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Abstract. The global hydrological cycle is predicted to be- The patterns of response suggest xeric biomes may re-
come more intense in future climates, with both larger pre-spond positively to extreme precipitation, while compara-
cipitation events and longer times between events in some retively mesic biomes may be more likely to be negatively af-
gions. Redistribution of precipitation may occur both within fected. Moreover, seasonal changes in precipitation during
and across seasons, and the resulting wide fluctuations in soitarm or dry seasons may have larger effects than changes
water content (SWC) may dramatically affect plants. Thoughduring cool or wet seasons. Accordingly, responses to re-
these responses remain poorly understood, recent researdistributed precipitation will involve a complex interplay be-
in this emerging field suggests the effects of redistributedtween plant-available water, plant functional type and resul-
precipitation may differ from predictions based on previ- tant influences on plant phenology, growth and water rela-
ous drought studies. We review available studies on brth tions. These results highlight the need for experiments across
treme precipitation(redistribution within seasons) arsga-  a range of soil types and plant functional types, critical for
sonal changes in precipitatigmedistribution across seasons) predicting future vegetation responses to future climates.
on grasslands and forests.

Extreme precipitation differentially affected above-ground
net primary productivity (ANPP), depending on whether
extreme precipitation led to increased or decreased SWCL Introduction
which differed based on the current precipitation and arid-
ity index of the site. Specifically, studies to date reported TWO critical priorities under future climates are managing
that extreme precipitation decreased ANPP in mesic sitesvater resources and understanding the impacts of climate
but, conversely, increased ANPP in xeric sites, suggestinghange on vegetation. Climate change may dramatically alter
that plant-available water is a key factor driving responsesiVater resources through changes in the timing of precipita-
to extreme precipitation. Similarly, the effects of seasonaltion in many regions (Christensen et al., 2007; IPCC, 2011;
changes in precipitation on ANPP, phenology, and leaf andSmith, 2011). Increasing evidence suggests that variability
fruit development varied with the effect on SWReductions and extremes in precipitation are more important drivers of
in spring or summer generally had negative effects on plants€C0System processes than mean conditions (Heisler-White et
associated with reduced SWC, while subsequent reductiondl-» 2008; Heisler-White et al., 2009; Smith, 2011; Reyer et
in autumn or winter had little effect on SWC or plants. Sim- al-, 2012; Thompson et al., 2013). In particular, both the size
ilarly, increasedsummer precipitation had a more dramatic @nd timing of rain events are strong drivers of ecological pro-

impact on plants than winter increases in precipitation. ~ Cesses (Schwinning and Sala, 2004; Zeppel et al., 2008a). As
a result, responses to changes in the distribution of precipita-

tion over time are likely to differ from responses to individual
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drought events (Luo et al., 2011). While the effects of indi-
vidual droughts have been extensively studied (Breshears e
al., 2009; Allen et al., 2010), the effects of altered timing of
precipitation on plants remain largely unknown (Misson et
al., 2011; Volder et al., 2013).

In addition to direct effects on plant growth and mortal-
ity rates, altered timing of precipitation may have signif-
icant effects on local climatic conditions. This is because
local ecosystems such as forests can have a strong influ
ence on temperature, precipitation and albedo (Bonan, 2008)
For example, reductions in plant growth and increases in
mortality often affect complex links among soil biochem- / short-term Long-term
istry, land—surface interactions, and carbon and water fluxes.\_ drought grouant

which may alter stream flow and increase evapotranspira-

Altered
precipitation

—

Reduced precipitation Amount remains constant
= 'drought’ = 'redistributed’

Within
tion (Keith et al., 2009; Adams et al., 2011). This creates —
land—surface feedbacks between vegetation, hydrology anc ‘intense’
climates (Adams et al., 2011). precipitation
To address these issues, we need an understanding of the

influence of redistributed timing of pr(—_:‘CIpltatlon on pro- Figure 1. A schematic diagram explaining different types of altered
cesses across a range of plant functional types, such asecipitation. If the amount of precipitation is substantially reduced,
shallow- and deep-rooted plants (Fay et al., 2008; Beier ethis may be defined as “drought”. Descriptions of drought should
al., 2012). Previous reviews have highlighted the striking gapinclude duration (e.g. short-term, long-term and seasonal drought)
in understanding how plants respond to extreme and alterednd also intensity (slight, moderate or severe), which will depend
seasonality of precipitation (Beier et al., 2012; Reyer et al.,upon site conditions and species. If the amount of precipitation is
2012). Here, we describe the experimental and modelled rebot reduced, then this may be defined as “redistributed” precipi-
sults of plant responses to altered seasonality of precipitatioffion. where the total amount of water remains constant but the
and extreme precipitation, addressing a key research gaI3@1_mo_unt of wate_r e_md_ timing between wate_rlr!g events increase. Re-
While a combination of manipulative studies and observa—d'smbm.ed precipitation may take place within a season, for exam-
. - - ple, a rainout shelter within a growing season (Fay et al., 2008), or
tlonal studpg, Slf'Ch as Fh,os‘? by Zhang et al.. (2013) which de\7vithin glasshouses over a three-month period. Redistributed precip-
scribe variation in precipitation, will be required to fully un-

= e _itation may also take place across seasons, where water is withheld
derstand the effects of extreme precipitation, here we specifgyring one season and supplementally reapplied in the following

ically focus on manipulative experiments and modelling of months/seasons. For further explanation of “extreme” precipitation
responses to extreme precipitation. events, see Smith (2011).

Our primary objective is to review the current knowledge
of the effects of altered timing of precipitation on grassland
and forest ecosystems, ranging from semi-arid grasslandg.1 Past and projected changes in the timing of
and savannas and Mediterranean and temperate forests to  precipitation
tundra and boreal ecosystems. We examine effects of redis-
tributed precipitation on plant processes, including stomatalThe hydrological cycle has been intensifying over the past
conductance, leaf water potential, and above ground primargentury (Huntington, 2006) and is projected to continue to in-
productivity (ANPP) and soil fluxes. Finally, we assess (1) tensify with both the size of and time between rain events in-
how plants respond to changed seasonality of precipitationcreasing (Christensen et al., 2007; IPCC, 2011). Specifically,
(2) under what circumstances extreme precipitation leads t@limate change is predicted to alter the timing, from one sea-
increased ANPP, and when it leads to lower ANPP, and (3)son or period to another, and event size of precipitation, re-
whether plants in those circumstances are water-limited tasulting in fewer, large rather than many smaller rain events
begin with. (Pitman and Perkins, 2008; CSIRO, 2011; IPCC, 2011). Fur-

Here, we use the following terms (Fig. 1): “altered” or “re- ther, changes in the seasonality of precipitation are expected
distributed” precipitation includes both “seasonal redistribu-to exhibit substantial regional and temporal variation (Chris-
tion” and “extreme precipitation”. “Extreme” means both the tensen et al., 2007).
amount of and the time between rain events are increased, Projections for future climate scenarios are timany re-
while the total quantity of precipitation remains constant (seegions will experience more intense, extreme precipitation
Smith, 2011). “Seasonal redistribution” means reduced pre{Christensen et al., 2007; Smith, 2011), whersame re-
cipitation for an entire month or season, with increased pre-gions are projected to receive seasonal shifts, including
cipitation in a later month or season (see Volder et al., 2013)Africa (Hely et al., 2006), oak savannas (Volder et al., 2013)

and prairies in the United States (Chimner et al., 2010),

Across
seasons =

'seasonal
redistribution’
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southern Australia (CSIRO, 2011) and Mediterranean re-1.3 Factors regulating the effects of redistributed
gions (Misson et al., 2011), including semi-arid Spain (Mi- precipitation
randa et al., 2009a). Southern France and south-east Aus-
tralia may experience decreased precipitation in spring and he influence that redistributed precipitation will have on
increases in autumn (CSIRO, 2011; Misson et al., 2011)plant processes is likely to depend upon soil properties, mi-
Mixed-grass prairies in the United States are projected tacroclimate, plant functional type and the nature of the change
receive wetter winters and drier summers (Chimner et al.jn timing. Soil water content is driven in part by soil type,
2010), whereas oak savannas are projected to experiendexture, soil depth and density. Microclimatic factors that in-
drier summers and wetter spring and autumn (Volder et al.fluence evapotranspiration also determine whether changes
2013). Semi-arid Spain is projected to receive wetter wintersjn timing have a large impact (Fay et al., 2008; Zeppel et al.,
and drier spring and autumn periods (Miranda et al., 2009a)2008b). Further, current mean annual precipitation (MAP),
leading to potential changes in soil and plant processes.  which influences whether the site is xeric, mesic or hydric,

The most direct result of redistributed precipitation is al- will be a key factor in determining whether plant growth
tered soil water content (SWC), with less plant-available wa-increases or declines (Knapp et al., 2008; Heisler-White et
ter in some periods and more in other periods, though speal., 2009). Added effects of heat stress, rising mean tempera-
cific patterns will depend upon differences in soil charac-tures, elevated C£)vapour pressure deficiDX) and the cur-
teristics. Increased pulses of rain have strong impacts oment season when most precipitation falls, which influence
plants in water-limited regions (Zeppel et al., 2008a; Rescasnowfall and snowmelt, are also likely to influence plant re-
et al.,, 2009), and may increase deep drainage in watersponses to altered precipitation (Volder et al., 2010).
abundant regions. These changes in SWC are likely to be ex- Plant functional type could also affect the response to
acerbated by predicted rising temperatures, intensified heathanges in timing. Shallow-rooted versus deep-rooted plants,
waves (Smith, 2011), increasing evaporation and transpiradeciduous versus evergreen plants, and seedlings and mature
tion. Therefore, plant responses to future climates are likelytrees versus midlife trees may exhibit contrasting responses
to reflect much larger fluctuations in SWC than historically to altered precipitation (Knapp et al., 2008; Zeppel et al.,
experienced (Knapp et al., 2002; Weltzin et al., 2003), high-2011). More broadly, responses of ANPP to precipitation are
lighting the urgent need to understand plant responses to exikely to vary among biomes (Huxman et al., 2004).
treme and seasonal changes in rainfall events (Smith, 2011). This paper discusses extreme precipitation, defined as
when the volume remains constant, while the timing of pre-
cipitation shifts, within a season or across seasons. However,
we note that the impact of repeated extreme precipitation
events, such as one severe drought followed by another se-
Variation in SWC and soil characteristics often have a sub-vere drought, even years apart, is also likely to have a more
stantial effect on plant and soil processes (Fig. 2) (Brzosteknegative effect on plant mortality compared with altered pre-
et al., 2012). Increasingly large fluctuations in SWC follow- cipitation within only one year (Anderegg et al., 2013). The
ing redistributed precipitation also drive physiological re- impact of repeated water stress on plants has been reported to
sponses, community structure and the distribution of plantiead to plant senescence, leaf mortality (Dreesen et al., 2014)
functional types (Volder et al., 2013fxtremeprecipitation  and accumulated xylem damage in a process known as cavi-
may influence plant water relations, hydraulic architecturetation fatigue, where successive exposure to water limitation
and ANPP (Reyer et al., 2012), whereas changiegsonal increases the risk of plant mortality (Anderegg et al., 2013).
precipitation may also influence phenology, including fruit, In order to identify which variables mediate responses to ex-
leaf and early/late wood development, as well as tiller devel-treme precipitation, and to what extent, we now discuss the
opment of grasses (Volder et al., 2010; Misson et al., 2011).results of precipitation timing experiments.

There is a hierarchy of ecological responses to rain events,
ranging from hours to decades (Schwinning and Sala, 2004)1.4 Results of precipitation timing experiments
When changes in precipitation are comparatively small,
plants show a limited response (Gerten et al., 2008; Mirandavany field experiments have imposed drought (Hanson et al.,
et al., 2009a). However, under future climates, the variability2003; Wullschleger and Hanson, 2006; Beier et al., 2012) or
in SWC that plants experience is likely to rapidly increase be-described the impact of pulses of precipitation (Fravolini et
yond current limits (Smith, 2011). The current framework on al., 2005; Potts et al., 2006; Zeppel et al., 2008a; Resco et al.,
the effects of altered timing of precipitation suggests that ex-2009). Here, we focus on seasonal changes in precipitation
treme precipitation would lead to increased run-off and deepand extreme precipitation. Altered seasonality of precipita-
drainage, shallow soil becoming drier, and reduced plantion may be implemented, for example, by delivering 80 %
growth when water is already limiting or the soil waterlogged of annual precipitation in spring or winter, while retaining
(Knapp et al., 2008). We test this framework against experi-the same annual volume (Bates et al., 2006) (Table 1). Alter-
mental and modelled data. natively, extreme precipitation regimes have been imposed

1.2 How might plants respond?
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Table 1. Responses of vegetation to change@sonabprecipitation. Biome, site location, latitude and longitude, experimental reduction

in precipitation, mean annual precipitation (MAP), and description of whether experimental reduction in preciphticas(reduced or
redistributed, in addition to the measured response and source reference. Results represent a selection of studies and are not a compr
hensive list. Abbreviations: ANPR above-ground net primary productivity;, = photosynthesisym = midday leaf water potential (kPa);

¥pd = predawn leaf water potentiads = stomatal conductance.

Biome Site Latitude & longi- % reduction in precip MAP Seasonal P reduced or Growth response Reference
tude (mm) /annual re- redistributed
duction
Grassland SE Spain 369 N 75%, 50% and altered 200 Seasonal Reduced and Accentuated seasonality reduced biomagdliranda et al. (2009b)
2015 W timing and annual distributed and recruitment

Cold desert Grasslands Canyonlands38.1755 N, Winter, summer or year- 215 Winter and  Annual Summer drought effects otipg higher  Schwinning
National 109.7202 W long drought. summer reduced than the winter drought effectgs re- et al. (2005a)
Park, Utah, duced

Grassland Great Basin, 11943 W 1) 80 % falls in winter; 300 Winter and Redistributed ~ Winter comparable to control Bates et al. (2006)
Oregon, USA  43°29'N 2) 80 % in spring spring Spring treatment, less biomass

Shrub steppe Great Basin, 11943 W “winter”, “spring” or 300 Winter and Redistributed  Shifts to spring reduced growth Svejcar et al. (2003)
Oregon, USA  43°29' N “current” spring

Arctic tundra Brooks 149°38'W, Increased w snow fence. 318 Winter Increased Deeper snow altered amount and tiSdhgmel et al. (2004)
Range, 68°38' N of plant-available N
Alaska.

Mixed-grass prairie Wyoming, n/a 1) +50 % winter 380 Winter and Increased and 1) 50 % biomass increase Chimner et al. (2010)
USA 2) +50 % summer summer decreased 2) 44% increase

3) —50 % summer 3) 18 % decrease

Temperate, savanna South-east 31°29' N +50% in summer and 602 Winter and Reduced and Summer precipitation more important for Weltzin and
Arizona, 110020 W winter. summer redistributed ~ seeding growth McPherson (2000)
USA

Mediterranean forest. Montpelier, 3°3545"E, —97 % autumn, 1127 Spring and Seasonal re- Autumn — no effect, Misson et al. (2011)
Southern 4304429 N, —87 % spring autumn ductions Spring — more negativém
France

Boreal, spruce forest South-east 50°08 N, No reduction in annual 1160 Summer Redistributed  Fine root biomass, production and nézaod et al. (2008)
Germany 11°52 E mass higher in treatment

Grassland England 1°20 W —90% summer +20% n/a Summer Increased and Abundance deceased Morecroft et al. (2004)
grasslands 51°46' N summer and winter  reduced Abundance increased

Winter no effect

Savanna Oak — 30°34'N —40% summer 1018 Summer, Redistributed  Reduced relative growth rate ahgdof Volder et al. (2010);

savanna 96°21" W + spring and autumn spring and trees grown with grasses Volder et al. (2013)
autumn

Tropical rainforest Floresta, 2.897S, 50% ~ 2000 Wetseason Reduced Non-sig. reduction of 12 % of fruit prBrando et al. (2006)
Amazon, 54.95 W duction.
Brazil

Tropical rainforest Floresta, 2.897S, 35-41% from 2000 to ~ 2000 Wetseason Reduced Decrease, 12 % first year, 62 % afterBoando et al. (2008)
Amazon, 54.95 W 2004 ANPP
Brazil

Tropical rainforest Floresta, 2.89S, 34-40% ~ 2000 Wetseason Reduced 22 % decrease in ANPP Nepstad et al. (2002)
Amazon, 54.95 W,
Brazil

Tropical rainforest Floresta, 2.89S, 34-40% ~ 2000 Wetseason Reduced Soil water modelled, water budget eBgik et al. (2008)
Amazon, 54.95 W, mated
Brazil

Tropical rainforest Floresta, 2.89S, 60% ~ 2000 Wetseason Reduced 34 % increase in mortality Nepstad et al. (2007)
Amazon, 54.95 W,
Brazil

by adding fewer but larger precipitation events, while main- seasons. Below, we briefly outline the major experiments in
taining the same total volume of water added (Harper et al.these systems.
2005) (Table 2).
1.5.1 Seasonal changes in boreal, subalpine and cold
1.5 Seasonal changes in precipitation desert regions

Impacts of seasonal changes in precipitation have been réManipulation of precipitation in semi-arid regions using rain-
ported in boreal forests (Gaul et al., 2008), arctic tundraout shelters and snow fences has led to alterations in biomass
(Schimel et al., 2004), tropical rainforests in the Amazon (Chimner et al., 2010; Thomey et al., 2011), the amount and
(Nepstad et al., 2002; Brando et al., 2006; Brando et al.timing of nutrient cycling (Schimel et al., 2004), and mortal-
2008), oak savannas (Volder et al., 2010; Volder et al., 2013)ty and community composition (Schwinning et al., 2005a,
and Mediterranean regions, such as Spain (Miranda et alh). In the cold desert grasslands in the Colorado Plateau
2009b). Although grasslands, savannas and MediterraneafySA), with an MAP of 218 mm, plant-water relations and
forests differ markedly in the timing of ambient precipita- growth of all three measured species were more sensitive to
tion and the length of the growing season, experiments sugan imposed drought in summer compared with an imposed
gest patterns can be found in responses to seasonal changesmter drought (Schwinning et al., 2005a, b). Finally, the pro-
in precipitation, such as strong changes in water stress angcted changed timing of snowfall, in combination with ris-
productivity in warm or dry seasons and not in cool or wet ing temperatures, may lead to altered snowmelt and modify
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Table 2. Responses of vegetation éatremeprecipitation. Biome, site location, latitude and longitude, experimental reduction in precipita-
tion, Mean Annual Precipitation (MAP), and description of whether experimental reduction was annual (across the entire year) or during one
season, in addition to the measured response and source reference. LTER stands for “Long Term Ecological Research” site. Results represe

a selection of studies and are not a comprehensive list. Abbreviations: AM®Bve-ground net primary productivityt,, = photosynthesis;
¥m = midday leaf water potential (kPa)y,q = predawn leaf water potentials = stomatal conductance.

Biome Site Latitude and % reductionin ~ MAP Seasonal P reduced or Growth response Reference
longitude precip (mm) /annual reduction?  redistributed
Grassland SE Spain 369 N 75 %, 50%; and 200 Seasonal and Reduced and 50% reduction reduced productivity, Miranda et al. (2009b)
2°15 W altered timing annual redistributed plant cover and diversity
Semi-arid grassland Colorado USA 4% N None 321 None Redistributed Extreme plots: higher ANBPand less Heisler-White
10446 W water stressym) etal. (2008)
Semi-arid grassland LTER, Nunn, 40°49' N None 321 None Redistributed Higher mean soil water content ahiisler-White
Colorado USA 104046 W higher ANPP etal. (2009)
Mixed grass prairie Hays, Kansas, USA °38' N None 576 None Redistributed Higher mean soil water content ahigisler-White
9923 W higher ANPP etal. (2009)
Tall grass prairie Konza Prairie LTER, 39°05'N None 835 None Redistributed Lower mean soil water content and higliisler-White
Kansas, USA 96°35 W ANPP etal. (2009)
Grassland Konza Prairie LTER, 39.°N 47-119% 835 Increases and Reduced and Increases in event size lead to mord-ay et al. (2008)
Kansas, USA 96.9W decreases in redistributed ANPP, respiration and,,
timing, size
Grassland Konza Prairie LTER, 3905 N, 30% reduction 835 Seasonal and Reduced and Decreased soil fluxes by 13% and planHarper et al. (2005)
Kansas, USA 96°35' W and altered tim- annual redistributed productivity by 8 %
ing.
Grassland Konza Prairie LTER, 39°05 N, 30% reduction 835 None Reduced and  Variation in soil moisture was amplified in Fay et al. (2011)
Kansas, USA 96°35' W and altered tim- redistributed plant growth responses

ing

the seasonal availability of soil water (Lambert et al., 2010). A study on semi-arid plant communities in Spain con-
Changed timing of snowmelt may mask the changed seasonalucted glasshouse experiments, using drought and seasonal
availability of soil water when examining precipitation sea- precipitation redistribution treatments. The altered seasonal-
sonality alone. Therefore, further studies on the impacts ofity treatment reduced both spring and autumn by 15 % and in-
rising temperatures and snowmelt on plant processes are @eased winter precipitation by 30 %. Accentuated seasonal-
key research need. ity decreased mean individual ANPP by 30 %, and did not al-
ter flowering phenology (Miranda et al., 2009a). The absence
of a flowering response contrasts with the Mediterranean

o ) . woodland, where changing seasonal precipitation resulted in
Seasonal redistribution experiments in grasslands have led {giferences in phenology (Misson et al., 2011). These con-

changes in ANPP, with results indicating that the responsgaqing results are likely to be a consequence of the differ-

of ANPP depends on which seasons receive additional Wag: treatments applied, species measured or biomes of origin,

ter and which seasons receive less water. The seasonality g highlight the importance of comparing different biomes
precipitation was altered in grasslands in Oregon, USA, OVer(Beier etal., 2012).

seven years, moving 80 % of annual precipitation to winter or

spring (Bates et al., 2006). When precipitation was moved to

winter, SWC and biomass did not change. In contrast, whern.5.3 Seasonal changes in Mediterranean forest
precipitation was moved to spring, productivity reduced. Fur-
ther, many of the biomass reductions did not occur until
the fourth year of treatment. Apparently in spring, increased
evaporation offset the increased amount of water, such thal? 3 ; i
SWC did not increase enough to stimulate growth (Bates efE_EStEd using rainout shelter_s_(l\/l_lssor_l et al'{ 2(_)_11)' Exclu-
al., 2006). Similarly, in a limestone grassland in England,s'on of 97 % of autumn precipitation did not S|gn|f|can'_cly al-
20% increases in summer precipitation increased summeE" |€af, flower or fruit development. However, exclusion of
growth, whereas increased autumn and winter precipitatior ! 70 Of SPring precipitation resulted in water stress during

had no effect on growth (Morecroft et al., 2004). This may Important phases of leaf and fruit development. Only half of
be because reductions in precipitation are only likely to in-

the sampled trees in the spring treatment reached the stage of
fluence plant processes if soil moisture is in fact limiting in

functionally mature leaves, with the others abandoning leaf
that season. Note that increases in spring precipitation led td€velopment at earlier stages. Further, only one of six female
growth reductionsin Oregon, whereamcreasesn summer

trees reached complete fruit maturation, though male flowers
precipitation in England led to increases in growth. This may

were unaffected, likely due to the higher resource require-
be because potential evapotranspiration was higher than wanents for female flowers and earlier leaf development, be-
ter addition due to the warmer air in Oregon, compared with

fore highest water stress, compared with male flowers (Mis-
England. son et al., 2011). These results indicate that the quantity of

spring precipitation is more important than total annual pre-
cipitation for this system, with significant implications for

1.5.2 Seasonal changes in grasslands

In the Mediterranea@uercus ileXorest, Montpelier, France,
henological responses of trees to seasonal drought were

www.biogeosciences.net/11/3083/2014/ Biogeosciences, 11, 30RR-2014
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vegetation predicted to receive reductions in precipitation initation caused more time at above-average SWC, increasing

spring, such as that of Spain, France and south-east Australi&ANPP. In contrast, at the more mesic (water-abundant, aridity
index > 1) site, extreme precipitation led to extended peri-

1.5.4 Seasonal changes in savanna ods of below-average SWC, reducing ANPP (Heisler-White
et al., 2009). This comparison suggests there was a thresh-

An oak savanna in the southern USA received six years obld of plant-available water to extreme precipitation across

precipitation redistribution, with 40% of summer precipi- these studies and that initial site conditions such as the arid-

tation redistributed to spring and autumn, intensifying theity index, soil type and rooting depth will influence growth

summer drought (Volder et al., 2013). Soil water content de-responses to altered timing of precipitation.

clined, leading to reduced photosynthesis and relative growth

rates under seasonally redistributed precipitation, and tillerl.7 Modelling studies

reproduction in grasses was delayed. However, redistributed ) ] o
Modelling studies on altered precipitation enable compar-

precipitation had no effect on mortality. Results suggest that - X
species composition of these oak savannas will alter in a cli{SONS across ecosystems. Modelling studies generally suggest

mate where precipitation shifts from summer to spring angthat shifts in the timing of precipitation alter both plant com-
autumn (Volder et al., 2010). munity composition and Net Primary Productivity, (NPP)

(Epstein et al., 1999; Gerten et al., 2008). A study examining
the impact of changed seasonality in precipitation using the
dynamic global vegetation model LPJ reported that decidu-
A suite of precipitation manipulation experiments have beenCUS and semi-deciduous forests in Africa were more sensitive

conducted within a mesic grassland at the Konza Prairie Bihan other plant functional types to changes in the seasonality
ological Station (Kansas, USA) (Knapp et al., 2001; Fay otOf precipitation (Hely et al., 2006). Dry sites and periods gen-

al., 2002; Harper et al., 2005; Fay et al., 2008: Heisler ancerally are more affected by shifts in precipitation compared

Knapp, 2008). One redistribution experiment examined how!Vith Wet sites and periods (Gerten et al., 2008), as has been

variation in quantity, event size and interval between precip-!‘Ound in_sor’_ne empirica.l studies (Knapp et al., 2002). Sim—
itation events influenced SWC, ANPP, respiration and pho_llarly, ShIfFS in seasqnallty that alter the amount of precipi-
tosynthesis of tallgrass prairie grasses and forbs (Fay et alt@tion during the spring may have larger effects on commu-
2008). Increases in event size led to more ANPP, althougtity composition and NPP than shifts in seasonality during
a threshold was reached and the effect decreased as the ifAther seasons (Wiles et al., 2011). More generally, shifts in
terval between precipitation events increased (see Fig. 2g iRTecipitation likely will affect NPP in water-limited systems:
Fay et al., 2008). It is clear that increasing water did not a|_because of the close link between NPP and precipitation in
ways lead to increased ANPP, with a threshold of maximumthese systems (Gerten et al., 2008). However, the effect of

SWC at 600 mm MAP in Fay et al. (2008). Another study at s_hifts in precipitation may refl_ect the_length_ of the dry pe-
Konza Prairie Biological Station imposed extreme precipita-”Od (Gerten et al., 2008) and interactions with other climate

tion over four growing seasons (Harper et al., 2005). A 50 o,Change variables, including G@nd temperature (Luo et al.,
increase in the length of dry intervals while holding the total 2008).

volume constant led to 19 % reductions in soil water content,

and 9% reductions in ANPP (Harper et al., 2005). Soil type, Synthesis

played a role in the response of plant processes, with soil that

is able to retain water having a more muted effect than sandp .1 Synthesis on seasonal changes

soils which lose water to deep drainage.

A comprehensive set of extreme precipitation experimentsRedistributing the seasonality of precipitation not only in-
measured ANPP across a precipitation gradient in southerfluences water stress and biomass, but phenological changes
USA grasslands. Precipitation was applied as either 12, 6 or éuch as flowering of male and female plants (Misson et
events, with the same total amount of water applied (Heisler-al., 2011) and tiller production (Volder et al., 2013). Re-
White et al., 2008). The responses from this xeric, semi-distributed precipitation resulting ireductiors in spring or
arid steppe were compared with a mixed-grass prairie and aummer precipitation often led to water stress and was as-
mesic tallgrass prairie along a 600 km productivity and pre-sociated with reduced biomass and altered phenology, while
cipitation gradient (Heisler-White et al., 2009). Responses ofthe subsequent increases in autumn or winter precipitation
ANPP depended on mean soil water content, and an aridithad little or no effect on plant processes. Similaiily;
index (MAP/potential evapotranspiration) for each grasslandcreasedsummer precipitation had a larger effect on SWC
type. Soil water content was influenced by soil type, with aand biomass than winter increases. In summary, changed pre-
higher clay content at the mesic site than the two xeric siteipitation in spring and summer had a more dramatic impact
(Heisler-White et al., 2009). At the two more xeric (water- on vegetation than changes in autumn and winter, reflecting
limited, aridity index< 1, see Table 3) sites, extreme precip- larger effects of redistributed rainfall on SWC during warm

1.6 Extreme precipitation
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Table 3. Synthesis of extreme precipitation studies on the soil water content (SWC) and above-ground net primary productivity (ANPP),
mean annual precipitation (MAP) and mean annual potential evapotranspirBgef ¢f grasslands, showing that ANPP either increases

or decreases in the same direction as SWC. CO stands for Colorado, KS stands for Kansas. Ecosystem is defined using the Képpen climat
definition (McKnight and Hess, 2000).

Ecosystem and Koppen climate definition SWC ANPP MAP (mmfpoi(mm) Aridity index Reference

(MAP/Epgy)
Shortgrass prairie: semi-arid 1 15% Y T77% 321,CO > 1000 <0.32 Heisler-White et al. (2008)
Shortgrass prairie: semi-arid 1 19% 1 30% 321,CO > 1000 <0.32 Heisler-White et al. (2009)
Mixed grass prairie: Increase 1+70% 576, KS 749 0.77 Heisler-White et al. (2009)
ecotone between semi-arid and humid subtropical
Tallgrass prairie: humid subtropical 1 19% 1 9% 835, KS 687 1.21 Harper et al. (2005)
Tallgrass prairie: humid subtropical 1 20% 1 18% 835, KS 687 1.21 Heisler-White et al. (2009)
Tallgrass prairie: humid subtropical 1 14% 115% 835, KS 687 1.21 Fay et al. (2011)

sites. Studies to date suggest that xeric ecosystems generally
were associated with positive responses of ANPP to extreme
precipitation, while comparatively mesic ecosystems were
associated with negative responses of ANPP. This pattern
was supported by rainout shelter, observational and mod-
elling studies. In general, within ecosystems which were not
water-limited & 600 mm MAP, or an aridity index- 1.0)
(Harper et al., 2005; Fay et al., 2011) extreme precipitation
led to areductionin mean soil water content, followed by

a reduction in growth or ANPP (Fig. 2). In contrast, below
600 mm or an aridity index of <1, soil water content and
ANPP increased. A landscape-scale study used remote sens-
ing to quantify a threshold on plant responses to drought in
the south-west USA (Clifford et al., 2013; Hicke and Zep-
pel, 2013). Clifford et al. (2013) observed high die-off and
mortality rates at sites below 600 MAP, whereas there were
no observations of mortality above the threshold, presum-
ably due to an absence of water limitation. Finally, many
ecosystems convert from grassland/savanna to denser forests
as MAP increases above potential evapotranspiration, when
Figure 2. The effect of extreme precipitation on above-ground net the aridity index exceeds 1, meaning the effects of extreme
primary productivity (ANPP) across a rainfall gradient. The three- precipitation may also coincide with changes in ecosystem
dimensional plot shows the relationship between relative changesype.

in soil water content (%) and the percent change in above-ground |t is crucial to note, however, that soil characteristics such
net primary productivity ANPP (%) due to extreme precipitation, g5 il type (clay, loam or sand), soil depth and rooting depth

based on the mean annual precipitation (mm) of the site. The Sit‘?nfluence plant-available water, regardless of MAP, and fur-
aridity index for each site is presented in Table 3. The black dots

; ther studies are required to test plant responses to extreme
represent data points on they andz axes. The grey dots represent S . .
where the data would fall in a two-dimensional scatter plot. DashedpreCIp!tatlon agross other soil types, plant functlona}l type§
lines represent the zero line, where % change in soil water conten"flnd biomes. Little researph has been conducted in tropi-
or ANPP is zero. cal, tundra and boreal regions on plant responses to altered
timing of precipitation. Of the studies from boreal regions
to date, only one described the impact of altered precipi-
or dry months compared with cool or wet months. It is note-tation on roots, but not on above-ground processes (Gaul
worthy that the majority of studies that altered seasonal preet al., 2008). These temperature-limited systems may show
cipitation were conducted in grasslands, with few studies ormarkedly different responses compared to warmer biomes.
trees. Further, the seasons that precipitation is shifted from and to
will play a role. For example, reductions in spring precipi-
tation may not be detrimental to ANPP unless soil moisture
is limiting in that season. Similarly, sites with higher MAP
may respond significantly differently if precipitation were

9% change in ANPP

2.2 Synthesis on extreme precipitation

The response to extreme precipitation differed in xeric
(water-limited) and comparatively mesic (water-abundant)
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few studies on tree species (Zeppel, 2013). Further, there is
a paucity of studies describing the effects of altered precip-
itation on biomes such as tundra, boreal forests and tem-
perate forests. Our current understanding of below-ground
processes and how these respond to extreme precipitation is
lacking, particularly in forests and woodlands, in part due to
logistical constraints. Finally, very few studies exist describ-
ing plant responses to interactions between altered precipita-
tion and heat waves, and none, to our knowledge, with altered
precipitation and elevated [GP To address these knowl-
edge gaps, future work is needed, testing whether

1. tree responses to seasonal changes in precipitation are

buffered compared to grasses;

Altered soil | Canopy leaf area B | Leaf water
microbial communities and ANPP ! Y! potential . .
) 2. seedlings and shallow-rooted plants show different re-

sponses to altered precipitation than mature or deep-
rooted plants, and what causes these differences;

Figure 3. Conceptual framework showing the possible impacts of
extreme and seasonal precipitation on soil and plant processes.
Based upon Heisler-White et al., 2008; Knapp et al., 2002, and 3.
Harper et al., 2005. The bottom panel, purple, shows plant and soll
responses when the overall response to extreme precipitation is a
decrease in soil water content. Arrow directions will be reversed
when the overall response to extreme precipitation is an increase in

soil water. 4 Conclusions

heat waves exacerbate the water stress from extreme
precipitation in xeric regions and ameliorate water log-
ging in mesic regions.

Extreme precipitation, by definition, leads to wetter (water-
concentrated within the growing season or, instead, duringogged) and drier conditions, and it is clear that the influ-
the winter months. We may also expect different responsegnce of extreme precipitation on plant growth is not con-
from shallow- and deep-rooted plants, such as juvenile versjstent across ecosystems. Rather, the available data gener-
sus mature plants. If rain falls in large volumes in short peri- a|ly suggest biomass either decreased or increased depending
ods, the water may drain away before shallow-rooted plantsn whether the average soil water content decreased or in-
are able to use it (Fig. 3). However, deep-rooted plants argreased respectively. In turn, the change in soil water content
likely to access deeper stores of water and show more damptepended on the aridity index and soil type. The response
ened responses than grasses. Alternatively, decreased watglr ANPP to extreme precipitation in grass|ands wasman
availability resulting from extreme precipitation may lead to creasein water-limited sites, associated with increased SWC.
increased root depth and volume. However, recent studies ren contrast, extreme precipitation led tdecreasén soil wa-
port that deep-rooted plants do not always tolerate droughter content and ANPP in mesic sites. Data are needed across
stress better than shallow-rooted plants, indicating further ey range of root depths, soil types, plant ages, plant functional
search is required to elucidate the mechanisms explainingypes and patterns of seasonal redistribution of precipitation
these unexpected differences across rooting depths (Morep refine and assess the broad applicability of this pattern.
croft etal., 2004; West et al., 2012). Seasonal changes in precipitation often led to significant
water stress, changes in phenology and decreased biomass,
but the effect depended on the direction of the change in pre-
cipitation and differed among seasoR&ductios in spring
or summer often led to water stress, altered phenology, in-
This review indicates key research gaps in understandingluding reduced fruit and leaf development, as well as re-
the effects of extreme and seasonal changes in precipitatiomuced biomass, with subsequent reductions in autumn or
These include (1) responses of a broad range of plant funcwinter having no effect. Similarlyncreasedsummer precip-
tional types, particularly trees, (2) responses of boreal andtation had a larger positive impact on biomass than winter in-
temperate forests, (3) effects on below ground processes, arateases. In summary, across forests and grasslands changed
(4) the effects of changes in precipitation in conjunction with precipitation in summer and spring had a larger impact on
heat waves, rising temperatures and increasing]Ckdost vegetation than changes in winter and autumn. Thus, in con-
research in this field has examined the influence of extremelusion, studies showed a clear pattern exists, as described in
or seasonal changes in precipitation on grasslands (Knapp dable 3. The initial conditions, and whether the site is wa-
al., 2008; Heisler-White et al., 2009; Fay et al., 2011), with ter limited or water abundant, are key factors driving water

3 Key research gaps and unresolved problems
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relations and productivity under extreme precipitation. Sim-Bonan, G. B.: Ecological climatology., Second Edition edn, Cam-
ilarly, even when total precipitation remains unchanged, sea- bridge University Press, Cambridge, U. K., 2008.

sonal shifts may alter water relations and productivity as wellBrando, P., Ray, D., Nepstad, D., Cardinot, G., Curran, L. M., and
as phenology, leaf and fruit development, with more marked Oliveira, R.: Effects of partial throughfall exc_lusion on the phe-

changes in summer and spring compared with winter and au- nology of Coussarea racemosgRubiaceae) in an east-central

. S e Amazon rainforest, Oecologia, 150, 181-189, 2006.
tumn. Considering projections of seasonal redistribution OfBrando, P. M., Nepstad, D. C., Davidson, E. A., Trumbore, S. E.,

preCIpltathn, thgse patterns E.B.CI‘OSS' stu.dles suggestwe can e‘X'Ray, D., and Camargo, P.: Drought effects on litterfall, wood pro-
pect key biological changes including increased water stress

and changes in biomass, wood, leaf and fruit development.

duction and below-ground carbon cycling in an Amazon forest:
results of a throughfall reduction experiment, Philos. T. R. Soc.

This improved understanding of plant and ecosystem re- g 363, 1839-1848, 2008.
sponses to extreme precipitation and seasonal changes in prereshears, D. D., Myers, O. B., Meyer, C. W., Barnes, F. J.,

cipitation will inform emerging vegetation models and en-

Zou, C. B., Allen, C. D., McDowell, N. G., and Pockman, W. T.:

able better understanding of vegetation, carbon and water re- Tree die-off in response to global change-type drought: mortal-

sources in future climates.
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