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Abstract. Precipitation and temperature drive many aspectsin this grassland may be substantially altered by predicted
of terrestrial ecosystem function. Climate change scenarehanges in interannual climate variability, intra-annual rain-
ios predict increasing precipitation variability and temper- fall variability, and temperature, (2) interannual climate vari-
ature, and long term experiments are required to evaluatation was a larger source of variation in ecosystem function
the ecosystem consequences of interannual climate variatiothan intra-annual rainfall variability and warming, and (3)
increased growing season (intra-annual) rainfall variability, effects of increased growing season rainfall variability and
and warming. We present results from an experiment apwarming were small, but ecologically important. The relative
plying increased growing season rainfall variability and yeareffects of these climate drivers are likely to vary for different
round warming in native tallgrass prairie. During ten years ecosystem processes and in wetter or drier ecosystems.

of study, total growing season rainfall varied 2-fold, and we
found~50-200 % interannual variability in plant growth and
aboveground net primary productivity (ANPP), leaf carbon
assimilation Aco,), and soil CQ efflux (Jco,) despite only 1
~40 % variation in mean volumetric soil water content (0—

15cm,®1s). Interannual variation in soil moisture was thus )
amplified in most measures of ecosystem response. pifJerrestrial ecosystems account for large exchanges of carbon

ferences between years @5 explained the greatest por- (C) with the atmosphere (Denman et al., 2007), but the con-

tion (14-52 %) of the variation in these processes. Exper-tm' of these fluxes by climate remains poorly understood.

imentally increased intra-annual season rainfall variability Preapltatlon ar_ld temperature are two primary elemgnts of
doubled the amplitude of intra-annual soil moisture varia-Climate regulating ecosystem function. Important variation
tion and reduce®ys by 15 %, causing most ecosystem pro- IN Precipitation and temperature, from an ecosystem perspec-
cesses to decrease 8-40 % in some or all years with increasdly®: occurs on daily to decadal time scales (Bonan, 2002;
rainfall variability compared to ambient rainfall timing, sug- ©00din et al., 2002). Recent analyses of long-term weather
gesting reduced ecosystem rainfall use efficiency. Warmindecords show that temperatures are warming at a rate not seen

treatments increased soil temperature at 5cm depth, partidD the last century (Trenberth et al., 2007), and that areas of
ularly during spring, fall, and winter. Warming advanced the Northern Hemisphere have experienced increased total

canopy green up in spring, increased winfep,, and re- annual precipitation, a greater proportion of precipitation in

duced summesco, and forb ANPP, suggesting that the ef- large evenFs, and Ionger.periods of droug_ht (Gro_isman et a].,
fects of warming differed in cooler versus warmer parts of 2005; Groisman and Knight, 2008). Projected increases in

the year. We conclude that (1) major ecosystem processedmospheric C@and other greenhouse gases are expected
to reinforce these trends (Karl et al., 2009). These observed

and expected changes in the means and variability of precip-
Correspondence td?. A. Fay itation and temperature on inter- and intra-annual time scales
BY (philip.fay@ars.usda.gov) will likely have important impacts on terrestrial ecosystem
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structure and function, but these have been largely unex- The influence of interannual variability in rainfall and tem-
plored. perature can make it difficult to assess the effects of intra-
The conceptual framework for understanding ecosystenmannual climatic variation (Nippert et al., 2006b). Interactions
responses to precipitation variability originates in researchbetween warming and intra-annual rainfall variability may
on arid ecosystems showing that ecosystem responses &mplify interannual variation and create threshold changes
rainfall patterns depend on the temporal separation of rainin ecosystem structure (CCSP, 2010). An understanding of
fall pulses and the extent of inactivity between pulses (Noy-these interactions and their consequences for ecosystems re-
Meir, 1973). Soils play a crucial role by capturing discontin- quires long-term field experiments. Although there are long-
uous inputs of precipitation, and making it available for plant term warming experiments (e.g. Saleska et al., 1999; An et
and microbial function in amounts and durations determinedal., 2005; Sherry et al., 2009), we know of no experiments
in part, by soil physical properties, vegetation, and distur-in perennial grasslands that have manipulated growing sea-
bance (Reynolds et al., 2004; Rodriguez-lturbe and Porposon rainfall variability and warming for long enough to com-
rato, 2004). Ecosystem responses to altered precipitatiopare their effects to those of interannual climate variation.
variability may differ among wet or dry systems or years, Grasslands are important and experimentally tractable sys-
depending on how often thresholds of too little or too muchtems for examining these issues because they cover approxi-
soil moisture are exceeded (Knapp et al., 2008). For exammately 40 % of the land surface, are rich and dynamic in bio-
ple, Heisler-White et al. (2009) found that increased growingdiversity, are a globally important agricultural resource, and
season rainfall variability resulted in increased net primaryare at risk from degradation and habitat conversion. Under-
productivity in semiarid grasslands, but decreased it in morestanding the basic functional responses of grasslands to mul-
mesic grasslands. tiple climate drivers over different time scales is critical for
Previous studies in tallgrass prairie suggest that variatiorpredicting impacts of future climate regimes on grasslands
in precipitation at different temporal scales affects differentand their ability to sustainably provide ecosystem goods and
aspects of ecosystem structure and function (Schwinning andervices, such as food, fiber, and clean water, while maintain-
Sala, 2004). For example, several studies have linked 2-foldng biological diversity (Hoekstra et al., 2005).
or more interannual variation in aboveground net primary Here we report results from the first 10yr (1998—-2007)
productivity (ANPP) to interannual variability in precipita- of an ongoing experiment in a water-limited perennial tall-
tion (Briggs and Knapp, 1995; Knapp et al., 2001; Huxmangrass prairie in Kansas, in the middle of the North American
et al., 2004). Variation in the size and spacing of precipi- Central Plains. In 1998, we began an experiment featuring
tation events within a growing season also affects numerousn altered rainfall timing treatment that increased growing
processes. A pattern of larger growing season rainfall eventseason rainfall variability, relative to ambient rainfall pat-
separated by longer dry intervals caused increased soil moiderns, without changing total rainfall amount. In 2003, the
ture variation and reduced ANPP, leaf carbon assimilationjncreased rainfall variability regime was combined with a
and soil CQ efflux compared to the same total rainfall guan- warming treatment. Here we extend previous studies (Knapp
tity distributed in smaller more frequent events (Mielnick and et al., 2002; Fay et al., 2003a; Harper et al., 2005; Nippert et
Dugas, 2000; Knapp et al., 2002; Fay et al., 2003a; Harper eal., 2009) by evaluating (1) the responsiveness of ecosystem
al., 2005; Nippert et al., 2009). processes to interannual climate variability vs. the respon-
Previous studies have found varying ecosystem responsesveness to increased within-growing season (intra-annual)
to warming. Earlier spring greenup and flowering was re-rainfall variability, and (2) how the effects of increased inter-
ported in several studies (Badeck et al., 2004; Cleland et al.and intra-annual rainfall variability on ecosystem processes
2006; Sherry et al., 2007). Increased soil respiration is generinteract with and compare to those of experimental warming.
ally the most commonly found response to warming (Rustad These objectives were addressed through measurements of
etal., 2001), but both increases (Zhou et al., 2006), decreasdke timing of plant growth and senescence, rates of plant
(Liu etal., 2009), and soil moisture-dependent responses (Albiomass accumulation and flowering, leaf photosynthesis,
magro et al., 2009) have been reported in grasslands. Simand soil CQ efflux. We hypothesized that interannual cli-
larly, warming generally increased aboveground biomass immate variability would be the primary driver of interannual
a cross-biome meta-analysis (Rustad et al., 2001), but studsariability in ANPP, while increased intra-annual rainfall
ies in grassland have reported no response (de Valpine andariability would be the primary driver of average rates of
Harte, 2001; Dukes et al., 2005; Xia et al., 2009) or decreaseteaf photosynthesis and soil G@fflux. We also hypothe-
aboveground productivity (De Boeck et al., 2008). Varying sized that interannual climate variability and increased intra-
responses to warming in grassland likely reflect complex in-annual rainfall variability would have stronger effects on
teractions among temperature, soil water availability and themost ecosystem processes than warming in this grassland,
temperature and moisture sensitivities of key plant and mi-which is in the center of the thermal range of the dominant
crobial physiological processes. species.
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2 Methods the size of rain events and length of dry intervals were
increased.

This study was conducted in the Rainfall Manipulation Plots

(RaMPs) facility at the Konza Prairie Biological Station —— Reduced quantity and altered pattern: as in altered pat-

(KPBS) in northeastern Kansas, USA {89 N, 96°35 W). tern, except only 70 % of the accumulated rainfall was

The vegetation of the site is dominated by @rasses, applied, which imposed both drought and increased

primarily Andropogon gerardii Sorghastrum nutansPan- rainfall variability.

icum virgatum and Sporobolus aspeplus a number of €
forbs, primarily Solidago canadensisAster ericoidesand
S. missouriensis The climate is temperate midcontinen-
tal. Mean annual temperature is %43, mid-growing season
(July) mean temperature is 2C (range 20 to 33C), and

All rainfall application amounts were reduced by 10 %
from the nominal ambient amount to offset slight increases
in soil moisture underneath the rainout shelters compared to
the adjacent unsheltered control plots. In 2002, the reduced
guantity treatment was discontinued as a transition to pre-

tmhgagoellgn_lézluprﬁ]c(;gltt:;'[é(t)_n(els i::;t_Sorrr]m;].c tﬁztalr;a'n;a”;l:gg% pare for Phase Il. All plots continued to receive their assigned
ologically Ve port growing rainfall timing treatment (ambient vs. altered) but all now re-

gl. M?y thr%ugh .30 fﬁptenéb:r) avsriaesRGi;SPmm, V\ll'th tthe eived growing season rainfall amounts equivalent to 100 %
riest period during July and August. The RaMPs are locate f ambienty. = 6 per rainfall treatment.

'?hn IrW".] 5|It§|/_r::layl I?am SO'LS' typécal Or]: Iow_lanq Fl)r?m& n h Phase Il began in 2003 with the initiation of a warming
IS region. The plots were burned each spring In 1ate Marchy o yynent. Infrared heating lamps (HS-2420, Kalglo Elec-

pr?or to green-up. Frequent fire was historically common i.n tronics Co, Bethlehem, PA, USA) were installed in two ran-
this grassland and today is a typical management pracnc«aomly chosen % 2m subplots within the & 6m rainfall

(Knapp et al., 1998). treatment plots. The lamps were operated continuously year

| Trt].e RaMPst fic'll'tty consists dcf)f twil\'(;el ktlk? m f'ﬁzdl' o round, and emitted a constant 20—-25 W4rof downward
ocation rainout Shetlers covered from ay throug infrared radiation. Lamps were placed 1.2 m above the soil

tober by a clear polyethylene roof._ The shelters eXCIL_Jdesurface at the beginning of each growing season and raised
natural rainfall from the plots and divert the excluded rain-

. . eriodically to maintain that height above the plant canopy.
fall to storage tanks for application to the plots using over—(? y 9 P by
n

head sorinkl Each shelt hvdrologicallv isolat he lamps are identical to those of other grassland warm-
€ad Sprinkiers. Each sheller covers a hydrologically 1Solate g experiments (Luo et al., 2001), and here increased day

6x 6.m sampling plot. See Fay gt al. (2000) for additional (0.4-0.6°C) and night (1.0-1.5C) canopy temperatures of
details on the rainout shelter design. a 2x2m area during May through August. Two addi-
tional 2x 2 m subplots were unwarmed and thus experienced
ambient temperatures. One unwarmed subplot contained a
dummy lamp to control for effects from the physical pres-
gnce of the lamps and associated infrastructure.

2.1 Treatments

During Phase I, 1998-2001, four experimental rainfall treat-
ments were applied in three replicates. The treatments wer
factorial combinations of two growing season rainfall quan-
tities combined with two growing season rainfall patterns, as
follows:

2.2 Microclimate and ecosystem function
measurements

Sensors were installed to measure rainfall, soil temperature,
and soil water content. Natural rainfall quantities were mea-
sured with six manual rain gauges. Soil temperature was
measured with thermocouples at 5cm defiif;) in two
mbient and two altered rainfall plots during 1998—-2003,
and in the center of each of the four subplots in three am-
bient and three altered plots during 2004-200 i, Was
— Reduced quantity: as in ambient, except 70 % of eacHogged every 30 min and stored as 1 h averages on data log-
rainfall event was applied. gers (CR10X, Campbell Scientific, Logan, UT, USA).
Soil volumetric water content at 0—15 cm depthy §) was
— Altered pattern: intra-annual rainfall variability was in- measured using time domain reflectometry methods. Probes
creased by accumulating the collected rainfall until the consisting of a pair of 15 cm long stainless steel rods were in-
dry interval was 50 % longer than the ambient dry in- serted vertically at the soil surface at four locations per plot
terval. Then the accumulated rainfall was applied as a(Phase 1), or in the center of each subplot (Phase Il). Dur-
single large event, at a rate that insured all rainfall en-ing 1998—-2004, these probes were read weekly using a Tek-
tered the soil profile. The total growing season amounttronix cable tester. Beginning in 200815 was measured
of rainfall applied in this treatment was identical to am- with 30 cm long probes (CS616, Campbell Scientific, Logan,
bient, while the number of rain events was reduced andJT, USA) inserted at 30 ®15 was logged every 10 min and

— Ambient: each time a natural rainfall event occurred,
the quantity of rain that fell was applied to the plots
within 24 h, replicating the naturally occurring rainfall
regime in number and sizes of rainfall events, length of
dry intervals between events, and total growing seaso
amount.

www.biogeosciences.net/8/3053/2011/ Biogeosciences, 8, 30682011
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stored as 30 min averages on data loggers. We used the dailyeighed after drying at 65C for at least 48 h. One plot dif-
average®q5 of one day per week from the continuous data fered markedly in plant species composition from the oth-

to match the sampling frequency of the pre-2@df data. ers and was omitted from the biomass analyses. Data from
1998-2002 were reported in Knapp et al. (2002) and Fay et

2.3 Plant growth measurements al. (2003a).

2.3.1 Canopy greenness 2.3.4 Flowering

Spring canopy green up and fall canopy senescence wasjowering culms ofAndropogon gerardind Sorghastrum
quantified in the 2005-2007 growing seasons by measurnytanswere counted each September in two locations per

ing percent green cover with a digital canopy camera (Firsty|ot during 1999—2002, and once per subplot during 2003—
Growth, Decagon Devices Inc., Pullman, WA, USA). Each 2gg7.

subplot was imaged between 09:00 and 12:00 LT every four

to seven days following the first appearance of new spring2.4 Measurements of CQ fluxes

growth (~late April) until canopy closure (mid—late June),

and from the onset of canopy decline until frostlfte  2.4.1 Leaf photosynthesis

August—October). Percent green cover was estimated by a

proprietary algorithm in the camera processor, which esti--€af net photosynthesisico,) was measured weekly from
mated the ratio of green pixels to total pixels in the image.June through September in 1998 and 1999, and one to three
The camera was calibrated with a white card prior to eachtimes per month in June, July, and August in 2000, 2002,
sampling, to control for variation in illumination among sam- @nd 2005-2006 oA. gerardii Solidago canadensigas also

ple dates. measured during 1998—-2000, @ddnutansvas measured in
2002, 2005 and 2006. Sampling dates were chosen to capture
2.3.2 Canopy light penetration the full range of growing season soil moisture variability.

Aco, during 1998-2002 was measured with two annually
Light interception by the canopy was determined at mid- calibrated closed path infrared gas analyzers (LI-6200, LI-
season as a proxy of accumulated midseason abovegrourgor Biosciences, Lincoln, NE, USAfco, was measured on
biomass. Vertical profiles of photosynthetic photon flux den-four plants per plot, using fully expanded, recently matured
sity (PPFD) were measured with a ceptometer (Decagon Deupper canopy leaves, and was completed between 10:00 h—
vices Inc., Pullman, WA, USA) at 10 cm increments to the 15:00 h. The 1998-1999 weekly measurements usually were
maximum canopy height<1m). Profiles were measured conducted on cloud-free days. Measurements were omitted
between 12:00 and 14:00 at two locations per plot duringfrom analysis if PPFD was:500 umolnt2s-1, and entire
1999-2002, and one location per subplot during 2003-200plots were omitted from analysis when plot mean PPFD was
on 2-4 clear days each July. Light profiles were fit with a <1000 umol nr2s~1. This data filtering resulted eliminated
sigmoid equation: 7 % (244 out of 3488) measurements. All measurements dur-

Y—x0)/b ing 2000 and 2002 were conducted on clear days.

PPFD=a/(1—e0") @) Aco, during 2005-2006 was measured with two open path
wherea = maximum PPFDyxg = height of 50% PPFD and infrared gas analyzers (LI-6400, LI-Cor, Biosciences, Lin-
b=slope of PPFD decrease. Smallgrvalues indicate that coln, NE, USA) with red/blue LED light sources and €0
the height of interception of 50% of the light is closer to injectors. Measurements were conducted in one warmed sub-
the ground, and deeper penetration of light into the canopyplot and one unwarmed subplot per plot. Each measurement
means less aboveground biomass. Seven out of 300 profilassed one recently matured leaf per tiller from two tillers per
did not fit this equation gt < 0.0001, and were omitted from species. Cuvette conditions were 1500 umofrsr* PPFD,

analysis. 370 pmol mot! (CO,), and near ambient relative humidity.
_ o This PPFD is adequate for light saturation and comparable
2.3.3 Aboveground net primary productivity to light levels in the 1998—-2002 data. Measurements were

) logged when stability (the coefficient of variation ato,)
ANPP was estimated annually from harvests of abovegroung, a5 -1 o4 over 15s. Measurements usually stabilized in 5—

biomass at the end of the growing season (mid October) g min, Data from 1999 were reported in Fay et al. (2002),
All aboveground biomass was clipped at ground level from 5,4 from 2005-2006 in Nippert et al. (2009).
20 x 50cm sampling quadrats. Ten quadrats per plot were

harvested during 1998-2002, and four quadrats per sub2.4.2 Soil CQ fluxes

plot (16 per plot) were harvested during 2003-2007. The

plots were burned each spring and ungrazed, so accumulatesbil CO;, efflux (Jco,) was measured with an infrared gas
aboveground biomass represented current year productiomnalyzer (LI-6200, LI-Cor Biosciences Inc., Lincoln, NE).
Harvested samples were sorted into grasses and forbs, ardlring the growing season/co, was measured weekly

Biogeosciences, 8, 3053668 2011 www.biogeosciences.net/8/3053/2011/
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each May through October. Wintdeo, was measured on We used multiple regression (MR) analysis to determine
7-9 snow-free dates during November through March inwhich among mea®1s, CVeg,;, Or Tsoil,s €Xplained more
2005/2006 and 2006/2007/co, was measured at two per- variation in key ecosystem responses. Grass and forb ANPP,
manently installed PVC collars (8 cm diam, 1.7 cm heightin- Aco,, and Jco, were analyzed with a stepwise procedure
serted to 1.2 cm) at four locations per plot during 1998-2002with p = 0.10 required for variable retention. Variance in-
and at two collars per subplot from 2003—-2007. Data fromflation factors for the predictor variables ranged from 1.2
1998-2001 were reported in Harper et al. (200&%), rates  (Tsoils) t0 1.7 (CVp,:), suggesting that multicollinearity
were estimated from the linear rise in gEncentration over among the predictor variables was low. Univariate regression
1to 3min. analyses of these variables were also conducted.

2.5 Data analysis
3 Results
Intra-annual rainfall variability was quantified by comput-
ing the coefficient of variation (CV) from the daily rainfall 3.1 Microclimate
amounts applied to the RaMPs during the growing season )
(1 May-30 September). Mean growing seagagwas com-  3-1.1 Rainfall
puted by averaging the weekly measurements for each ye
Variability during the growing season if15 was quantified
by computing two variability metrics: (1) the CV @15,
which expresses temporal variability in me@ns as a per-
centage 0f®15; (2) the mean change in soil moisture be-

a‘li‘otal growing season rainfall inputs (May—September) var-
ied 1.8—fold between years, from 334 mm in 2005 to 600 mm
in 1998 (Fig. 1a). The altered rainfall treatment dramatically
changed growing season rainfall regimes. Event sizes were
tween successive individual rainfall events@1s), which larger, small even'éstbetchame w;)f_reqyent,f a"nd ogy mteFryaIsl:)n-
describes the absolute amplitude of variatio®ix. creased compared fo the ambient rainall pa em ( 9. - )-
o : . As a result, the CV of individual rainfall events was signifi-
Statistical analyses of soil moisture and ecosystem process ; :
.~ Cantly greater in 9 out of 10yr in the altered treatment com-
responses to treatments and year were conducted using lin- . :
. . . pared to ambient (Fig. 1q7 < 0.0001, Table Al). The re-
ear mixed models procedures in SAS 9.1 (SAS Institute Inc, . ) .
. . uced quantity treatment during Phase | caused only minor
2003) in two steps. First, a repeated measures model was ] S B Lo
. . . ough significant 4 =0.01) variation in rainfall CV.
to data from all ten years with rainfall pattern (ambient vs.
altered) as a fixed effect in a randomized complete block de-3 1.2 Mean soil moisture

sign (RCB), year as the repeated effect, and plot as the exper-

imental unit. Type lll sums of squares were used to orthog-there were significant differences among years in grow-
onally compare the effect of interannual climate variability j,g season mean soil moisture. Under ambient rainfall,
versus effects of increased intra-annual rainfall variability. ©®15 ranged from 27 % in 2002 to 38 % in 1999 (Fig. 1d,
Second, separate repeated measures models were fit to the_ 9. 0001, Table Al). Altered rainfall patterns reduced
two phases of the experiment. The model for Phase | (19985 to about 86% of ambient values for the 10yr com-
2002) contained rainfall pattern and quantity and their inter-pined (» =0.0025), even though the treatments received the
action as fixed effects in RCB, year as the repeated effectsame total rainfall amounts. The reduced quantity treat-
and plot as the experimental unit. Type Ill sums of squaresment reduced®:5 to 90% of ambient valuesp(= 0.01),
were again used to compare effects of interannual climat&imilar to the magnitude of the altered rainfall effeeds
variation against effects of intra-annual variability and quan-\yas marginally reducedp(= 0.094) in warmed compared to
tity treatments. The model for Phase Il (2003-2007) con-ynwarmed subplots, due to significant differences in 2006
tained rainfall pattern as a whole-plot fixed effect in RCB, (1,99, » =0.009) and 2007 (1.8 %3 =0.01).
warming as a subplot fixed effect, and year as the repeated
effect. This model compared interannual climate variation3.1.3  Soil moisture variability
to increased rainfall variability and warming effects. For re-
sponses measured multiple times during the growing seasoAltered rainfall patterns increased @Y, (16 %) andA®15
(i.e. soil moisture means and variability, midseason biomass(2-fold) (Fig. 1e,p < 0.01, Table A1), indicating greater soil
Aco,: Jco,), the growing season mean was used for anal-moisture variability during the growing season and a greater
ysis, calculated by averaging values from individual sampleamplitude of soil moisture change between sequential rain-
dates in each year. Transformations were applied to respondall events. C\,, was a decreasing function 6f;s (Fig. 2,
variables where needed to meet assumptions of normality??=0.38,p < 0.0001), indicating that lower mean soil mois-
and/or equal variances. Means separations were performeire was often accompanied by greater growing season soil
using the LSMEANS statement with the DIFF option. Full moisture variability. A®15 was weakly correlated witl1s
ANOVA results are presented in the Appendix (Tables A1, (R?=0.07,p < 0.0001), indicating that the amplitude of soil
A2). moisture change between events was only loosely associated

www.biogeosciences.net/8/3053/2011/ Biogeosciences, 8, 30682011
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with mean soil moisture, and likely more dependent on rain

event size. A®35 and CVp,; were unaffected by reduced
rainfall quantity (0.06< p < 0.19, Table Al) and\®15 was
unaffected by warmingy(=0.23).

3.1.4 Soil temperature
Tsoilys differed significantly among years (Fig. 3a,
p <0.0001, Table Al), varying by ¥ during 2004-—

2007. However,Tsoil,s Varied considerably more among
seasons than among years. Winlgsi,s averaged 2—4C,

Biogeosciences, 8, 3053668 2011

increasing to 15-17C during spring and fall, and 24-2€
during summer (Fig. 3b—e)lsoil,5 differed 2-3°C between
day and night, regardless of season.

The warming treatment caused & overall increase in
mean annual’seil,s during 2004-2007 (Fig. 33 < 0.0001,
Table A1), with the increase varying from 0C in 2004
to 1.5°C in 2006 (p <0.0001). Warming caused larger
increases iMsoil, during fall, winter and spring (1.3-1°€)
compared to summer (O°C, all p <0.0001, Fig. 3b—e).
Warming effects orfsoi,; Were similar day and night.

www.biogeosciences.net/8/3053/2011/
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3.2 Plant growth responses 100

ambient/unwarmed
ambient/warmed
altered/unwarmed
altered/warmed

3.2.1 Canopy greenness 80 7

Warming was the largest factor affecting canopy green up 607

during spring. During late April and May (weeks 15-20)
when green up was most rapid, warming increased green-
ness by 13-96 % compared to unwarmed subplots (Fig. 4, 20 1
p <0.0001, Table A2). Differences among years in canopy

greenness were highly significanp £ 0.0001) but much . . . . .
smaller (3 %, data not shown) than the effect of warming. Al- 2 18 20 32 36 40 44
tered rainfall patterns caused no significant effects on green- Week

ness during weeks 15-20 £ 0.34). However, as the season Fig. 4. Cover of green vegetation (%) during spring and fall, by

progressed (early June, weeks 20-22), the warming effeGhinfall pattern and warming treatment during 2005-2007. Error
diminished and altered rainfall patterns reduced greennesgars denote 1 SE.

~89% compared to ambient rainfalp £0.0079). Canopy
senescence in the late summer/fall showed small but signifi
cant (p < 0.0001) differences among years, but no significant

40 A

Green cover (%)

3.2.4 Flowering

warming or rainfall effects (Table A2). Flowering culm production inA. gerardii and S. nutans
. , was low in most years but was abundant in 1999 and 2004
3.2.2  Midseason aboveground biomass (Fig. 5e—f, p <0.0001, Table A2). A. gerardii flower-

There were large dlffere.nces among years In canopy ligh 0.16< p <0.70, Table A2). In contrast, altered rainfall
levels at midseason{, height of interception of 50 % of the .
. . patterns reduce&. nutansflowering by 50 % for all years
light), a direct measure of canopy structure and a proxy for . _ .
. : combined p=0.0036), as well as in both Phase | and I

aboveground biomass. Across all yeatgyaried almost 2- .

7 ; . (0.006< p < 0.04, Table A2). Warming treatments had no
fold (Fig. 5a, p <0.0001, Table A2), while altered rainfall effects on flowering culm oroduction f&. nutans
patterns reducedy 17 % (p =0.016), indicating less above- 9 P ’
ground biomass at midseason. Altered rainfall reducgd
in all years during Phase p( 0.04), while during Phase I
xo was significantly reduced in 2004 and 200b<0.001).  3.3.1 Leaf carbon assimilation
Warming only affectedrg in 2007, increasing it by 15%

{(ng did not differ between rainfall or warming treatments

3.3 Plant and soil CG flux responses

(p=0.0002). There were large differences among yearsAito, for the
_ o codominant grasses gerardiiandS. nutansMeanAco, in
3.2.3 Aboveground net primary productivity A. gerardii varied 3-fold among years (Fig. 6a,< 0.0001,

i ) Table A1), and was reduced 8 % by altered rainfall patterns
For all years combined, total ANPP varied 2-fold among ¢y, 5| years combinedj(=0.03) because of significant ef-

years (Fig. 5bp < 0.0001, Table A2), while altered rainfall  ¢ots in 1998, 2000, and 2002. During PhasA.|gerardii

reduced total ANPP by an average of 10 % compared to amA o, was unaffected by the reduced quantity treatment (data
bient rainfall (p =0.0098, Table A2). During Phase I, altered

not shown,p > 0.46, Table Al). FofS. nutansAco, varied

pattern and reduced quantity treatments both reduced totg() o4, among years (Fig. 6lp,< 0.0001), and was reduced by
ANPP by 15 % compared to ambient (0.004 <0.03, Ta-  jtered rainfall patterns in 2002 & 0.007). Warming had
ble A2). However, total ANPP was not affected by altered ., affect onAco, for either grass. In contrass, canadensis

rainfall patterns during Phase Ip & 0.12). Warming caused  ghoed Jittle interannual variation iAco, and no response

a~59% reduction in Phase Il ANPR (< 0.039). to altered rainfall patterns. However, the reduced quantity
. Grass AN_PP accounted for 80 % of total ANPE and Var-yeatment decreasesl canadensig co, by 10 % compared
ied to a similar degree among yeays<{ 0.0001, Fig. 5€). {4 ambient quantity§ < 0.05, Table A1), mainly because of
Grass ANPP was not affected by altered rainfall patterns large decrease in 2000 (Fig. 6b). For all three spe€igs

butincreased in 2007 in response to warmipg0.017, Ta- a5 reduced by 8 to 38 % (0.67p > 0.0001) in years when
ble A2). Forb ANPP showed little variation among years ex- gterations in rainfall timing and/or quantity caused signifi-
cept for an increase in 2007 (Fig. 5el< 0.0001, Table A2).  -4nt reductions intco,.

Warming had the strongest effects on forb ANPP, reduc-
ing it 23 % compared to unwarmed subplots0.04), with 332  Soil CQ fluxes

no significant difference in warming effects among years

(p=0.91). There were no significant effects of rainfall treat- Mean growing seasotico, varied by 46 % among years,
ments on forb ANPPL > 0.40). (p <0.0001, Fig. 7a, Table Al). Altered rainfall patterns

www.biogeosciences.net/8/3053/2011/ Biogeosciences, 8, 30682011
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Fig. 6. Leaf photosynthesisAco,) by rainfall treatment foi(A)
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Solidago canadensi€C3). Insets: mean 0-15cm volumetric soil
water content®45) for years when altered rainfall caused signifi-
cant reductions il co,. Error bars denote 1 SE of the mean.

reducedJco, by 8% (p =0.0005), with similar reductions

ing reducedJco, by 5% compared to ambienp & 0.04).
Jco, was much lower during winter than during the grow-
ing season, and increased 11% with warmipg=(.003,
Fig. 7d). WinterJco, was unaffected by altered growing
season rainfall patterns.

3.3.3 Correlations with soil moisture and temperature

Total and grass ANPBco,, andAco, for all three species
increased with®15 (0.14< R2 < 0.52, 0.000%k p < 0.003,
Fig. 8a—c, Table 1), while forb ANPP was not correlated
with ®15 (p =0.48). Grass ANPP andto, decreased with
CVe,,, (R?=0.04-0.22, 0.0001k p <0.01 Fig. 8d-e).
Aco, was not correlated with Cy, for any of the species,
although the variability inAco, decreased with C¥,.
(Fig. 8f). Aco, in A. gerardiiand S. nutanswere increas-
ing functions ofTsoil,; (R2=0.04—0.12, 0.007< p < 0.04,
data not shown).

®15 was the first variable to enter multiple regression
models for total ANPP, grass ANPP, antto,, account-
ing for 18-52 % of the variation (0.0064 p < 0.009, Ta-
ble 1). CVp,; was the second variable to enter the MR
model for grass and forb ANPP, ard gerardii Aco,,
explaining an additional 2—7 % of variation in these vari-
ables (0.000k p <0.003). C\g,, did not enter models
for Aco, of S. canadensi®r S. nutans Thus, ®15 con-

each year g =0.18). During Phase |, altered rainfall reduced sistently explained more of the variation in these ecosys-

Jco, by 13 % (Fig. 7bp < 0.0001), while the reduced quan-
tity treatment caused a 7% decreage=0.032). During
Phase Il, altered rainfall patterns marginally reduded,
compared to ambient rainfall (Fig. 7p,=0.08), and warm-

Biogeosciences, 8, 3053668 2011

tem processes./co, followed a different pattern. C¥,.
was first to enter the MR modeR€ =0.27, p < 0.0001) fol-
lowed by ®15 (R?=0.11, p < 0.0001). Tsoi,,; entered the
MR models last or not at all, accounting for only 1-6 % of
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Table 1. Regression parameters and statistics for mean soil moisture at 15 cm @ggjhifitra-annual season soil moisture variability
at 15cm depth (C¥,5), and soil temperature at 5cm deptiydj,) from univariate and multivariate regression models for ANPP, leaf
photosynthesis, and soil G@fflux.

Univariate Regression Multiple Regression
Intercept Slope ~ R2 p PartialR?2 Model R? F p
O15 279.0 1480.0 0.16 <0.0001 015 0.19 0.19 449 <0.0001
Total CVe;s 890.0 —6.4 0.10 <0.0001 C\y,, - - -
Tsoils - - - <0.11  Tsoilpg 0.02 0.21 - 0.0192
®15 118.0 1621.0 0.18 <0.0001 015 0.18 0.18 41.6 <0.0001
ANPP Grass CY,5 831.0 -81 0.15 <0.0001 C\y,, - - -
Tsoilgs - - - 0.15  Tsoilgs 0.105 0.20 3.6 0.0576
®15 - - - 0.32 ®15 - - - -
Forb CVoys 59.5 1.7 0.01 0.02 C¥, 0.02 0.02 4.4 0.0125
Tsoilys - - - 0.80  Tspilyg 0.02 0.04 3.2 0.0049
O15 0.011 57.9 0.52 <0.0001 015 0.52 0.52 103.8 <0.0001
A. gerardii CVe,s - - - 0.11 C\yg 0.08 0.61 20.4 <0.0001
Tsoils 28.75 0.66 0.04 0.04  Tsoilyg 0.02 0.63 5.8 0.018
®15 3.05 36.74 0.19 0.005 ©15 0.19 0.19 13.6 0.003
S. nutans CVe,s - - - 0.38 C\h g - - - -
Leaf Tsoilys —14.48 0.95 0.12 0.007  Tsoilys 0.08 0.27 6.1 0.019
photosynthesis Grasses 015 040 54.34 044 <0.0001 @15 0.44 0.44 1229 <0.0001
combined CVe,s 7.19 0.10 0.02 0.03 Q¥ 0.08 0.52 26.8 <0.0001
Tsoilgs - - - 0.46  Tsoils 0.01 0.54 3.5 <0.0001
O15 7.04 19.8 0.19 0.004 O3 0.22 0.22 9.4 0.009
S. canadensis CVg,, - - - 0.14 C\yg 0.10 0.32 5.0 0.0322
TSOi|o5 - - - 0.22 TSOi|o5 - - - -
®15 519 1204 0.18 <0.0001 C\y, 0.27 0.27 60.3 <0.0001
Soil CO, flux CVe,s 11.65 —-0.09 0.28 <0.0001 Tsgjjs 0.06 0.33 155 0.0001
Tsoils - - - 0.90 015 0.11 0.44  31.2 <0.0001

variation in total ANPP, forb ANPPJ/co,, andS. nutans  in ~40 % interannual variation in growing season mean soil
Aco, (0.0001< p < 0.02), and not entering models for grass moisture @15). The magnitude of interannual rainfall vari-
ANPP orAco, of A. gerardiior S. canadensis ability was greater than that of interannual mean soil mois-
ture variability because of the limited capacity for soil to
store rainfall (Brady and Weil, 2002; Rodriguez-lturbe and
Porporato, 2004). Nonetheless, variationdgs was asso-

Results from ten years of experimental rainfall manipulation ¢iated with 50 to 300 % variation in rates of key ecosystem

and five years of warming treatments encompassing a wid@rocesses. Hi_gh_inte_rannual variation ir_1 total ANPP r_esul_ted
range of natural climatic variability show that interannual cli- "M high variation in grass ANPP (Fig. 5a, b), which is
mate variation, increased intra-annual (growing season) rainonsistent with previous studies (Briggs and Knapp, 1995;
fall variability, and warming all affected key ecosystem pro- Knapp et al., 2001). In contrast, forb ANPP was relatively
cesses. There was more interannual variation in ecosysteffonstant among years (Fig. 5d), as reported in previous stud-
function than there was from intra-annual rainfall variabil- '€S (Knapp et_ al., 2001). Interannual vgrlatlon in fI0\_Ner_|ng
ity and warming. However the relatively smaller effects of Of the codominant grasses was also high, but qualitatively

intra-annual rainfall variability and warming still caused sig- different from that of total ANPP. Flowering was high only
nificant effects on some processes. during the two years with the highe®5 (1999 and 2004),

and was consistently low in other years, suggesting there is
4.1 Interannual variability caused greater effects than a threshold tqtal rainfall requirement for flowering in thes_e
increased intra-annual rainfall variability on most grasses. Craine et al. (2010) also found a threshold require-
ecosystem processes ment for grass flowering in this grassland. A rainfall regime
with more frequent drought years could result in fewer flow-
Our analyses demonstrated that large (nearly 2-fold) inter€fing events, potentially lowering future inputs to the seed
annual variation in total (May—September) rainfall resulted Pank from these grasses.

4 Discussion
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Fig. 7. Soil CO, efflux (Jco,) by rainfall and warming treat-
ments. (A) Mean growing seasotco, by year, symbols as in  Fig. 8. Correlations of grass and forb aboveground net primary
Fig. 1. Growing season meaftp, during (B) Phase | andC) productivity (ANPP), growing season means of leaf photosynthesis
Phase I1.(D) Winter Jco, by rainfall pattern and warming during  (Acg,) and soil CQ flux (Jco,) with 0-15 cm volumetric soil wa-
2006-2007. Note that scaling @) differs from that for(B-C). ter content ©15) and the coefficient of variation @15 (CVe,s).
Error bars denote 1 SE of the mean. Regression statistics are shown in Table 1.

Interannual variability iMco, of the grasses was of com-  could provide a mechanism for increased temporal variability
parable magnitude to that of total ANPP. We expected interin community structure under more variable rainfall regimes.
annual variability to have a smaller effect aixo, relative
to that of intra-annual rainfall variability, becaugeo, in 4.2 Increased intra-annual rainfall variability reduced

these grasses decreases strongly with soil moisture depletion,  rates of ecosystem processes, other things being
and recovery is often slow when soil moisture is restored, es- equal

pecially after extended drought (Knapp, 1985; Heckathorn
et al., 1997). Leaf level photosynthesis has been associateThe altered rainfall timing treatment markedly changed the
with long-term plant success in this grassland (McAllister et probability distributions of rainfall inputs (Fig. 1b), increas-
al., 1998), and the ability to track soil moisture variability is ing the variability in rainfall by creating longer dry peri-
crucial to the success of the grasses (Swemmer et al., 200@ds and larger rainfall events. This translated directly to in-
Nippert et al., 2006a). The finding thdico, was strongly  creased soil moisture variability and reduced méas in
correlated with®15 (Table 1) suggests that on averageo,  some or all years, caused by the prolonged periods of low
was strongly coupled to interannual climate variation and assoil moisture during the longer dry periods. This confirms
sociated interannual differences in soil water supply. and extends our previous findings of the effects of increased
High responsiveness in gradso, to interannual variation  rainfall variability on soil moisture dynamics in this grass-
was consistent with grass growth responses. For exampldand (Knapp etal., 2002; Fay et al., 2003a, 2008). Since total
grass ANPP andco, was more highly correlated wit®15 rainfall inputs were unchanged, increased rainfall variability
than was forb ANPP andco, (Table 1). G grasses such reduced the effective storage of rainfall in the upper part of
asA. gerardiiandS. nutangypically have higher photosyn- the soil profile.
thetic rates and experience greater variation in plant water We found that soil moisture variability was a decreasing
status than forbs (Knapp, 1984; Turner et al., 1995; McAI- function of mean soil moisture (Fig. 2). In contrast, we previ-
lister et al., 1998; Nippert et al., 2006a). Stable isotope stud-ously reported that soil moisture variability was independent
ies of soil water use by £grasses at the Konza site shows of mean soil moisture in our experiment (Knapp et al., 2002;
that they rely on surface soil water regardless of landscapé&ay et al., 2003a). However, the current finding is based on a
location, soil water availability, or time of year, while forbs longer data set, emphasizing the need for long-term manipu-
increase their dependence on deeper soil moisture as surfataions that capture enough natural rainfall variability to cor-
soils dry (Nippert and Knapp, 2007a, b). Such differential rectly show the relationship of interannual variation in soil
access to soil moisture among species and functional groupsoisture (Davidowitz, 2002).
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Increased intra-annual rainfall variability significantly af- The warming treatment reduced mean growing season
fected most ecosystem processes when compared to an equio, by about 5 %. Liu et al. (2009) also found reducks,
amount of rainfall at ambient variability. However, the ef- with experimental warming in semiarid grassland, while
fects of interannual variation for soil moisture and most warming increased annuéto, in Oklahoma tallgrass prairie
ecosystem processes were considerably larger than the efZhou et al., 2006). An increase in soil respiration of about
fect of increased intra-annual variability (Fig. 9a inset) and 20 % with warming was typical across grassland, forest, and
most ecosystem processes. Increased rainfall variability redesert ecosystems (Rustad et al., 200¢g, is an increasing
duced plant growth and leaf and soil gfluxes only 8-17%  function of soil temperature and a quadratic function of sail
despite the large increase in the amplitude of soil moisturemoisture in our experiment (Harper et al., 2005). Our find-
variability (A®3s5). This confirms and extends our earlier ing of lower Jco, despite warmed soil may mean that lower
findings (Knapp et al.,, 2002). The reduction in rates of soil moisture offset the stimulatory effect of warming. The
ecosystem processes with altered rainfall timing suggest thaguadratic response dgo, to soil moisture may explain why
increased rainfall variability increased water limitation in this warming may cause lowefco, with reduced soil moisture
grassland. The result of increased water limitation may be an some cases (Liu et al., 2009) or highkyo, with reduced
grassland that is more sensitive to interannual climate variasoil moisture in others (Zhou et al., 2006).
tion (Huxman et al., 2004). In contrast, warming caused a marked increasdds,

The magnitude of interannual variation Jfigo, (~46 %) during winter. This suggests that winter soil respiration was
was less than interannual variation in leaf carbon assimifprimarily limited by soil temperature. Similarly, Almagro
lation or total ANPP. A similar magnitude of interannual et al. (2009) found that soil respiration increased with soil
variation in Jco, was reported in a semiarid grassland by temperature during moist, cool conditions. The increase in
Liu et al. (2009) and in an annual grassland by Chou etwinter CQG efflux, while small in absolute terms, would still
al. (2009). However, in the multiple regression analysis,affect total annual soil C@efflux. As a result, annual re-
CVg,; explained more variation itico, than did®1s, sug- sponses in soil respiration to global changes cannot be in-
gesting thatJco, was actually more strongly associated ferred from short-term or growing season measurements, but
with intra-annual rainfall variability. This result could be the entire year must be accounted for.
explained if soil moisture variability disproportionately af- Reduced forb ANPP was the most consistent effect of the
fected belowground processes such as allocation of currerwarming treatment on plant growth. Specific mechanisms for
photosynthate to roots, root biomass, litter decompositionthis response cannot be deduced from the present dataset, but
or microbial biomass or substrate availability (Luo and Zhou, may include altered aboveground or belowground competi-
2006), resulting in greater reductions in overall belowgroundtive interactions with grasses, based on, for example, differ-
metabolic activity compared to those from mean soil mois-ences in growth rates, allocation patterns or photosynthetic

ture. efficiencies. Because forbs contribute much of the plant di-
versity in these grasslands, warming may be a stronger driver

4.3 Warming effects occur at different times of year of biodiversity change over time than increased rainfall vari-

than intra-annual rainfall effects ability. However, reduced forb ANPP only translated into re-

duced total ANPP in two out of five years. This overall lack
The warming treatment raised soil temperature, especiallyf strong warming responses in ANPP indicated that follow-
during spring, fall, and winter. The most apparent effectsing spring green up, rainfall variability was the main driver
of warming were found in canopy greenness, soil respirationpf biomass accumulation. Warming did not affect biomass
and forb ANPP. The marked increase in spring canopy greenproduction in annual grassland (Dukes et al., 2005), forb
ness indicates that warming advanced ecosystem phenologgiomass in alpine meadow (de Valpine and Harte, 2001), or
This result is consistent with findings from larger spatial grass and forb biomass in semiarid Mongolian steppe (Xia et
scales (Badeck et al., 2004). Warming effects on canopyal., 2009). However warming reduced aboveground biomass
greenness diminished and were replaced by altered rainfalh experimental grassland assemblages grown in a cool tem-
effects from late spring through the remainder of the grow-perate climate, due to lower soil moisture (De Boeck et al.,
ing season. This result suggests a transition from temper2008). The weak effect of the warming treatment on total
ature control of early spring canopy greenness to control byANPP was consistent with the MR finding th&o,, ex-
rainfall variability. The lack of late season response to warm-plained little variation in these processes. Wan et al. (2005)
ing contrasts with some studies, where warming led to earlieland Klein et al. (2005) reported similar results in grasslands.
senescence in annual grassland (Zavaleta et al., 2003) and in-
creased fall green aboveground biomass (Wan et al., 2005).
In this system, the lack of late warming response could be ex-
plained by several mechanisms, such as acclimation to warm-
ing over the growing season, possibly combined with inade-
quate late season soil moisture (Gielen et al., 2005).
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the simplest case of a linear relationship of ecosystem function with rainfall amount for this ecosysté®) iaatased intra-annual rainfall
variability and warming on ecosystem processes. The inset shows the mean and range of the % change in four primary ecosystem processe
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(increased rainfall variability) effects.

4.4 A conceptual model of the coupling of rainfall
variability and warming

The findings from the first ten years of this experiment sug-

gest that interannual climate variation, increased growing 2.

season rainfall variability, and warming can be hypothesized
to exert effects on this grassland ecosystem in the following
ways.

1. Interannual climate variation, mainly in growing season
rainfall total, drives interannual variation in average soil
moisture and rates of key ecosystem processes (Fig. 9a).

2. Increased intra-annual (growing season) rainfall vari-
ability reduces rates of most ecosystem processes com- g
pared to ambient rainfall patterns with the same total
amount of rainfall. This reduction in ecosystem func-
tion (sensuHui et al., 2003) is an indicator of lower
ecosystem rainfall use efficiency resulting from greater
temporal variability in growing season soil moisture.

between rainfall amount and average rates of ecosys-
tem processes (Fig. 9a). However over a larger range of
rainfall, asymptotic or threshold responses could occur.

In the simplest, linear case, increased intra-annual
rainfall variability will decrease ecosystem processes
equally at all rainfall amounts (Fig. 9a). However if
ecosystem responses to rainfall amount prove to be non-
linear, we would expect greater effects of increased rain-
fall variability at intermediate rainfall amounts. Vari-
ability effects will decrease at high rainfall amounts be-
cause of less frequent soil moisture deficit, and at low
rainfall amounts because of lower overall soil moisture.

. The interactive effects of rainfall amount and intra-

annual variability (Fig. 9a), and the transitions between
effects of rainfall variability and warming (Fig. 9b) will
likely differ among processes.

3. Within a growing season (Fig. 9b), warming likely stim- 5 cgonclusions

ulates ecosystem processes during cooler parts of the

growing season (e.g. spring canopy development, winFor several major ecosystem processes in this grassland in-
ter CQ efflux), but during the middle, warmer and terannual variability was the strongest driver, followed by
water-limited portion of the growing season, increasedintra-annual rainfall variability and warming. The nature of
rainfall variability and warming effects where they oc- the relationship between intra-annual rainfall variability and

This framework reveals several gaps in our understandin
of the effects of rainfall and temperature variability on this
grassland, indicating important areas for further research.

cur likely reduce rates of ecosystem processes. Thisvarming has important implications for understanding the
sequential difference in the effects of warming and in- effects of climate change on this grassland, and its ability
creased intra-annual rainfall variability changes the seato sustainably provide food and fiber while supporting bi-
sonal dynamics of ecosystem processes, compared tological diversity and other ecosystem goods and services.
ambient temperature and variability. Future research should seek explanation for how the inter-
active effects of these drivers may change in wetter or drier
%cosystems (Knapp et al., 2008; Heisler-White et al., 2009),
and examine daily to weekly variability, which strongly af-
fects soil moisture and C{fluxes (Fay et al., 2003b; Ogle

1. For the ranges of rainfall amounts and ecosystem re-and Reynolds, 2004; Harper et al., 2005).
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sponses in this study, we suggest a linear relationship
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Appendix A

Table Al. Analysis of varianceF statistics for

treatments in RaMPs.

rainfall and soil moisture variation responses to pattern, quantity, and warming

Rainfall CV ®15 AB15 CVg;s Tsoilgs Soil CO, flux Leaf photosynthesis
A.gerardii S.canadensis S. nutans
1998-2007
Pattern 29078 158 819.6 9.12 11.12 25.* 4,12 - 0.1
Year 87.6 449 1277 69.F¥ 352.%F 21.& 95.0°F - 31.4
Year * Pattern 529 11X 26.F 7.6° 1.2 1.4 4% - 5.9
1998-2001
Pattern 2680990 60.C° 95.58° 40.5° - 30.4 7.4 0.8 -
Quantity 82 142 0.1 5.2 - 5.6 0.0 8.2 -
Pattern * Quantity 24% 1. 1.2 1.8 - 0.1 0.9 2.0 -
Year 2345 654 8P 11.F - 3.6 2.5 33 -
Year * Pattern 88y 8.7 16 7.9 - 0.2 8.P 1.0 -
Year * Quantity 126.8 2.6 1.4 1.6 — 1.0 0.8 1.4 —
Year * Pattern * Quantity 838 2.1 2.0 1.1 — 0.8 2.4 1.1 —
2003-2007
Pattern 15429 13.° 7874 20  8.(F 3.8 0.7 - 1.0
Warming - 2.9 0.3 0.0 218 4.4 3.3 - 1.6
Pattern * Warming - 0.3 0.2 11 0.0 0.4 0.1 - 0.3
Year 52.4 115.¢ 53.1° 98.F 731L% 62.6 45.0¢ - 50.9
Year * Pattern 979 24.6 39.58 5.6 6.1° 1.0 0.4 - 1.4
Year * Warming - 2.0 0.7 33 155 2.0 0.0 - 0.1
Year * Pattern * Warming - 0.9 1.2 0.4 2.5 0.2 0.3 - 0.2

ap <0.05;°p <0.01;°p < 0.001

Table A2. Analysis of variance statistics for vegetation responses to pattern, quantity, and warming treatments in RaMPs.

Canopy greenness Canopy Aboveground net Plant reproduction
light penetration| primary productivity
Weeks 15-20  Weeks 20-22  Weeks 3543 | Total Grass Forb| A.gerardii S.nutans

1998-2007

Pattern - - - 60| 8% 21 08 0.3 14.%
Year - - - 65.6 | 28.F¥ 26.F 105 45.8 76.5
Year * Pattern - - - 2.2 14 0.9 0.4 0.9 3.4
1998-2001

Pattern - - - 521122 38 04 0.1 13.6
Quantity - — - 2.0 5.9 4.1 0.1 0.2 0.1
Pattern * Quantity - - - 0.1 0.2 0.0 0.2 1.0 0.0
Year - - - 11.7 | 12.# 9.1° 14.8 2.0 40.8
Year * Pattern - - - 25 0.4 0.3 0.2 0.2 15
Year * Quantity - - - 0.0 0.4 0.4 12 0.6 3.8
Year * Pattern * Quantity - - - 0.0 0.3 1.6 0.8 1.6 1.7
2003-2007

Pattern 1.0 10.8 2.4 35 2.7 0.7 0.1 0.6 5.F
Warming 161.% 17.¥F 0.7 00| 47 00 4.8& 2.1 1.3
Pattern * Warming 35 0.3 0.0 0.3 0.1 0.1 0.7 1.0 0.5
Year 240.6 50.5° 69.F 80.£ | 49.8¢ 51.6 184 209.4 275.F
Year * Pattern 0.3 0.4 1.7 8.1¢ 1.9 1.4 0.8 2.9 9.8
Year * Warming 22.& 0.5 1.4 5. 20 3B 0.2 0.4 0.8
Year * Pattern * Warming 1.8 0.1 0.0 0.8 0.9 1.6 0.4 1.0 2.4

ap <0.05;Pp <0.01;¢p < 0.001
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