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ABSTRACT

Understanding of the underlying causes of spatial variation in exchang®oh @nd water
vapor fluxes between grasslands and the atmosphere is crucial for acduretees®f regional
and global carbon and water budgets, and for predicting the impact of climage cman
biosphere-atmosphere feedbacks of grasslands. We used ground-based eddy flux and
meteorological data, and the Moderate Resolution Imaging Spectroradi¢mé2|S)
enhanced vegetation index (EVI) from 12 grasslands across the United&Gatasine the
spatial variability in carbon and water vapor fluxes and to evaluate the bicglhy@ntrols on
the spatial patterns of fluxes. Precipitation was strongly associategpeitial and temporal
variability in carbon and water vapor fluxes and vegetation productivity. Gndsshath annual
average precipitation < 600 mm generally had neutral annual carbon balance ar €matte
amount of carbon to the atmosphere. Despite strong coupling between gross prahacsiqgn
(GPP) and evapotranspiration (ET) across study sites, GPP showed largérapation than
ET, and EVI had a greater effect on GPP than on ET. Consequently, large spatiaihvia

ecosystem water use efficiency (EWUE = annual GPP/ET; varyingGrém+ 0.55 to 2.52 +

0.52 g C mrit ET) was observed. Greater reduction in GPP than ET at high air temperature and

vapor pressure deficit caused a reduction in EWUE in dry years, indicating a eegicis is
opposite than what has been reported for forests. Our results show that spatialpandl te
variations in ecosystem carbon uptake, ET, and water use efficiency of muasskxe strongly

associated with canopy greenness and coverage, as indicated by EVI.

Keywords: Ecosystem water use efficiency; Eddy covariance; Enhanced vegetatex,

Evapotranspiration; Grasslands; Gross primary production
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1. Introduction

In the past two decades, eddy covariance systems have been establishedligrssstand
sites in the United States (U.S.) for investigations of processes contoaltingn and water
vapor fluxes, and site specific results have been reported (Baldocchi et al. 2004y et al.,
2012; Krishnan et al., 2012; Ma et al., 2007; Scott et al., 2010; Suyker et al., 2003). However,
these observation networks cover only a small portion of grasslands. Sole relianceidaahdi
sites may lead to biased estimates of fluxes at large scales (Biondinié®&; Rahman et al.,
2001). The broad distribution of grasslands across contrasting climate and mamagy@aients
adds to the complexity of measuring and modeling of fluxes, and understanding the Mitiherabi
of ecosystems to environmental change. It is commonly accepted thatteeosssponses to
changes in climatic-forcing variables such as precipitation, temperahd€Q concentration
are nonlinear (Burkett et al., 2005; Gill et al., 2002). Grasslands are considetédridsafall
manipulation studies because they are highly responsive to interannual varialpitegipitation
(Knapp et al., 2002). However, precipitation manipulation experiments at indivitksalaiely
capture this nonlinearity as they tend to have few (only two or three) trgatdiferent from
the control and do not manipulate temperature, which can co-vary with precipitatiotowérx
sites now allow comparative analysis, synthesis, modeling, and upscalingle¥sitiux
measurements (Falge et al., 2002; Gilmanov et al., 2010; Gilmanov et al., 2003; Turner et al.,
2003; Xiao et al., 2014). Synthesis of flux data from multiple sites across aclgratient
allows analysis of the influences of a wider range environmental condition cangith
manipulative studies at a single siB®veral studies have investigated spatial variability of

carbon fluxes (Churkina et al., 2005; Gilmanov et al., 2005; Kato and Tang, 2008; Law et al.,

2002; Soussana et al., 2007; Yu et al., 2013; Yuan et al., 2009). These studies have shown that
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spatial variability of carbon fluxes is significantly correlatedhwitean annual temperature
(MAT) and precipitation (MAP). However, most of the synthesis studiesndse all biomes
together, which masked differences in response over spatial gradidntsamMiiome type, such

as grasslands. Compared to carbon fluxes, spatial variability in water vapes dinet water use
efficiency at the ecosystem level, and the mechanistic understandinguotindying

controlling mechanisms in grasslands is still unclear. In addition, vegyifitknown regarding

the relative sensitivity of different grassland communities §@xed G/C,, and G dominant)
across broadly-distributed grasslands to climdigh frequency eddy covariance measurements
allow calculation of net ecosystem g€eéxchange (NEE), evapotranspiration (ET), gross primary
production (GPP), ecosystem respiration (ER), and synthetic metrics swdsgstem water

use efficiency (EWUE, which reflects the tradeoff between wate@lodarbon uptake in
carbon assimilation process), thereby facilitating investigation pbreses of carbon and water
vapor fluxes to environmental drivers (Huxman et al., 2004; Law et al., 2002).

Satellite remote sensing provides a feasible approach for monitoring \@yetatamics at
ecosystem to global scales (Myneni et al., 1997; Zhang et al., 2003). A bettetandiegsof
phenological patterns of vegetation and their drivers is essential to improagecind
biogeochemical cycle models and also to better simulate the exchangeaof @ad water vapor
fluxes between land surface and the atmosphere (Running and Hunt, 1993). Previously,
phenological dynamics have been shown to play a vital role in the variabilityboincand water
vapor fluxes at the ecosystem scale for a broad range of ecosystemse@DefFal., 2006;

Hutyra et al., 2007; Ma et al., 2013; Richardson et al., 2010; Wagle et al., 2015). However, the
major drivers of spatial variability of phenological metrics and the rofghehological dynamics

on spatial variability of fluxes have not been specifically examined for yrokstributed
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grasslands in the U.S. This greatly hampers our understanding of the imgatuseotlimate
change on phenological dynamics and the carbon and water budgets of U.S. grdasitrets.
an establishment of a robust relationship between tower fluxes and remaogsdy slata can
facilitate extrapolation of site-level fluxes to obtain regional esémat carbon and water
budgets across complex landscapes (Gilmanov et al., 2005; Xiao et al., 2008).

This study covers 12 AmeriFlux grassland sites that represent the distribugiassiinds
within the conterminous U.S., including @ominated semi-arid shortgrass prairie of the
Southwest (AZ), gdominated Mediterranean grassland (CAYOzmixed temperate grassland
of the Northwest (MT) and Southeast (MS),dominated temperate continental tallgrass prairie
of the Midwest (IL, KS) and South Central (OK), ang@ mixed humid continental grassland
of the Midwest (SD). The objectives of this study were: 1) to analyze thalsgatability in
grassland carbon and water vapor fluxes, 2) examine whether a satelliteenesas of green
biomass (as quantified by the Moderate Resolution Imaging SpectroraeidMeDIS)
enhanced vegetation index, EVI) captures the observed spatial variability in cadoeatar
vapor fluxes, and 3) determine the responses of GPP and ET to major climatic safiable
time series measurements quantify the conditional statistics assowigtt seasonal changes in
climatic variables and the results provide important insights about predictinmgphet of
climate change on biosphere-atmosphere feedbacks of grasslands undeandrigtuire

climatic conditions.

2. Materialsand methods
2.1. Stedescriptions
The 12 grassland sites used in this study (Fig. S1) cover a broad range oplgeogra

location, grassland type (warm-seasard@minant, mixed ¢€and G species, and cool-season
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Cs; dominant), and climate (semi-arid, temperate/temperate continental, hamtirteatal, and
Mediterranean). Long term MAT ranged from 5 to 17 °C and MAP ranged from 345 to 1455 mm
across sites. General site characteristics for the study etpsoaided in Table 1. Detailed site
information can be found in previous studies (see references in Table 1) or lymembsite

(http://ameriflux.ornl.gow.

2.2. Meteorological, eddy flux, and MODISEVI data
Site-specific climate data [i.e., air temperaturg,(precipitation, volumetric soil water
content (SWC), vapor pressure deficit (VPD)] and Level-4 eddy flux (halfyalally, and

weekly) were acquired from the AmeriFlux webshéf://ameriflux.ornl.goy or from

published data by the site PI (R. Scott, Kendall grassland). Carbon and waterwegonitre
measured at each site using the eddy covariance technique. GPP was derivatooyngar
NEE data (Reichstein et al., 2005). Some study sites (Flagstaff WildfirRer® burn and
control, Fermi Prairie, Walnut, and Brookings) had a total of only two to three gkdata and
measurements were not available for the entire year (mainly mahsiimgy winter, non-growing
season). In this case, NEE, GPP, ER, and ET data over the available period vegyedaios the
same date into a single composite year and integrated for the entite geave annual sums of
NEE (NEE;), GPP (GPR), ER (ERy), and ET (EJ,) at each site. Moreover, due to data
availability during most of the growing season, growing season sums of NEE{NEEPP
(GPRss)), ER (ERss), and ET (EEsy) at each site were also computed for each year. For the
rest of the sites where multiple years of data were available for ihe yedr, annual and
growing season sums of carbon fluxes and ET at each site were computeti fgraza&ince
flux data were available for the peak growing season across all sigg-yeadimum values of

fluxes (NEEnax GPRhax and EThay at each site were computed for each year.
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The 8-day composite MODIS land surface reflectance (MODO09A1) data fde pixgls
(500 m x 500 m) containing the geo-location coordinates of a flux tower were downloaded from
the data portal of the Earth Observation and Modeling Facility, the Universitiglahoma

(http://eomf.ou.edu/visualizatign/Although the spatial resolution of the MODIS pixels and flux

tower footprints may vary, Figure S2 shows that the MODIS pixels mostly aovferm
grasslands. Blue, green, red, and near infrared (nir) bands were used to deriMedi¥'ket al.,

2002) as shown below:

EVI = 25x Prir ~ Pres 1)
pnir + (6x10red - 7'5x10blue) +1

wherep is surface reflectance in the wavelength band. EVI, widely used as a proxy of canop
greenness, is an optimized version of normalized difference vegetation Nd&X ¢o account
for atmospheric noise variations and variable soil and canopy background influenets ¢H

al., 2002).

To match the temporal resolution of EVI, we calculated 8-day composite valuesesf dod
meteorological variables. We averaged 8-day composite values of NEE, GPR, &1 $WC
over the study period for the same date into a single composite year forteactistermine
their mean seasonal patterns. Maximum values of EVI{EMduring the growing season were
computed for each year. The 8-day composite EVI values for the growsanseare summed

to derive growing season sum of EVI (EM) for each year.

2.3. Growing season length based on GPP and EVI
Growing season length based on GPP (&9lwas determined as the number of days for
which GPP was > 1 g C fiday* (Wagle et al., 2014). Carbon uptake period (CUP) was

determined as the number of days of negative NEE (carbon uptake by the ecodystegrthe
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growing season (Wagle et al., 2015). If there were periods with GPP leskgh@ n¥ day* or
positive NEE during the growing season, those periods were excluded frogps®8CUP (for
example see Brookings site in TableT).relate GSkppfrom flux tower measurements, the
growing season length (GS8kL) was determined based on EVI. The Gglwas defined as the
number of days the EVI was greater than the given threshold values for eaghaithreshold
values of EVI were determined when EVI started to increase at the begintineggrbwing
season and decreased after senescence. The threshold EVI values were ethit2rat sites
(Audubon, Flagstaff, and Kendall) and Fortpeck, while they were ~ 0.20 at all o#dsefTsit
reduce the uncertainties in times series of EVI and interannual variatidresgrowing season
length at individual sites (the green-up time of grassland links to timing o&ltaantl spring
temperature), we averaged 8-day composite EVI and carbon fluxes over the sidiynpeia
single composite year to produce mean 8-day time series of EVI and carbontfiexes

determined GSty;, GSlgpg and CUP.

2.4. Calculation of ecosystem water use efficiency (EWUE)
The EWUE for the annual scale (EW}JBvas calculated from the ratio of GP® ET,,,
while EWUE for the growing season (EWEKdg) was determined from the ratio of integrated
GPP (GPRs)) to ET (ETssy) over the growing season. To assess the intrinsic link between GPP
and ET via stomatal conductance at the ecosystem level, inherent ecosgstemse efficiency
(IEWUE) was derived from the ratio of GPP to ET multiplied by VPD on dailg soales (Beer
et al., 2009) and compared for selected sites in different climate zones duryegudryTo
further examine the relative response of NEE, GPP, and ET to two major clauaaicles (T

and VPD) across study sites, half-hourly daytime (global radiation > 5*\N&E, GPP, and



182  ET during the period of G&rp(Table 2) for the entire study period were aggregated in 10

183  classes of increasing, &nd VPD, and plotted agains{ dnd VPD.

184 2.5, Satistical analysis

185 We performed correlation and regression analyses between fluxes, EVI, jandlmaatic
186  Vvariables to assess the degree of association between dependent and indepeaolest Vae
187  relationships with the highest level of significance (i.e., best fit functioas} selected. The
188  coefficient of variation CV) was calculated for annual and seasonal integrals and maximum

189  values of fluxes and EVI across study sites to characterize the magnitspesia variations.

190 3. Results

191  3.1. Climatic conditions across study sites

192 Air temperature showed similar seasonal patterns across study bitesyalumetric SWC

193  showed different seasonal patterns among study sites (Fig. 1). Annual avai@geaS below

194  20% at semi-arid sites, 25-35% at temperate and temperate-continentdsitest Brookings

195  (humid continental), and 18% at Vaira (Mediterranean). Annual average relatieecontent

196 [r= (0 = Umin)/( Tmax - min), Wherelminand [ max are minimum and maximum values of soll

197  water content observed at each site] was low at semi-arid sites (0.34 at Audubon, 0.39 at

198  Flagstaff, and 0.34 at Kendall), while it was 0.43 at Vaira and > 0.46 at otheupites((.65 at

199  Brookings) (data not shown).

200 Several study sites experienced drought during the study period. For exanmpial rainfall

201 in 2004 was 26% lower than in 2005 at Audubon. At El Reno, annual rainfall was ~ 30 % below
202  the annual average (860 mm, 1971-2000) in both years of the study period. However, growing
203  season rainfall and SWC at EI Reno were higher in 2005 than 2006 (Fischer et al., 2012). Annual

204 rainfall in 2012 was 60% lower than in 2010 at Konza. Annual rainfall in 2001 was 33% lower
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than in 2003 at Fort Peck. The Goodwin site received more than normal rainfall in 2004 but
experienced drought in 2005. At Vaira, annual rainfall in the hydrological Jelgrtd June) of

2003-2004 was 44% lower than the hydrological year of 2004-2005.

3.2. Seasonality and magnitudes of EVI and carbon and water vapor fluxes, and climatic

controls

To characterize the seasonal variation of grassland phenology, the mean| syatenaf
EVI, GPP, and ET were determined (Fig. 2). The EVI generally began to incegagly at
approximately DOY 100 (April) for the majority of the sites, reached pealesah summer
(peak growth), and decreased during the plant senescence stage and appgregquieeGWP
value (e.g., prior to DOY 100) near DOY 300 (end of October). However, different seasona
lengths, as indicated by seasonal dynamics of EVI, were observed at Audubon antl Kendal
(semi-arid grasslands: DOY 180-300, corresponding to the summer rainy seagen), Va
(Mediterranean grassland: ~DOY 300-160, with gybccurring in spring), and Goodwin
(temperate: ~DOY 25-335). Table 2 shows that mean,&¥anged from 0.27 + 0.08 (Kendall)
to 0.66 £ 0.1 (Brookings) and mean seasonakf\wanged from 2.49 + 0.27 (Kendall) to 16.28
+ 0.22 (Goodwin), withCV of 31 and 48% across sites, respectively. The across-site analysis
shows that EVjhaxWas strongly correlated with annual averaggR® = 0.70,P < 0.001) but not
with seasonal averager (R? = 0.12,P = 0.27). Similarly, mean seasonal EMiwas strongly
correlated with spatial variation in annual averagdR? = 0.67,P = 0.001) than seasonal
average g (R = 0.17,P = 0.18). Annual averager and MAP together explained 90% ¢
0.0001) of spatial variation in mean seasonalsgV|

The seasonal dynamics of carbon and water vapor fluxes also correspondeithvibé w

vegetation dynamics because the fluxes began to increase after the gneesed up, peaked at

10
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the maturity stage, and declined after senescence (Fig. 2). The&@tied from only about
1.5 months (from end of July to mid-September) at semi-arid sites (Audubon and Kendall
grasslands) to about nine months (from the starting of February to early NoyatmBeodwin
(Table 2). Similarly, CUP was the longest (eight months) at Goodwin and the shortest
Audubon (41 days) as CUP was strongly correlated withdaSR? = 0.65,P < 0.001) and
MAP (R? = 0.72,P < 0.001). As expected, strong correlations were observed betwegnoGPP
GPRss. and GSlgpp (both: R = 0.79,P < 0.001), and between CUP and NER® = 0.66,P =
0.001) or NERs, (R* = 0.56,P = 0.005). Different magnitudes of NEE, GPP, and ET were
observed across study sites (Table 2), @ihof 51%, 42%, and 29%, respectively, indicating a
larger spatial variability of NEE and GPP than of ET. Annual averagexplained 22%HF =
0.11), 33% P = 0.05), and 74%H < 0.0001) of spatial patterns in NE& GPRax and EThax

respectively.

3.3. Variability in carbon and water budgets

Large variability in annual and seasonal sums of NEE, GPP, and&®bserved across
study sites (Table 3), with CV of 164%, 54%, and 39%, respectively, on an annual scale and
93%, 58%, and 46%, respectively, on the seasonal scale. AveragealfiSs study sites
showed a net carbon uptake by grasslands, -76 + 125 (+ SD)Qy€aif, but with larger
variability than the uptake itself. The spatial variation in )&&s more strongly related to the
variation in GPR (R® = 0.55,P = 0.006) than to ecosystem respiration (ER? = 0.33,P =
0.05). Annual and seasonal sums of carbon fluxes and ET tended to be lower in regions with
smaller precipitation as fluxes showed positive and nonlinear relationship wiipitatesn (Fig.
3). Results show that GPP, ER, and ET were similar for the site-years withiapisdy > 800

mm of annual precipitation and > 600 mm of seasonal precipitation. The across-sgesanaly

11
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shows that annual averagg explained 53%F = 0.01) of NEks, 55% @ < 0.01) of NEE;,
72% @ < 0.001) of GPBs. and ERs1, 75% P < 0.001) of GPR, and 67% R = 0.002) of ER;
when the Brookings site was excluded. Annual averagexplained 77%R < 0.001) and 74%
(P < 0.001) of spatial variations in &d. and ET,, respectively.

In addition to spatial variability, grasslands showed large interannual vyiabitarbon
uptake potential in response to climate forcing (i.e., drought) and disturbancdsdj.e
invasion) or the biological legacy effects of extensive vegetation growth prekmus year. For
example, there was a net carbon uptake of 167 ¢ @ear" at the Audubon site in 2005 when
annual and seasonal rainfall was over 350 and 250 mm, respectively, while thetst more
carbon than it assimilated for the rest of the years. The Konza site, whicltdasistent carbon
uptake from 2007 to 2011, emitted more carbon than it assimilated in the drought year of 2012.
The Flagstaff Wildfire site emitted more carbon than it assimilated bagkasonal and annual
time scales for the entire study period because of the wildfire a dedade the flux
measurements that killed all trees. The Audubon site emitted more carbon in 20@8after
wildfire in 2002. The carbon uptake by the Fermi Prairie site declined dralyaitic2Z006
because of an infestation of white sweet cloeli] otus alba) which died out completely and
very little green vegetation was left in the field after July. Even thoughgsp006 was wet at
the Vaira site, NEE decreased substantially in the 2005-2006 growing season hacause
extraordinary amount of litter produced in 2004-2005 covered the ground surface and suppressed

the grass growth in 2005-2006, and also increased ER (Ma et al., 2007).

3.4. Relationship of EVI with carbon and water vapor fluxes
The EVI was strongly correlated with GPP, with correlation coeffic(r) of more than 0.8

at nine out of 12 sites, and with ET, with r of more than 0.7 at ten out of 12 sites (Table 4). The

12
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across-site analysis showed that the correlation of EVI remained higlsegisonal variations in
GPP (r=0.85) and ET (r = 0.80). The EMlwas strongly correlated with spatial variations in
NEEmax (R? = 0.67,P = 0.001), GPRay (R? = 0.80,P < 0.001), and Efux(R*= 0.68,P <

0.001). To further test the capabilities of EVI to capture the observed trends in tdatfux
series and seasonal sums of fluxes, we tested the ability gf/@8lpredict GSkppand CUP
(Fig. 4a), and seasonal sums of GPP and ET (Fig. 4b). We also examined the hglatmins
EWUE, GPP, and ET with EVJ,on the seasonal scale (Fig. 4c, d). The g&Séhowed strong
linear correlations with the spatial variability in G$k(R* = 0.94,P < 0.0001), CUP (R=
0.70,P < 0.001), GPBs. (R? = 0.62,P = 0.002), and Eds, (R? = 0.61,P = 0.003). High levels
of canopy green biomass and coverage, as indicated by higher seas@palvizdré strongly
associated with higher EWWE, (R? = 0.62,P < 0.0001), GPgx. (R? = 0.78,P < 0.0001), and

ETes. (R? = 0.73,P < 0.0001) (Fig. 4c, d).

3.5. Relationship between GPP and ET, and variability in EWUE

The across-site analysis of annual or growing season sums of GPP and ET slowed str
positive relationships (R= 0.77 on an annual scale anti=R0.82 on the seasonal scale, Fig. 5),
indicating strong coupling between GPP and ET. However, the ratio of sums of GPP to E
yielded variations in EWUE (ranged from 0.67 + 0.55 t0 2.52 + 0.52 ¢ C TiT) and
EWUEgs. (ranged from 0.90 + 0.36 to 2.65 + 0.43 g C ThT) across study sites (Table 3).
We also found interannual variability in EWUE at the same sites. Reduction id@iRg
relatively dry years compared to non-dry years at a similar level oé&tilted in a smaller

EWUE (i.e., the slope of the relationship between GPP and ET, Fig. 6).

3.6.Response of NEE, GPP, and ET to T, and VPD

13
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To better understand the effects of climate change on carbon and water vagmoflux
grassland ecosystems, we compared the response of NEE, GPP, and ET to twomadijor cl
variables (T, and VPD) among all grassland sites (Fig. 7a, b). Results show that the esspions
NEE, GPP, and ET tosand VPD varied among grassland sites. In general, NEE, GPP, and ET
increased with Jand VPD up to a certain level and declined thereafter. The optimum ranges of
Taand VPD for NEE, GPP, and ET differed among sites. However, the responses of NEE, GPP
and ET to T, and VPD were very similar among grasslands in the same climatic zonendhaxi
values of NEE, GPP, and ET occurred at about 22-23 °C at two semi-arid sitesffFlagst
Wildfire and Kendall), while they occurred at ~27 °C at another semi-aridAsitkubon).

Maximum values of NEE and GPP occurred at ~25 °C and ET occurred at ~30 °C at Fermi
Prairie, while NEE and GPP peaked at ~30 °C and ET peaked at ~35 °C at all other four
temperature continental sites and Goodwin (temperate). The NEE and GPP pe&&etiCaand

ET at ~30 °C at Brookings and Fort Peck. Maximum values of NEE, GPP, and ET occurred at
~20 °C at Vaira (Mediterranean).

Maximum values of NEE, GPP, and ET occurred at about VPD of 15-17 hPa and depressed
when VPD > 20 hPa at all three semi-arid sites. The values reached maxim2ifmhéta at
three temperate continental sites (El Reno burn, El Reno control, and Konza), whileteey w
maximum at ~20 hPa at Walnut and ~15 hPa at Fermi Prairie. Both NEE and GPR reache
maximum at ~10 hPa at Brookings, Fort Peck, and Vaira, while they reachedumaat ~18
hPa at Goodwin. The ET reached maximum at ~25 hPa at Brookings, ~20 hPa at twa¢empera
sites (Fort Peck and Goodwin), and at ~15 hPa at Vaira. Our results show thafloadsoand
ET responded tosland VPD differently. Lower optimum temperature ranges for NEE and GPP

than ET, and more decline in NEE and GPP than ET at highdVPD across sites (Fig. 7a, b)
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indicated that physiological controls in response to increagaddl'VPD more greatly affected
NEE and GPP than ET.

As the individual response of GPP and ET to climatic variables may be confounded by the
effect of VPD on canopy conductance, we also compared the relationship betweamd®@HP a
vs. GPP x VPD and ET at the three selected sites in different climatis doneg relatively dry
years (Fig. 8). As expected, GPP and ET showed a linear relationship, butingbrése
relationship between GPP x VPD and ET was exponential across all sitemeBnedlationship
(R? = 0.82) between GPP and ET was only slightly weaker than the exponential relati®iship (
= 0.84) between GPP x VPD and ET at the El Reno control site, but the exponential refations
between GPP x VPD and ET was substantially stronger than the linear relatiosisien GPP

and ET at Fort Peck fR= 0.70 vs. 0.55) and Vaira {R 0.86 vs. 0.78).

4. Discussion
4.1. Variability in EVI and carbon and water vapor fluxes

The considerable effects of precipitation and SWC on vegetation production, as indicated by
EVI values, were consistent with previous reports that higher precipitatiorofeimgher
biomass in grasslands across spatial scales (Bai et al., 2004; Sala eBal Th@8nhanced
plant growth and productivity was strongly correlated with greater ratssgloon and water
vapor fluxes, showing the ability of EVI to track spatial variability in carbon aatdnvvapor
fluxes of geographically-distributed grasslands. Our analysis also deateashat EVI can be
used to delineate growing season length and CUP, and to approximate carbon anapoater
fluxes, and EWUE of grasslands (Fig. 4). These results indicate much potentialgofhisiEVI
approach for understanding and extrapolating fluxes over large grassland\geasous study

also showed the potential to link the MODIS EVI and tower-derived GPP to bettestander
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342  the functioning of savanna ecosystems across the north Australian tropisattréMa et al.,
343  2013). Similarly, Churkina et al. (2005) showed that EVI calculated from VEGETNTIO

344  SPOT-4 was strongly correlated to the CUP and could be utilized to estimajedi&Broad
345 range of ecosystems.

346 Our results illustrate that the carbon uptake-emission status of the igiassks conditional
347 upon soil water availability and precipitation. Higher annual averageas strongly correlated
348  with higher values of fluxes. Similarly, carbon fluxes and ET increasearlyneith increasing
349  precipitation at lower ranges of precipitation (< 1000 mm of annual rainfall &0 shm of

350 seasonal rainfall) (Fig. 3). This result supports an earlier finding é&ibwm et al., 2005) that

351  mixed prairie ecosystems in North America emitted more carbon than gieylated during

352 years with lower than normal rainfall. A study that manipulated rainfall méitieand quantity
353 in a G dominated native grassland in Northeast Kansas showed that carbon cyclinggzroces
354  such as soil carbon efflux and carbon uptake by the vegetation were suppressednidien rai
355 variability increased (Knapp et al., 2002). These results indicate that pdajeoteases in

356 rainfall variability due to anthropogenic climate change and atmosphemaimgacould greatly
357 influence carbon cycling processes of grasslands. Further, our study stadwarbon dynamics
358  of grasslands were subject to disturbance eveetsfire, invasion) and the biological legacy
359 effects of one year on another year. Such alterations in carbon dynamics haxepbeed for
360 several grassland and forest ecosystems worldwide (Amiro et al., 200@t Bar 2007; Ciais et
361 al., 2005; Flanagan et al., 2002; Gilmanov et al., 2007). These results suggest that this
362 interannual variability in carbon and water vapor fluxes of ecosystems showdsyedered

363 when estimating regional carbon and water budgets.

364  4.2. Coupling between GPP and ET, and variability in EWUE
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As expected, GPP and ET were strongly correlated (Fig. 5) due to the physiotogitol
of gas exchange (Valentini et al., 1991). However, responses to seasonal van atiiomatic
variables differed between GPP and ET. These differential responses folydeohto partial
decoupling between GPP and ET under changing environmental conditions. As a result, the
relationship between GPP and ET was weaker as compared to GPP x VPD and ET amon
selected sites in different climatic zones in relatively dry ydags 8). These results
demonstrate that the intrinsic link between carbon assimilation and wat#rimsgh stomatal
conductance exists in grasslands at the ecosystem level since the ratitm OffLY is a proxy
for canopy conductance (Beer et al., 2009). As in Beer et al. (2009), we also observed a
nonlinear relationship between GPP x VPD and ET for grasslands, suggesttag dgeaupling
of herbaceous canopies from the atmosphere than forests (Jarvis and McNaughton, 1986).
The climatic gradient affected grassland phenology and canopy coesrags study sites,
which strongly influenced carbon and water vapor fluxes of grasslands. Thg GIRE ETs.
were strongly correlated with Eyl, and additional units of EVI were associated with a greater
increase in GP&, (101 g C rif) than ETs. (43.3 mm) as shown in Figure 4d. This is likely
because increasing canopy coverage increased light use effipeptytosynthesis and
attenuated radiation transmitted to the soil surface and reduced soil evapordtiongiboth
GPP and ET decreased during dry conditions, drought-induced reduction in vegetation cover
along with leaf-level physiological controls of highdnhd VPD on GPP than on ET caused more
reduction in GPP than in ET. As a result, EWUE was higher at the sites withEAband less
climatically-imposed water limitation, and it was lower in dry yearg.(6) and at sites with
smaller EVI (Fig. 4c). Our result supports the finding of a previous study (&ly 2008) which

showed a reduction in EWUE during drought and high EWUE in the years or sites with high
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productivity of Chinese temperate grasslands. These results show a pronourctexd éftaight
on carbon and water vapor fluxes and EWUE of grasslands.

Reduction in EWUE of grasslands during drought in this study indicated the opposite
response than what has generally been reported for forests. Previous studiass acdsyestems
have shown that EWUE of forests increases in dry years because ofa iggéaction in ET
than GPP. During drought, EWUE increased in European forests but not in grasslatics (W
al., 2013). Krishnan et al. (2006) reported a larger relative reduction in ET than in G&ieaif
forests in Saskatchewan, Canada, leading to higher EWUE in dry years.dekéaiily constant
values of EWUE were observed in most of the coniferous boreal and temperateofo@zstada
(Brimmer et al., 2012). Water use efficiency in a beech forest was maintglzahby
evaporative demand of the atmosphere and leaf stomatal behavior, and not by the canopy
coverage (Herbst et al., 2002). In contrast, higher EWUE of grasslands waatadgseith
higher EVI in our study (Fig. 4c). This contrasting result can be attributed ¢éoethitfes in soil
evaporation as soil evaporation is negligible under well-developed forest budezab$e in
grasslands. Previous studies reported that grasslands did not reduce ET asdibmgoéstisre
was available but forests employed water saving strategies bymgdic, causing the
contrasting responses of European forests and grasslands to drought and héaeudagset
al., 2010; Wolf et al., 2013). These results suggest that the current ecosystem modeling
approaches which predict increasing EWUE in response to drought (Baldocchi, 1997e Schul
1986; Williams et al., 1998) under the assumption of more stomatal regulation of wsder los
with slight reductions in photosynthesis (Flexas and Medrano, 2002) might not be appticable f
all biomes, at least for grasslands. This indicates the need to consideoreduEWUE during

drought when modeling carbon fluxes of grasslands, especially in drought-prormsaerents.
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5. Conclusions

This study revealed large spatial variability in carbon and water vap@sfland vegetation
properties such as EVI among geographically-distributed grasslands ir&h€&Hdse variations
were primarily related to differences in precipitation and soil wataiability. Integration of
EVI with ground-based eddy flux and climate data showed potential to improve understanding of
the temporal and spatial variability in carbon and water vapor fluxes, and to apgieGSL,
CUP, EWUE, and carbon and water vapor fluxes of grasslands. However, this result needs
verification by long-term observations across geographical sites and bycomaplete sampling
of grasslands of the world to examine whether these relationships hold. For exams gkedyi
lacks data from grasslands in tropical and sub-tropical regions. Our resultthstidne
optimum T, and VPD ranges were lower for NEE and GPP than for ET, and NEE and GPP were
reduced more than ET at high dhd VPD, suggesting the higher sensitivity of NEE and GPP
than ET to aridity. As a result, EWUE of grasslands decreased duringadsy ggesponse the
opposite of what has generally been reported in forest ecosystems. This nesoinsistent
with the assumption of current models of canopy functions which predict increasidg EW
during drought due to a reduction in stomatal conductance. An evaluation of the intnisic li
between GPP and ET through stomatal conductance across a wide range of environmenta
conditions is essential to better understand adaptation mechanisms of grasslamdseto@ur
study’s comparison of the responses of carbon and water vapor fluxes of geodlyaphica
distributed grasslands to major climatic variables provides insight aboefféices of climate

change on carbon and water budgets of grasslands.
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Figure Legends:

Fig. 1. Mean seasonal dynamics (8-day composite values) of annual air tempeandtoean
surface volumetric soil water content (SWC) at the 12 grassland sitesou@atide study period
were composited into a single year for each site to determine the msanaigmtterns.

Fig. 2. Mean seasonal dynamics (8-day composite values) of enhanced vegetation injlex (EV
gross primary production (GPP), and evapotranspiration (ET) at the 12 grasskridagaeover
the study period were composited into a single year for each site to chet¢nmimean seasonal
patterns.

Fig. 3. Relationships of annual (yr) or growing season (GSL) sums of gross primary pyoduct
(GPP), ecosystem respiration (ER), and evapotranspiration (ET) with annaatonal sum of
precipitation (Precip): (a) y = -313 + 2.23x — 0.000 & = 0.79, (b) y = -456 + 3.6x — 0.002x
R?=0.77, (c) y = -215 + 1.95x — 0.0066%&° = 0.74, (d) y = -274 + 2.59x — 0.0F1& = 0.79,
(e) y =31.76 + 1.01x — 0.000%& = 0.50, and (f) y = -103 + 1.67x — 0.061K* = 0.62. Al
relationships were statistically significant at the 0.0001 level. Liey@®sent best fit regressions.
Fig. 4. Relationships between: (a) carbon uptake period (CUP) and growing seasonbesgths
on enhanced vegetation index (Gl and gross primary production (G&p: CUP = 0.9x —
76.2, R =0.70,P < 0.001 and GS¢pp= 1.18x — 76.02, R= 0.94,P < 0.0001, (b) GSty, and
growing season sums of GPP (GBPand ET (EEsL): GPRss. = 6.48x — 546, R= 0.62,P =
0.002 and Egs, = 2.94x — 157, R= 0.61,P = 0.003, (c) ecosystem water use efficiency
(EWUEgs|) and sum of enhanced vegetation index ¢gylon the seasonal scale : y =-0.07 +
0.36x -0.01%, R? = 0.61,P < 0.0001, and (d) GRR., ETesL, and EVluri GPRss. = 101x — 109,
R?=0.78,P < 0.0001 and Eds, = 43.3x + 52.7, R= 0.73,P < 0.0001. Lines represent best fit

regressions.
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Fig. 5. Relationships between annual (yr) or growing season (GSL) gross ypnoduction
(GPP) and evapotranspiration (ET) across the 12 grassland sites. Liesemépest fit linear
regressions.

Fig. 6. Ecosystem water use efficiency (EWUE), i.e., the slope of gross primcayqiion

(GPP) vs. evapotranspiration (ET) on daily basis in dry (open symbols and dottednith@sn-
dry years (closed symbols and solid lines) for the three selected gdasités.

Fig. 7. Response of net ecosystem exchange (NEE), gross primary production (GPP), and
evapotranspiration (ET) to (a) air temperaturg @hd (b) vapor pressure deficit (VPD) at the 12
grassland sites. Half-hourly NEE, GPP, and ET data during day time (gholgtion > 5 W m

?) for the entire study period were aggregated in classes of increasing YPD.

Fig. 8. Relationship between gross primary production (GPP) and evapotranspiratiom(ET), a
between GPP x VPD (vapor pressure deficit) and ET on a daily basis for #tedsiees during

dry years.
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643

Table 1. Description of vegetation types and climate at flux sites. MAT: nmearala

temperature, MAP: mean annual precipitation.

Climate Site Latitude Elevation Study Vegetation Soll References
(State) longitude | (m) period type
MAT (°C)
MAP (mm)
Semi-arid Audubon| 31.5907 1469 2002- Short-grass | Sandy | Krishnan et
(A2) -110.5092 | 14.7 2006 prairie (G) clay al. (2012)
475 and perennial| loam
herbs
Semi-arid Flagstaff | 35.4454 2270 2005- Short-grasseg Silt Dore et al.
Wildfire -111.7718 | 9 2007 (C4/Cymixed) | clay (2008)
(A2) 610 with a few loam
shrubs
Semi-arid Kendall | 31.7365 1531 2005- Short-grass | Sandy | Scott et al.
(A2) -109.9419 | 17 2009 prairie (G) loam (2010)
345 and G shrubs
Temperate El Reno | 35.5497 421 2005- C, dominated| Norge | Fischer et
continental Burn -98.0402 | 14.9 2006 tallgrass silt al. (2012)
(OK) 860 prairie loam
Temperate El Reno | 35.5465 421 2005- C, dominated| Norge | Fischer et
continental Control -98.0401 | 14.9 2006 tallgrass silt al. (2012)
(OK) 860 prairie loam
Temperate Fermi 41.8406 226 2005- C, dominated| Silt Matamala et
continental Prairie -88.2410 | 9.4 2007 tallgrass clay al. (2008)
(IL) 937 prairie loam
Temperate Konza 39.0824 443 2007- C, dominated| Silt Brunsell et
continental (KS) -96.5603 | 13 2012 tallgrass clay al. (2008)
835 prairie loam
Temperate Walnut 37.5208 408 2001- Tallgrass Silt Song et al.
continental (KS) -96.8550 | 13.1 2004 prairie (G/C4 | clay (2005)
1054 mixed) loam
Humid Brooking | 44.3453 510 2004- Mixed Gz and | Clay Gilmanov et
continental s (SD) -96.8362 | 5.8 2006 C, species loam | al. (2010)
550
Temperate Fort Peck 48.3077 634 2000- Mixed Gz and | Sandy | Gilmanov et
(MT) -105.1019 | 5.13 2006 C, species loam al. (2010)
500 (missing
2002)
Temperate Goodwin| 34.2547 70 2002- Short-grasseg Silt Gilmanov et
(MS) -89.8735 | 15.7 2006 (C5/Cy) with | loam | al. (2010)
1455 scattered
trees and
shrubs
Mediterranean | Vaira 38.4067 129 2001- Cool-season | Very Baldocchi et
(CA) -120.9507 | 15.9 2007 C; species rocky | al. (2004)
498 and sparsely | silt
distributed loam
oak trees
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Table 2. Seasonal dynamics of carbon fluxes (net ecosysteraxclange, NEE and gross

primary production, GPP), maximum rates of NEE (MEEg C m? day"), GPP (GPRax g C

m? day"), and evapotranspiration (F&, mm day'), and maximum (EV{») and seasonally

integrated values (EVJn) of enhanced vegetation index at the 12 grassland sites.

Site GSly, | CUP GSlgpr | NEEnax | GPPax ETmax EVlmax EVlsum
(DOY) | (DOY) (DOY) | (xSD) (= SD) (= SD) (= SD) (= SD)
Audubon | 185-305 217-257] 209-257 -3.59+5.51+ 4.04 £ 0.32 + 3.16 +
1.65 2.57 1.16 0.04 0.24
Flagstaff | 105-313| 121-153| 121-273 -0.91+# 4.45% 3.39+ 0.30 £ 472 +
Wildfire 0.34 0.39 0.66 0.04 0.22
Kendall 193-297| 209-257| 209-257 -2.73+4 4.45+ 3.30 £ 0.27 + 249 +
1.18 1.45 0.46 0.08 0.27
ElReno |97-305 | 113-217| 105-289 -6.85+| 13.74 + 5.54 + 0.54 + 10.26 +
burn 2.3 4.82 0.09 0.08 1.33
ElReno |97-297 | 113-217| 97-289| -5.19+| 11.02+ 5.69 + 0.55 + 99+
control 0.23 2.01 0.3 0.09 1.28
Fermi 97-313 | 113-265| 105-289 -9.50 +| 14.49 + 5.64 + 0.65 + 11.68 +
Prairie 1.49 1.85 0.34 0.06 0.48
Konza 97-321 | 129-233| 97-321] -9.104 15.86 + 7.61 + 0.59 + 10.31 +
1.29 2.63 0.92 0.07 0.38
Walnut 89-313 | 113-273| 105-289 -4.504 10.63 + 5.24 + 0.53 % 10.0 +
0.77 0.63 0.8 0.05 0.27
Brookings| 81-329 | 97-185 & 97-305 | -5.35+ | 10.59 + 8.13 0.66 + 13.21 +
265-305 1.34 1.62 1.7 0.1 0.05
Fort Peck | 97-265| 105-169 105-225 -2.12+4.38+ 5.24 0.31 + 4,59 +
1.24 2.14 2.86 0.03 0.17
Goodwin | 25-337 | 33-273 33-313 -6.174 12.68 + 6.41 + 0.62 + 16.28 +
2.29 1.12 2.43 0.04 0.22
Vaira 305-161 17-137 345-14p -5.414 10.38 + 3.81+ 0.43 + 8.04 +
0.79 0.60 0.40 0.04 0.51

1. Maximum values of NEE, GPP, ET, and EVI at eaoh si¢re first determined for an individual year rthe

averaged for the entire study period.

2. GSlgy and GSlgppare growing season lengths based on EVI and G3Pectively. CUP is carbon uptake

period.

3. The 8-day composite EVI values were summed (EYfor the period of GSky, for an individual year,
then averaged for the study period.
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654 Table 3. Integrated net ecosystem,@®change (NEE, g C fryeaf’), gross primary production
655 (GPP, g C nif yeat), and evapotranspiration (ET, mm y&aon annual (yr) or growing season
656 (GSL) scales at the 12 grassland sites. Ecosystem water useneffi¢y C mrit ET) on annual
657 (EWUE) and seasonal (EWU,) scales were derived from the ratio between annual and

658  growing season sums of GPP and ET, respectively.

Site NEE, | GPR, |ETy, |EWUE, | NEEgs. | GPRsst | ETest | EWUEgs,
(= (xSD) | (+ SD) (xSD) | (£SD) | (xSD)
SD)
Audubon 88+ 178+ |264+ |067+ |-5% 147 + 155+ | 0.93 +
250 151 10 0.55 110 112 35 0.64
Flagstaff 93 391 382 1.02 60 353 302 1.17
Wildfire
Kendall 20+ 188+ |231+ |0.79+ |-39% 146 + 138+ | 1.0+ 0.3
44 66 37 0.19 46 67 33
El Reno -71 1139 651 1.75 -207 1129 563 1.96 +
burn 0.71
El Reno -13 1085 714 1.52 -175 1060 603 1.74
control 0.29
Fermi -333 | 1298 660 1.97 -389 1267 580 2.23 +
Prairie 0.03
Konza -86+ 1308+ 663+ [198+ |-186+ |1206+ |593+ |2.03%
107 | 303 136 0.3 102 317 132 0.22
Walnut -118 | 968 594 1.63 -154 938 510 1.83 +
0.12
Brookings | -183 | 859 826 1.04 -181 839 742 119+
0.52
Fort Peck 9+ |331+ [348+ [0.88+ |[19+88| 238+ |262+ |0.90+
90 178 99 0.37 148 124 0.36
Goodwin -223 | 1369+ | 665+ [2.04+ |-233+ |1345+ |636+ |2.14+0.4
+204 | 261 117 0.37 187 260 106
Vaira 55+ 759+ | 299+ |252+ |-127+ |751+ 280+ | 2.65+
96 204 41 0.52 113 202 34 0.43

659
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660 Table 4. Correlation coefficients (r) between 8-day composite valuesss grimary production
661 (GPP), evapotranspiration (ET), and enhanced vegetation index (EVI) for the wwlyr@ariod

662  atthe 12 grassland sites.

Site GPP~EVI ET~EVI
Audubon 0.90 0.79
Flagstaff Wildfire 0.63 0.47
Kendall 0.85 0.72
El Reno burn 0.94 0.91
El Reno control 0.93 0.92
Fermi Prairie 0.88 0.89
Konza 0.89 0.80
Walnut 0.94 0.92
Brookings 0.73 0.81
Fort Peck 0.69 0.67
Goodwin 0.83 0.78
Vaira 0.87 0.81
Cross-sites 0.85 0.80

663
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Fig. 2
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Fig. 6
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Fig. 7b
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Fig. 8
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