability in a nearby grassland, savanna, and shrubland ecosystems in southeastern
Arizona. To do this, we modiﬁed the Richards-Baker index, which quantiﬁes the ﬂashiness of a stream’s hydrograph, to calculate analogous indices of ecosystem hydrologic and metabolic ﬂashiness. In this way, ecosystem ﬂashiness describes the frequency and rapidity of short-term ﬂuctuations in H2O and CO2 exchange in
response to precipitation while preserving the sequence of day-to-day variation in ﬂuxes using tower-based timeseries of daily averaged ET, GEP and Re. We calculated annual hydrologic, GEP, and Re ﬂashiness (fET, fGEP and
fRe respectively) using 6 years of daily-averaged ﬂuxes estimated from eddy covariance. In contrast to our
prediction, annual fGEP was consistently greater than annual fRe. Furthermore, we predicted that increasing
rooting depth would correlate with a decline in annual fET and fGEP. In fact, annual fGEP was similar between the
grassland, savanna, and shrubland. Whereas the response of annual fET and fGEP to annual precipitation was plant
community dependent and generally declined with increasing rainfall, annual fRe did not vary in response to
precipitation. The eﬀect of late summer storms on fGEP was plant community dependent such that shrubland fGEP
and fRe strongly declined in response to rainfall whereas grassland and savanna fGEP was relatively unresponsive.
Conceptually similar to hydrologic ﬂashiness, ecosystem ﬂashiness may provide an additional lens through
which to observe the inﬂuence of resource availability, shifts in community composition, and disturbance on
ecosystem hydrologic and carbon cycling.

1. Introduction
In drylands, water limitation controls the pace of biological activity,
and persistent water limitation is a deﬁning characteristic of these
ecosystems (Noy-Meir, 1973; Feldman et al., 2018). As in other terrestrial ecosystems, soils act as a capacitor for precipitation and thereby
inﬂuence the biological availability of water from precipitation
(Weltzin et al., 2003). Aboveground, plant-soil interactions and feedbacks inﬂuence plant physiognomy, leaf area index, and phenology to
inﬂuence the spatial and temporal availability of soil moisture, which,
in turn, constrains biophysical processes (Reynolds et al., 2004; Potts
et al., 2010). Belowground, biophysical activity is inﬂuenced by plantsoil interactions, which control functional rooting depth, patterns of
hydraulic redistribution, and rhizosphere dynamics (van der Putten
⁎

et al., 2009; Barron-Gaﬀord et al., 2017; Jackson et al., 2017).
These above- and belowground biophysical processes shape temporal variation in dryland evapotranspiration (ET) - the movement of
water from the land surface to the atmosphere (Villegas et al., 2015).
For example, plant community structure and composition shapes dryland ET through inﬂuencing soil evaporation and leaf transpiration, as
well as the depth of soil water uptake by roots (Jenerette et al., 2012).
Similarly, precipitation regimes (e.g., mainly winter versus summer
rainfall) profoundly inﬂuence seasonal patterns of ET in drylands
(Villarreal et al., 2016). ET is a major component of dryland hydrologic
cycling (Biederman et al., 2017) and so how dryland ecosystems
translate precipitation inputs into ET has profound implications for
water yield, forage production, wildﬁre, and forest mortality.
Similar to ET, net ecosystem CO2 exchange (NEE) is an important
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ecosystem function, which is aﬀected by above- and belowground
biophysical processes (Baldocchi et al., 2001). NEE is expressed as the
diﬀerence between two, complementary metabolic processes, ecosystem CO2 uptake by photosynthesis (gross ecosystem productivity;
GEP) and the eﬄux of CO2 by the respiration of plants and soil microbes
(ecosystem respiration; Re). Predicting the sensitivity and responses of
these competing metabolic processes to environmental variability is a
long-sought goal of ecologists (Huxman et al., 2004). In dryland ecosystems, NEE varies in characteristic ways over a wide range of time
scales, from days to seasons to years with potentially signiﬁcant impacts
on global carbon cycling (Poulter et al., 2014; Ahlström et al., 2015). In
addition to temporal variability in soil moisture associated with precipitation variability, NEE is shaped by the plant community composition and structure (Potts et al., 2006b). Understanding the carbon
cycling consequences of precipitation variability in dryland ecosystems
requires improved appreciation and accounting of how plant-mediated
GEP and plant- and soil microbial respiration diﬀer in their response to
rapid changes in soil moisture availability (Sponseller, 2007).
Previous research has sought to describe and compare the sensitivity of dryland ecosystem water and carbon cycling to precipitation.
Rainfall manipulation studies have revealed the contribution of rainfall
variability, antecedent soil moisture conditions, nutrient availability,
drought severity, ﬁre disturbance, and presence of nonnative grasses in
shaping water and carbon ﬂuxes in response to rainfall in a range of
dryland ecosystems (Potts et al., 2006a; Harpole et al., 2007; Potts
et al., 2012; Barron-Gaﬀord et al., 2014; Liu et al., 2017; Zhang et al.,
2017). Observational studies using instrumented towers to measure
high frequency measurements of ecosystem CO2 exchange have revealed the carbon cycling consequences of intra-annual precipitation
variability, multi-year drought, woody plant encroachment, and availability and accessibility of plant-available alluvial groundwater (Scott
et al., 2009, 2014, 2015). Further, several approaches have been developed to partition tower-based measurements of net CO2 exchange.
For example, nighttime ﬂuxes and air temperature relationships may be
used to estimate concurrent rates of GEP and Re, thereby providing
even greater insight into the biotic and abiotic factors shaping the
biological activity of plants and soil microbes (Reichstein et al., 2005).
Our objective was to contrast the biophysical sensitivity of several
widespread dryland ecosystems in response to inter- and intra-annual
precipitation variability. To address this objective, we adopted the
concept of hydrologic ﬂashiness from watershed hydrology (Poﬀ et al.,
1997). In watershed hydrology, ﬂashiness describes the frequency and
rapidity of short-term changes in streamﬂow associated with runoﬀ
events (Baker et al., 2004). Hydrologic ﬂashiness reﬂects climate, topography, soil, vegetation, and land use and is an important descriptor
of a stream’s hydrologic regime (Baker et al., 2004). Hydrologic ﬂashiness has been used to describe the impact of urbanization (Nagy
et al., 2012) and wildﬁre (Saxe et al., 2018) on streamﬂow regimes and
to assess the success of stream restoration eﬀorts (Pennino et al., 2016).
Here, we proposed the concept of hydrologic ﬂashiness be analogously
applied to describe the frequency and rapidity of ﬂuctuations in ET,
GEP, and Re associated with precipitation to describe terrestrial ecosystems’ hydrologic and metabolic responses.
We predicted that plant community traits and precipitation will
interact to inﬂuence the ﬂashiness of ecosystem water and CO2 ﬂuxes
and that the ﬂashiness concept will provide new insight into the relationship between dryland ecosystem structure and function. First,
based on a widely-cited conceptual model of semi-arid ecosystem metabolism in response to rainfall pulses (Huxman et al., 2004), we predicted that the ﬂashiness of ecosystem respiration would be greater
than the ﬂashiness of gross ecosystem productivity. Next, analogous to
a decline in hydrologic ﬂashiness associated with increasing annual
discharge (Baker et al., 2004), we predicted that ﬂashiness would decline with increasing annual ET, GEP, and Re. Moreover, given that soil
moisture modulates the eﬀects of precipitation variability on plants in
semi-arid ecosystems (Weltzin et al., 2003) and closely tracks seasonal

Table 1
Site Descriptions (modiﬁed from Scott et al., 2015).

Fluxnet/AmeriFlux Site ID
Latitude
Longitude
Elevation (m)
Mean Annual Temp. (°C)
Mean Annual Precipitation (mm)
Soil Texture
Canopy Height (m)
Woody Canopy Cover (%)
Herbaceous Canopy Cover (%)

Grassland

Savanna

Shrubland

US-SRG
31.789 °N
110.828 °W
1291
17
420
Loamy sand
0.5
11
44

US-SRM
31.822 °N
110.867 °W
1120
17.9
380
Loamy sand
2.5
35
15

US-Whs
31.749 °N
110.052 °W
1370
17.6
320
Sandy loam
1
40
3

and annual rainfall in southern Arizona (Potts et al., 2010), we predicted that increasing precipitation would be associated with a decline
in the ﬂashiness of ET and GEP and that increased functional root depth
(grassland < shrubland < savanna) would also lead to a decline in ET
and GEP ﬂashiness.

2. Material and methods
2.1. Site description
Our three study sites are described in detail by Scott et al. (2015)
and are representative of grasslands, savannas, and shrublands, which
are widespread in southern Arizona. All three sites are at similar elevations and have broadly similar mean annual temperatures and
average annual rainfall (Table 1). In this study, we used “hydrologic
year” (November 1–October 31) to accommodate the hydroclimate of
southern Arizona in which annual rainfall is divided between winter
frontal storms and late summer convective storms associated with the
North American Monsoon (Scott et al., 2015).
The grassland and savanna site are located near one another on the
University of Arizona’s Santa Rita Experimental Range and share
common deep loamy sand soils (Table 1). The grassland’s plant community is dominated by the nonnative warm-season bunchgrass Eragrostis lehmaniana and widely-scattered velvet mesquite shrubs (Prosopis
velutina). The savanna site has a greater density and cover of velvet
mesquite as well as an understory of E. lehmaniana and the native
warm-season bunchgrass Digitaria californica. The third site is a shrubland located in the Walnut Gulch Experimental Watershed managed by
the U.S. Department of Agriculture Agricultural Research Service, approximately 80 km east of the Santa Rita sites (Table 1). The shrubland’s soil is a gravelly sandy loam, and the site hosts a diverse woody
plant community and lacks an herbaceous understory where intercanopy spaces are instead characterized by exposed soil.

2.2. Measurements and data analysis
To address our research objectives, we obtained eddy covariance
based measurements of CO2 and H2O ﬂuxes as well as energy balance
terms and micrometeorological variables at each of our sites from
Ameriﬂux (http://ameriﬂux.lbl.gov) for the 2008–2014 hydrologic
years. Similar data from Ameriﬂux’s active and historic research sites
have been used for decades to better understand the spatial and temporal dynamics of ecosystem carbon and water cycling in relationship
to climate variability, disturbance, and human activities (Novick et al.,
2018).
For all our analyses, we used daily average values calculated from
gap-ﬁlled, 30-min average data. GEP and Re were derived using the
nighttime partitioning method (Reichstein et al., 2005) and we calculated daily average ET (g H2O m−2) from latent heat ﬂux (QE; Wm−2)
and air temperature (Ta; °C) according to Shi et al. (2008):
2
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ET =

QE
2501 − 2.366(Ta)

(1)

From the resulting ET time-series, as well as daily average GEP and
Re time-series for each site, we calculated the Richard-Baker ﬂashiness
index (f) for each hydrologic year for the period 2008–2014 according
to Baker et al. (2004):
n

f =

∑i = 1 |qi − qi − 1 |
n

∑i = 1 qi

(2)
−2

−1

−2

−1

Where q is daily average ET (g H2O m d ), GEP (g C m d ),
or Re (g C m−2 d−1) for a given time period of interest. Expressed in this
way, f is dimensionless, independent of the units chosen to represent
ﬂux, and incorporates oscillations in ﬂux relative to total ﬂux. As such, f
quantiﬁes terrestrial ecosystems’ rapidity and persistence of biophysical
activity in response to precipitation.
As a means to express variability, the coeﬃcient of variation of daily
average ﬂux (CVd) is similar to f in that it is calculated using the same
daily average ﬂux data and is similarly dimensionless. However, Baker
et al. (2004) noted that f incorporates the daily sequence of ﬂuxes
where CVd considers ﬂuxes without regard to their sequence in time. By
incorporating the sequence of day-to-day variability, f may provide a
more ecologically-relevant perspective on the variability of ecosystem
water and carbon ﬂuxes across space and time in response to antecedent moisture than has previously been described in the literature
(Fig. 1). In this theoretical example, the left ﬁgure panel illustrates a
period of high ﬂuxes followed by a period of low ﬂuxes while the right
ﬁgure panel presents the same data in a reorganized sequence in which
high and low ﬂuxes alternate through time. In this example, reliance on
comparisons of total, mean, and the CV of ﬂuxes might cause researchers to overlook ecologically signiﬁcant diﬀerences that would be
otherwise quantiﬁed using ﬂashiness.
We used multiple regression to examine the correlation between
CVd and f as well as the interaction between CVd and site against annual
fET, fGEP, and fRe. We used similar multiple regression models to examine the interaction between summed annual ﬂux and site on fET, fGEP,
and fRe, as well as the interaction between annual precipitation and site
on fET, fGEP, and fRe.
In southern Arizona, the early spring growing season is characterized by dry and increasingly warm conditions during which biological
activity is facilitated by residual soil moisture from previous winter
storms. In contrast, the later mid-summer growing season is characterized by warm and humid conditions during which biological activity is linked to convective summer storms associated with the North

Fig. 2. (A) Daily average air temperature (Ta; °C); (B) cumulative precipitation
(mm); (C) daily average evapotranspiration (ET; kg H2O m−2 d−1); (B) daily
average gross ecosystem productivity (GEP; g C m−2 d−1); (C) daily average
ecosystem respiration (Re; g C m−2 d−1) in a grassland, a savanna, and a
shrubland ecosystem in southeastern Arizona, USA for the 2008–2014 hydrologic years. The solid line indicates the grassland; the dotted line indicates the
savanna; the dashed line indicates the shrubland.

American Monsoon. We examined the inﬂuence of intraseasonal precipitation variability and site on ecosystem ﬂashiness by comparing fET,
fGEP, and fRe during the early growing season (March–June) and late
growing season (July–October) using repeated measures ANOVA to

Fig. 1. Two theoretical time series of ecosystem CO2 ﬂux illustrate the diﬀerence between several widely-applied metrics and ﬂashiness (ﬁgure modiﬁed from Reyer
et al., 2013). In this example, ﬂashiness reveals an ecologically signiﬁcant contrast that is missed by other metrics.
3
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responses (Fig. 4B; multiple regression, F3,17 = 3.31, P = 0.07). Like
patterns of ET, an increase in annual GEP was associated with a decline
in fGEP (F1,17 = 39.1, P < 0.0006). Interestingly, in this 6-year comparison, the largest values of GEP at the shrubland overlapped with
years of intermediate GEP at the savanna and the year of lowest GEP at
the grassland. A qualitative comparison of the sites within this narrow
range of overlapping GEP suggests diﬀerences among the sites in terms
of fGEP. Also interesting to note in this contrast is the fact that despite a
nearly three-fold increase in annual GEP between the most productive
years in the shrubland and grassland communities, both sites had very
similar, low values of fGEP. In contrast to ET and GEP, the ﬂashiness of
ecosystem respiration (fRe) was very low and was uncorrelated with
variation in annual ecosystem respiration (Re) across all three community types (Fig. 4C).
Increasing annual precipitation was associated with a decline in the
ﬂashiness of evapotranspiration (fET; Fig. 5A; multiple regression,
F1,17 = 16.75, P = 0.001), as well as the ﬂashiness of GEP (fGEP;
Fig. 5B; multiple regression, F1,17 = 14.99, P = 0.002). In the case of
both fET and fGEP, site speciﬁc regressions did not explain signiﬁcant
additional variance, suggesting that these sites share a common functional response to rainfall. The observation that fET and fGEP decline in
response to increasing precipitation indicates that as precipitation increases, day-to-day variation in ET and GEP declines relative to annual
ET and GEP (Eq. (2)). In contrast to the responses of fET and fGEP to
rainfall variability, the ﬂashiness of ecosystem respiration (fRe) did not
vary in response to increasing precipitation (Fig. 5C). Such fRe consistency indicates that across a wide range of annual precipitation totals, day-to-day variation in ecosystem respiration remains proportional
to total annual ecosystem respiration (Eq. (2)).
To better understand how community speciﬁc responses of ecosystem hydrologic ﬂashiness are shaped by seasonal variation in precipitation, we contrasted fET during the early (March–June) and late
(July–October) portions of the growing season (Fig. 6A). Warm and dry
conditions characterized the early portion of the growing season and
were associated with greater fET in the shrubland than in the grassland
or savanna. The onset of summer monsoonal rains during the late
growing season resulted a sharp decline in shrubland fET and a modest
increase in grassland and savanna fET which resulted in the in three sites
converging on a common, intermediate value of fET (repeated measures
ANOVA, F2,15 = 5.53, P = 0.015).
The ﬂashiness of GEP (fGEP) varied by season and community type
(Fig. 6B; repeated measures ANOVA, F2,15 = 13.37, P = 0.0005).
Grassland fGEP was very low during the warm and dry early growing
season compared to the shrubland and savanna and remained at a similar low level with the onset of late summer monsoonal storms. In the
shrubland and savanna, fGEP declined from the early growing season to

examine the interactive eﬀects of site and season on fET, fGEP, and fRe.

3. Results
In southeastern Arizona, the period December–February is characterized by cool conditions with occasional rainfall. Increasingly warm
and dry conditions are typical for the early growing season
(March–June), which is followed by a warm late growing season
(July–October) punctuated by convective storms associated with the
North American monsoon (Fig. 2A & B). In turn, the seasonal dynamics
of evapotranspiration (ET) track seasonal patterns of precipitation and
were broadly similar across the grassland, savanna, and shrubland sites
(Fig. 2C). Warm and dry conditions during the early growing season
(March–June) were associated with declining daily average ET. Later,
storms in early July drive an increase in ET, which peaks in mid- to late
August before gradually declining through the remainder of the hydrologic year.
Unlike ET, where the seasonal dynamics of the grassland, savanna,
and shrubland closely overlap, community types were more distinct in
terms of their seasonal patterns of gross ecosystem productivity (GEP)
and ecosystem respiration (Re) during the late growing season. Winter
ﬂuxes were close to zero, consistent with low temperature constraints
on metabolic activity at all three sites, while an increase in both aboveand belowground metabolic activity associated with GEP and Re at the
beginning of March, marked the start of the growing season (Fig. 2D &
E). Late growing season GEP and Re reveals clearer diﬀerences between
the grassland, savanna, and shrubland, such that the grassland had
greater and more variable GEP than either the savanna or shrubland
sites. Likewise, the grassland maintained greater rates of Re than either
the savanna or shrubland during the late growing season.
Because CVd is likely to be more familiar to ecologists than f, we
used linear correlation to compare annual values of H2O and CO2 ﬂux
CVd against their corresponding annual values of f (Fig. 3A–C). In each
case, CVd was weakly correlated with f, a pattern that was consistent
across ﬂuxes and sites.
We compared annual ET and the ﬂashiness of ET (fET) across sites to
better understand how plant community functional traits may alter the
relationship between these two elements of the hydrologic cycle
(Fig. 4A). Annual ET broadly overlapped across all three sites for the
period 2008–2014, and increasing annual ET correlated with a decline
in fET (multiple regression, F1,17 = 40.4, P < 0.0001). Moreover, this
decline in ﬂashiness was mediated by community type such that
shrubland fET declined at a greater rate in responses to increases in ET
than either the savanna or grassland (F3,17 = 7.74, P = 0.007).
A comparison of annual GEP and GEP ﬂashiness (fGEP) shows a similar, albeit marginally signiﬁcant pattern of community-speciﬁc

Fig. 3. (A) Annual coeﬃcient of variation of daily evapotranspiration (ET CV) versus annual ET ﬂashiness (fET); (B) Annual coeﬃcient of variation of daily GEP (CV
GEP) versus annual GEP ﬂashiness (fGEP); (C) Annual coeﬃcient of variation of daily ecosystem respiration (CV Re) versus ecosystem respiration ﬂashiness (fRe) in a
grassland, a savanna, and a shrubland ecosystem in southeastern Arizona, USA for the period 2008–2014. Circles represent the grassland, triangles represent the
savanna, and squares represent the shrubland.
4
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Fig. 4. (A) Total annual ET (kg H2O m−2 yr−1) versus ET ﬂashiness (fET); (B) Total annual GEP (g C m−2 yr−1) versus GEP ﬂashiness (fGEP); (C) Total annual Re (g C
m−2 yr−1) versus Re ﬂashiness (fRe) in a grassland, a savanna, and a shrubland ecosystem in southeastern Arizona, USA for the period 2008–2014. Symbols follow
Fig. 3.

Fig. 5. Annual precipitation (mm yr−1) versus (A) evapotranspiration ﬂashiness (fET); (B) gross ecosystem productivity ﬂashiness (fGEP); (C) ecosystem
respiration ﬂashiness (fRe) in a grassland, a savanna, and a shrubland ecosystem
in southeastern Arizona, USA for the period 2008–2014. Symbols follow Fig. 3.

Fig. 6. Early growing season (March-June) to late growing season (JulyOctober) shifts in (A) mean ± SE evapotranspiration ﬂashiness (fET); (B)
mean ± SE gross ecosystem productivity ﬂashiness (fGEP); (C) mean ± SE
ecosystem respiration ﬂashiness (fRe) in a grassland, a savanna, and a shrubland
ecosystem in southeastern Arizona, USA for the period 2008–2014. Please note
y-axis scale diﬀerences among panels A–C. Symbols follow Fig. 3.
5

Agricultural and Forest Meteorology 279 (2019) 107674

D.L. Potts, et al.

conceptual model and, furthermore, we suggest that metabolic ﬂashiness may provide a means by which to quantify the complex, seasonally
dynamic patterns of Re and GEP described by Baldocchi et al. (2018).
Whereas fRe was insensitive to interannual precipitation variability,
intra-annual comparisons of growing season fRe revealed the predicted
pattern and showed that during the late growing season, a period of
more abundant precipitation and greater rates of soil respiration, the
ﬂashiness of soil respiration declined (Fig. 6C). We compared patterns
of early (March–June) and late (July–October) growing season metabolic ﬂashiness as way to better understand how plant community
functional traits interact with seasonal precipitation variability to
constrain ecosystem sensitivity to rainfall and observed that the onset of
late summer monsoonal precipitation was associated with site speciﬁc
declines fGEP and fRe (Fig. 6B–C). This late growing season decline in
ecosystem metabolic sensitivity to precipitation is consistent with observations from a grassland rainfall manipulation experiment located
near our grassland and savanna sites on the Santa Rita Experimental
Range (Potts et al., 2006a; Cable et al., 2008). An observed decline fRe
during the late-summer monsoon is also consistent with an analysis of
rainfall-induced ecosystem respiration in relation to the time since
previous precipitation using data from a network of eddy-covariance
towers in southern Arizona (Jenerette et al., 2008). In addition, this
intra-annual comparison of metabolic ﬂashiness reveals seasonal ecosystem functional convergence and suggests that periods of relative
resource abundance may mask trait-mediated diﬀerences in ecosystem
function. Finally, while we sought to quantify the relationship between
fRe and seasonal precipitation it is important to note that seasonal shifts
in labile carbon availability might also inﬂuence the ﬂashiness of ecosystem respiration by constraining soil metabolic activity (Curiel-Yuste
et al., 2007).
Consistent with our prediction, years of low annual ET tended to
have greater annual fET and years of low annual GEP tended to have
greater fGEP (Fig. 4A–B), a relationship which is reinforced by the
consistent inverse relationship between annual precipitation and fET
and fGEP (Fig. 5A–B). A decline in ﬂashiness in response to increasing
water availability is consistent with a recent analysis of 25 eddy-covariance sites located in the semi-arid southwestern United States and
northwestern Mexico which found that coeﬃcients of interannual
variation of ET and GEP declined as mean annual ET increased to
conclude that dryland ecosystem exchange exhibits a particularly high
degree of interannual variability in comparison with more mesic ecosystems (Biederman et al., 2017). Across sites, a decline in fET with
increasing annual precipitation might be attributed to precipitationmediated increases in canopy leaf area and corresponding increases in
the contribution of transpiration to ET (expressed as T/ET; Scott and
Biederman, 2017). Establishing mechanistic links between fET and T/ET
may improve our understanding of biotic and abiotic processes that
inﬂuence intra- and interannual variation in T/ET and provide additional insight into the role of plant functional traits in shaping watershed hydrologic function. For example, shifts in fET caused by
changes in canopy leaf area and functional rooting depth may inﬂuence
the temporal ﬂashiness of soil moisture (Potts et al., 2010) or help
predict changes in streamﬂow ﬂashiness associated with nonnative
species invasions, disturbance, or human management activities.
In contrast to our prediction that annual fET and fGEP would decline
with increasing functional rooting depth, the three sites demonstrated
broad overlap in annual fET and fGEP. However, sites varied from one
another in the relationship between annual ET and fET and annual GEP
and fGEP (Fig. 4A & B) suggesting a more nuanced role of plant community functional traits in shaping how an ecosystem translates precipitation in biophysical activity. For example, maximum annual GEP in
the shrubland (230 gC m−2 yr−1) overlapped with the grassland’s
minimum annual GEP (228 gC m−2 yr−1; Fig. 4B). Despite very similar
values of GEP in those years, the grassland was much ﬂashier than the
shrubland (Fig. 4B). This pattern is consistent with diﬀerences in the
abundance of deeply-rooted woody plants at the two sites (40% and

the late growing season. A decline in shrubland and savanna fGEP during
the late growing season may be explained as a decline in day-to-day
variation in GEP relative to seasonal total GEP. In contrast, consistent
fGEP across the early and late growing season in the grassland suggest
that the ratio of day-to-day variation in GEP to seasonal total GEP remained constant despite large increases in photosynthetic activity associated with late summer precipitation. Like fGEP, the ﬂashiness of
ecosystem respiration (fRe) varied by season and community type
(Fig. 6C; repeated measures ANOVA, Site x Season, F2,15 = 7.81, P =
0.005) and, like growing season patterns of fET and fGEP, revealed the
three community types converging on a similarly low value of fRe
during the late growing season.
4. Discussion
Several alternative and potentially complementary descriptions of
the sensitivity of semi-arid ecosystems to precipitation and antecedent
moisture have been presented in the literature (Huxman et al., 2004;
Potts et al., 2006b; Cable et al., 2008; Potts et al., 2014; Biederman
et al., 2017). The present research extends that work by adopting and
applying the concept of hydrologic ﬂashiness to eddy-covariance
measurements of ecosystem H2O and CO2 exchange. Analogous to the
ﬂashiness of streams and rivers and calculated in the same way (Poﬀ
et al., 1997; Baker et al., 2004), we describe temporal variability of
above- and belowground biophysical activity as an ecosystem’s hydrologic and metabolic ﬂashiness. When applied to ecosystem H2O and
CO2 exchange daily time-series, ﬂashiness serves as a universally applicable metric quantifying the sensitivity of terrestrial ecosystems to
rainfall. Documenting intra- and interannual variability in the ﬂashiness of ET, GEP, Re creates a conceptual, ecohydrological link between
watershed hydrology and ecosystem ecology and provides novel insight
into how plant community functional traits interact with precipitation
to constrain the timing and magnitude of biophysical activity in drylands.
Unlike the CVd of H2O or CO2 ﬂuxes, which considers variation
about the mean without regard to the order in which events occurred,
ﬂashiness preserves the sequence of day-to-day variation in ﬂuxes and
so presents a more ecologically informed description of temporal
variability (Fig. 1). Thus, when these metrics were applied to actual
H2O and CO2 ﬂux time-series, we observed weak correlation between
CVd and f of H2O and CO2 ﬂuxes (Fig. 3A–C). This is not to argue that
the CVd of H2O and CO2 ﬂuxes are without utility or merit in ecology.
Rather, given that antecedent conditions, ecological memory, and lag
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2019).
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conceptual model describing the interacting environmental factors that
shape ecosystem metabolic variability both above- and belowground to
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comparisons of interannual fRe and fGEP are broadly consistent with this
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11% woody plant canopy cover at the shrubland and grassland respectively; Table 1). In the shrubland, abundant woody plants extend
their photosynthetic activity by accessing deeper pools of soil moisture
and thereby reducing fGEP relative to the grassland site where the
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4.1. Conclusions
We modiﬁed the Richards-Baker index of streamﬂow ﬂashiness to
better understand how three widely distributed aridland ecosystems
vary in their ability to translate precipitation into H2O and CO2 ﬂuxes
between the land surface and the atmosphere. In addition to reinforcing
the conceptual ecohydrological links between watershed hydrology and
ecosystem ecology, this work describes how increasing annual precipitation is associated with a corresponding decline in hydrologic and
photosynthetic, but not respiratory ﬂashiness. How interannual hydrologic and metabolic ﬂashiness of aridland ecosystems compares to
that of other ecosystem types along regional and global gradients of
productivity and precipitation should be the focus of additional investigations and may provide new insight into the diﬀerential sensitivity of ET, GEP, and Re to increasing climate variability and land cover
changes associated with anthropogenic global change.
Declaration of Competing Interest
None.
Acknowledgements
The authors wish to thank G. Leighton, J. Flores-Maldonado, U.
Gardner, C. Kirkman, R. Warren, G. Wohlfahrt and an anonymous reviewer for the comments that improved this manuscript. G. BarronGaﬀord’s role in the project and data collection were supported by NSF
Earth Sciences award EAR 1417101. The operation and maintenance of
these AmeriFlux sites has been supported by funds from the Department
of Energy and the USDA.
References
Ahlström, A., Raupach, M.R., Schurgers, G., Smith, B., Arneth, A., Jung, M., Reichstein,
M., Canadell, J.G., Friedlingstein, P., Jain, A.K., Kato, E., Poulter, B., Sitch, S.,
Stocker, B.D., Viovy, N., Wang, Y.P., Wiltshire, A., Zaehle, S., Zeng, N., 2015. The
dominant role of semi-arid ecosystems in the trend and variability of the land CO2
sink. Science 348, 895–899. https://doi.org/10.1126/science.aaa1668.
Baker, D.B., Richards, R.P., Loftus, T.T., Kramer, J.W., 2004. A new ﬂashiness index:
characteristics and applications to Midwestern rivers and streams. J. Am. Water Res.
Assoc. 40, 503–522. https://doi.org/10.1111/j.1752-1688.2004.tb01046.x.
Baldocchi, D., Chu, H., Reichstein, M., 2018. Inter-annual variability of net and gross
ecosystem carbon ﬂuxes: a review. Agric. For. Meteorol. 249, 520–533. https://doi.
org/10.1016/j.agrformet.2017.05.015.
Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., Anthoni, P.,
Bernhofer, C., Davis, K., Evans, R., Fuentes, J., Goldstein, A., Katul, G., Law, B., Lee,
X., Yadvinder, M., Meyers, T., Munger, W., Oechel, W., Paw, K.T., Pilegaard, K.,
Schmid, H.P., Valentini, R., Verma, S., Vesala, T., Wilson, K., Wofsy, S., 2001.
FLUXNET: a new tool to study the temporal and spatial variability of ecosystem-scale
carbon dioxide water vapor, and energy ﬂux densities. Bull. Am. Met. Soc. 82,
2415–2434.
Barron-Gaﬀord, G.A., Cable, J.M., Bentley, L.P., Scott, R.L., Huxman, T.E., Jenerette,
G.D., Ogle, K., 2014. Quantifying the timescales over which exogenous and endogenous conditions aﬀect soil respiration. New Phytol. 202, 442–454. https://doi.
org/10.1111/nph.12675.
Barron-Gaﬀord, G.A., Sanchez-Canete, E.P., Minor, R.L., Hendryx, S.M., Lee, E., Sutter,
L.F., Tran, N., Parra, E., Colella, T., Murphy, P.C., Hamerlynck, E.P., Kumar, P., Scott,
R.L., 2017. Impacts of hydraulic redistribution on grass-tree competition vs facilitation in a semi-arid savanna. New Phytol. 215, 1451–1461. https://doi.org/10.1111/
nph.14693.
Biederman, J.A., Scott, R.L., Bell, T., Bowling, D., Dore, S., Garatuza-Payan, J., Kolb, T.,
Kirishnan, P., Krofcheck, D., Litvak, M., Maurer, G., Meyers, T., Oechel, W., Papuga,
S., Ponce Campos, G.E., Rodriguez, J., Smith, W., Vargas, E., Watts, C., Yepez, E.,
Goulden, M., 2017. CO2 exchange and evapotranspiration across dryland ecosystems
of southwestern North America. Glob. Change Biol. 23, 4204–4221. https://doi.org/
10.1111/gcb.13686.

7

Agricultural and Forest Meteorology 279 (2019) 107674

D.L. Potts, et al.

Shi, T.T., Guan, D.X., Wu, J.B., Wang, A.Z., Jin, C.J., Han, S.J., 2008. Comparison of
methods for estimating evapotranspiration rate of dry forest canopy: eddy covariance, Bowen ratio energy balance, and Penman-Monteith equation. J. Geophys. Res.
https://doi.org/10.1029/2008JD010174.
Sponseller, R.A., 2007. Precipitation pulses and soil CO2 ﬂux in a Sonoran Desert ecosystem. Glob. Change Biol. 13, 426–436. https://doi.org/10.1111/j.1365-2486.2006.
01307.x.
van der Putten, W., Bardgett, R., de Ruiter, P., Hol, W., Meyer, K., Bezemer, T., Bradford,
M., Christensen, S., Eppinga, M., Fukami, T., Hemerik, L., Molofsky, J., Schädler, M.,
Scherber, C., Strauss, S., Vos, M., Wardle, D., 2009. Empirical and theoretical challenges in aboveground-belowground ecology. Oecologia 161, 1–14. https://doi.org/
10.1007/s00442-009-1351-8.
Villarreal, S., Vargas, R., Yepez, E.A., Acosta, J., Castro, A., Escoto‐Rodriguez, M., Lopez,
E., Martinez-Osuna, J., Rodriguez, J.C., Smith, S.V., Vivoni, E.R., Watts, C.J., 2016.
Contrasting precipitation seasonality inﬂuences evapotranspiration dynamics in water‐limited shrublands. J. Geophys. Res. Biogeosci. 121, 494–508. https://doi.org/10.
1002/2015JG003169.
Villegas, J., Dominguez, F., Barron-Gaﬀord, G., Adams, H., Guardiola-Claramonte, M.,
Sommer, E., Wiede Selvey, A., Espeleta, J., Zou, C.B., Breshears, D., Huxman, T.,
2015. Sensitivity of regional evapotranspiration partitioning to variation in woody
plant cover: insights from experimental dryland tree mosaics. Glob. Ecol. Biogeogr.
24, 1040–1048. https://doi.org/10.1111/geb.12349.
Weltzin, J., Loik, M., Schwinning, S., Williams, D., Fay, P., Haddad, B., Harte, J., Huxman,
T., Knapp, A., Lin, G., Pockman, W., Shaw, R., Small, E., Smith, M., Smith, S., Tissue,
D., Zak, J., 2003. Assessing the response of terrestrial ecosystems to potential changes
in precipitation. Bioscience 53, 941–952.
Zhang, B., Tan, X., Wang, S., Chen, M., Chen, S., Ren, T., Xia, J., Bai, Y., Huang, J., Han,
X., 2017. Asymmetric sensitivity of ecosystem carbon and water processes in response
to precipitation change in a semi-arid steppe. Func. Ecol. 31, 1301–1311. https://doi.
org/10.1111/1365-2435.12836.

Reyer, C., Leuzinger, S., Rammig, A., Wolf, A., Bartholomeus, R., Bonfante, A., de Lorenzi,
F., Dury, M., Gloning, P., Abou Jaoudé, R., Klein, T., Kuster, T., Martins, M., Niedrist,
G., Riccardi, M., Wohlfahrt, G., de Angelis, P., de Dato, G., François, L., Menzel, A.,
Pereira, Marízia, 2013. A plant’s perspectiv eof extremes: terrestrial plant responses
to changing climatic variability. Glob. Change Biol. 19, 75–89. https://doi.org/10.
1111/gcb.12023.
Reynolds, J., Kemp, P., Ogle, K., Fernández, R., 2004. Modifying the ‘pulse reserve’
paradigm for deserts of North America: precipitation pulses, soil water, and plant
responses. Oecologia 141, 194–210. https://doi.org/10.1007/s00442-004-1524-4.
Roby, M.C., Scott, R.L., Barron-Gaﬀord, G.A., Hamerlynck, E.P., Moore, D.J.P., 2019.
Environmental and vegetative controls on soil CO2 eﬄux in three semiarid ecosystems. Soil Syst. 3, 6. https://doi.org/10.3390/soilsystems3010006.
Saxe, S., Hogue, T.S., Hay, L., 2018. Characterization and evaluation of controls on postﬁre streamﬂow response across western US watersheds. Hydrol. Earth Syst. Sci. 22,
1221–1237. https://doi.org/10.5194/hess-22-1221-2018.
Schwinning, S., Sala, O., Loik, M., Ehleringer, J., 2004. Thresholds, memory, and seasonality: understanding pulse dynamics in arid/semi-arid ecosystems. Oecologia 141,
191–193. https://doi.org/10.1007/s00442-004-1683-3.
Scott, R.L., Biederman, J.A., 2017. Partitioning evapotranspiration using long-term
carbon dioxide and water vapor ﬂuxes. Geophys. Res. Let. 44, 6833–6840. https://
doi.org/10.1002/2017GL074324.
Scott, R.L., Jenerette, G.D., Potts, D.L., Huxman, T.E., 2009. Eﬀects of seasonal drought
on net carbon dioxide exchange from a woody-plant-encroached semiarid grassland.
J. Geophys. Res. https://doi.org/10.1029/2008JG000900.
Scott, R.L., Biederman, J.A., Hamerlynck, E.P., Barron-Gaﬀord, G.A., 2015. The carbon
balance pivot point of southwestern U.S. Semiarid ecosystems: insights from the 21st
century drought. J. Geophys. Res. Biogeosci. 120, 2612–2624. https://doi.org/10.
1002/2015JG003181.
Scott, R.L., Huxman, T.E., Barron-Gaﬀord, G.A., Darrel Jenerette, G., Young, J.M.,
Hamerlynck, E.P., 2014. When vegetation change alters ecosystem water availability.
Glob. Change Biol 20, 2198–2210. https://doi.org/10.1111/gcb.12511.

8

