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a  b  s  t  r  a  c  t

Extreme  drought  events  have  the potential  to  cause  dramatic  changes  in  ecosystem  structure  and  func-
tion,  but  the  controls  upon  ecosystem  stability  to drought  remain  poorly  understood.  Here we used
model  systems  of  two  commonly  occurring,  temperate  grassland  communities  to  investigate  the  short-
term  interactive  effects  of a  simulated  100-year  summer  drought  event,  soil  nitrogen  (N) availability
and  plant  species  diversity  (low/high)  on  key  ecosystem  processes  related  to  carbon  (C)  and  N  cycling.
Whole  ecosystem  CO2 fluxes  and  leaching  losses  were  recorded  during  drought  and  post-rewetting.  Litter
decomposition  and  C/N  stocks  in vegetation,  soil  and  soil  microbes  were  assessed  4  weeks  after  the end
of drought.  Experimental  drought  caused  strong  reductions  in  ecosystem  respiration  and  net  ecosystem
CO2 exchange,  but  ecosystem  fluxes  recovered  rapidly  following  rewetting  irrespective  of  N  and  species
diversity.  As  expected,  root C stocks  and  litter  decomposition  were  adversely  affected  by  drought  across
all  N and  plant  diversity  treatments.  In  contrast,  drought  increased  soil  water  retention,  organic  nutrient
leaching  losses  and  soil fertility.  Drought  responses  of above-ground  vegetation  C stocks  varied  depend-
ing  on  plant  diversity,  with  greater  stability  of  above-ground  vegetation  C  to drought  in the  high  versus
low  diversity  treatment.  This  positive  effect  of  high  plant  diversity  on  above-ground  vegetation  C stability
coincided  with  a decrease  in the  stability  of  microbial  biomass  C. Unlike  species  diversity,  soil  N availabil-
ity  had  limited  effects  on the  stability  of  ecosystem  processes  to extreme  drought.  Overall,  our  findings

indicate  that  extreme  drought  events  promote  post-drought  soil nutrient  retention  and  soil  fertility,  with
cascading  effects  on ecosystem  C fixation  rates.  Data  on  above-ground  ecosystem  processes  underline
the  importance  of  species  diversity  for grassland  function  in  a changing  environment.  Furthermore,  our
results  suggest  that  plant–soil  interactions  play  a key  role  for the short-term  stability  of  above-ground
vegetation  C  storage  to  extreme  drought  events.

© 2011 Elsevier GmbH. All rights reserved.
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Mounting evidence suggests that ongoing climate change will
esult in an increase in the frequency of extreme weather events
r climate anomalies such as unusually dry years (IPCC, 2007).
uch extreme climatic events have the potential to cause dramatic
hanges in ecosystem structure and function via non-linear thresh-
ld dynamics, and are expected to be equally, if not more important

han ecosystem responses to changes in mean temperature or pre-
ipitation (Easterling et al., 2000; Jentsch et al., 2007; Smith, 2011).
owever, impacts of extreme weather events (determined as a
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tatistical extremity with respect to a historical reference period)
ave received far less attention compared with gradual climatic
hanges, and knowledge of how extreme weather affects ecosys-
em services is lacking (Jentsch et al., 2007; Smith, 2011).

Grassland responses to extreme drought events are of particu-
ar interest because precipitation regimes are known to be critical
n determining grassland types, productivity and decomposition
ates (Laurenroth and Sala, 1992; Knapp and Smith, 2001). In gen-
ral, grasslands subjected to severe drought show a decrease in
eaf-level photosynthesis, plant productivity, and an increase in
arbon (C) allocation to roots, although the magnitude and dura-

ion of drought responses differ across studies (Kahmen et al.,
005; Kreyling et al., 2008; Gilgen and Buchmann, 2009; St. Clair
t al., 2009; Jentsch et al., 2011). Drought also has feedback effects
n the soil nitrogen (N) pool since the microbial processes that
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egulate soil N availability are sensitive to short-term variations
n soil moisture. For example, increased duration and intensity of
rought are usually associated with decreasing N mineralisation
nd inorganic N fluxes (Borken and Matzner, 2009). This interde-
endence between precipitation and soil N availability is further
trengthened because inorganic N is dissolved in soil solution, and
ater/rainfall affects its mobility and loss. Rewetting at the end of
rought typically results in a short-term pulse of C and N mineral-

sation, and increased risks of nutrient leaching losses (Fierer and
chimel, 2002; Gordon et al., 2008). In contrast, longer-term effects
f rewetting on microbial activity are more variable and may  be
riven by changes in microbial community composition (Schimel
t al., 2007). Consequently the size and fluxes of the soil N pool
re largely determined by precipitation events, and precipitation
nomalies may  have a large impact on C and N cycling at a variety
f temporal scales (Verburg et al., 2009).

Predicting grassland responses to drought events requires an
nderstanding of the complex interplay between abiotic and biotic
actors which determine ecosystem stability. For example, high soil

 availability could increase ecosystem vulnerability to drought
ia: (i) greater plant water demand in high biomass systems which
educes soil moisture (Wang et al., 2007); (ii) root:shoot allocation
atterns adapted to competition for light rather than below-ground
esource acquisition (Tilman, 1990); (iii) short-lived plant organs
nd higher rates of nutrient turnover which lower plant resistance
MacGillivray et al., 1995). However, complementarity in water-
se in diverse, multi-species communities may  partly offset water
tress during drought periods (De Boeck et al., 2006). Consequently,
mpacts of soil N availability on ecosystem stability could vary
epending on plant community composition. Furthermore, it has

ong been suggested that communities which are more diverse in
pecies or functional groups have greater stability against environ-
ental perturbations (diversity-stability hypothesis, reviewed in

ohnson et al., 1996; Hooper et al., 2005). In theory, redundancy
f functionally similar species or compensation by better-adapted
pecies may  buffer ecosystem processes in diverse communities
nder changing conditions (Hooper et al., 2005). In practice, stud-

es examining the relationship between species diversity and the
tability of ecosystem processes to drought have yielded conflicting
esults (Pfisterer and Schmid, 2002; Van Peer et al., 2004; Kahmen
t al., 2005; Wang et al., 2007; Kreyling et al., 2008). To date, inter-
ctions between soil N and plant species diversity on ecosystem
tability to drought have yet to be tested.

Here we use an outdoor mesocosm experiment to examine
hort-term above-ground and below-ground grassland responses
o a simulated 100-year extreme summer drought event. In order to
etter understand the consequences of extreme events in natural
ystems, we chose two temperate grassland communities that are
idespread across Europe, but have contrasting levels of species

ichness, as a model system. The primary objective of this study
as to determine the interactive effects of drought, soil N availabil-

ty and plant community composition on key ecosystem processes
elated to C and N cycling (ecosystem CO2 exchange rates, C/N soil
eaching losses, litter decomposition rates, C/N storage in vegeta-
ion, soil and soil microbes). We  focused on short-term drought
esponses to increase the detection of possible shifts in plant–soil
nteractions following drying-rewetting events (Hodge et al., 2000;
chimel et al., 2007). Specifically, we hypothesized that: (i) extreme
rought has a negative impact on plant C storage and soil nutri-
nt retention during rewetting; (ii) high soil N availability reduces
cosystem stability to drought, i.e. more negative drought effects

n high N treatments versus low N treatments; (iii) plant commu-
ities with high plant diversity have greater stability to extreme
rought, i.e. non-significant or less negative drought effects in high-
iversity communities versus low-diversity communities; (iv) high
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lant species diversity mitigates effects of high soil N availability
n ecosystem vulnerability to drought.

aterials and methods

xperimental design

The mesocosm experiment was conducted at the Lancaster
niversity Field Station, UK (54◦1′N, 2◦46′W,  94 m a.s.l.), and com-
rised of three treatments in a fully factorial design: soil nutrient
vailability (low N, high N), plant species diversity (low, high), and
ainfall (ambient, extreme drought event). Each of the eight treat-
ent combinations was  replicated five times, resulting in a total of

0 experimental mesocosms.
Mesocosms were established outdoors in September 2009; high

ensity polypropylene pots (38 cm × 38 cm × 40 cm)  with drainage
oles were packed with a 8-cm layer of limestone chippings for

mproved drainage, followed by a 27-cm layer of topsoil (pHH2O of
.3, 0.25% N, 3.05% C) collected from a sandy loam pasture at the
tudy site. Prior to pot-filling, the experimental soil was homog-
nized by mixing, and visible stones and roots were removed by
and. To generate the high N treatment, we  added 27 g of dried,
nely cut (1 mm)  Trifolium repens shoots (4.5% N, 10.1 C:N) to the
–5 cm soil layer of each mesocosm (equivalent to 1.22 g N per
esocosm or 84.5 kg N ha−1). We  used fresh organic material rather

han inorganic fertilizer in the nutrient treatment as it provides
 more realistic simulation of soil nutrient variability in natural
cosystems (Maestre and Reynolds, 2007). The organic material
as thoroughly mixed with background soil (6.5 l) before filling

he 0–5 cm layer. Added organic material resulted in an increase
n soil C from 3.05 to 3.1% per mesocosm, and was considered to
ave little impact on the soil water- or nutrient-holding capacity
ver the course of the study. In the low N treatment, no organic
aterial was  added to the mesocosms.
Two experimental grassland communities with contrasting lev-

ls of plant species diversity were established in the mesocosms
ased on assemblages classified as Anthoxanthum odoratum-
eranium sylvaticum (MG3) and Lolium perenne-Cynosurus cristatus

MG6) by the UK National Vegetation Classification (Rodwell,
998). Both community types comprised of common grassland
pecies (including grasses, forbs and a legume species). The low
iversity treatment (MG6 model) consisted of six species (Cyanosu-
us christatus L.; Holcus lanatus L.; Lolium perenne L.; Cerastium
ontanum L.; Trifolium repens L.; Festuca rubra L.), whereas the high
iversity treatment (MG3 model) consisted of 11 species (C. chris-
atus; H. lanatus; L. perenne; C. fontanum;  T. repens;  F. rubra; Agrostis
apillaris L.; Anthoxanthum odoratum L.; Plantago lanceolata L.; Poa
rivialis L.; Dactylis glomerata L.). These levels of species richness are
onsistent with species numbers found in 40 cm × 40 cm quadrats
n the field, i.e. quadrats equivalent to the size of the mesocosms
n this study (J.M.G. Bloor, unpublished data). Experimental plants

ere grown from seed obtained from Emorsgate Seeds (Kings Lynn,
K) and germinated at room temperature in trays filled with com-
ost (Scotts Levington M3  Professional Growing Medium). Newly
stablished seedlings (<3 weeks old) were transplanted individu-
lly into plug trays filled with experimental soil and maintained in

 glasshouse at Lancaster University. One week prior to planting in
he mesocosms, plug trays with seedlings were put outside at the
eld site to acclimatize; at the time of planting (25th September
009), all seedlings were 6–8 weeks old.

Thirty six seedlings were transplanted into each mesocosm;

lanting positions for each species were allocated at random, but
he same planting grid pattern was  maintained across mesocosms
y using a wire grid secured to the top of the pots. Planting densi-
ies were consistent with species abundance patterns observed in
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G3  and MG6  communities (Supplementary Material, Table S1),
nd ensured almost identical species evenness in the two diversity
reatments at the start of the experiment (E = 0.98 and 0.97 in the
ow and high-diversity treatments, respectively). Mesocosms were

atered regularly for 2 weeks to ensure successful seedling estab-
ishment. Plant communities were then left to grow under natural
ainfall conditions. At the end of April 2010, above-ground vegeta-
ion in each mesocosm was clipped to 5 cm above the soil surface,
nd plants were left to re-grow.

The extreme drought event applied in the drought treatment
as defined as the 100-year recurrence event for drought dur-

ng the vegetation growing season, i.e. the number of consecutive
ays with less than 1 mm daily precipitation. Precipitation amounts
1 mm are generally intercepted by the canopy and do not recharge
oil water content (De Boeck et al., 2011). Long-term weather
ecords for the field site (1967–2008) were used to fit a Gum-
el I distribution to the annual extremes of drought duration for
he local vegetation growing period (April–September). The 100-
ear recurrence event corresponded to a drought period of 34 days,
hich was applied from 11 June until 15 July in the peak growing

eason.
Drought was simulated using 2 m × 1.5 m rain-out shelters con-

tructed with a sloping wooden frame and covered with clear
olythene sheet (light transmission 90%). During drought manip-
lation, mesocosms were arranged in a split-plot design with 10
locks (each block comprising all nutrient × plant diversity treat-
ent combinations); rain-out shelters were applied to 5 blocks

ssigned to the drought treatment at random. Shelters were placed
t a minimum height of 50 cm above the pots to allow near-surface
ir exchange, and were only maintained over the pots/blocks dur-
ng rainy weather conditions to minimize treatment artefacts. No
ignificant temperature difference was observed under rain-out
helters during rain manipulation periods (T-test between hourly
ean temperatures inside and outside the shelters, P > 0.1). Soil
oisture content was monitored using an SM200 probe coupled

o a HH2 moisture meter (Delta-T Devices, Cambridge, England).
rought manipulation resulted in a deficit of 88.4 mm rainfall for
esocosms in the experimental drought treatment (Fig. 1). At the

nd of the experimental drought period, vegetation die-back was
ssessed based on 100 point quadrats per mesocosm; 61.1 ± 1.6%
enescence was recorded across droughted mesocosms compared
ith 10.6 ± 1.2% senescence across control mesocosms.

At the end of drought manipulation, rewetting occurred rapidly
s a result of natural rainfall (17.9 mm)  in the night of 15th–16th
uly. All mesocosms were left to grow under natural rainfall condi-
ions before final harvest in mid-August.

itter decomposition assay

Root and leaf material for the decomposition assay were col-
ected from monocultures of Dactylis glomerata and Festuca rubra
rown under field conditions in central France (45◦38′N, 2◦44′E).
echniques for obtaining root litter are problematic because: (i)
here is no evidence that roots senesce and are shed discretely
he way that leaves do; and (ii) published methods for collecting
ead roots do not control for the stage of decomposition (Hobbie
t al., 2010). Consequently we used dried, fresh roots to com-
are with leaf litter in our decomposition assay following Hobbie
t al. (2010).  Root material was collected following destruction
f 1-year-old monocultures in 2008 (R. Pilon, unpublished data).
enescent leaf litter was collected from 2-year-old monocultures

t the start of 2010; leaf material was yellow and considered to
e recently senesced (Austin et al., 2009). Litter from each species
as dried (60 ◦C for 48 h), finely cut (1 mm),  and combined in

 1:1 mix  to produce standardised litter (1.5% N, 44.6% C, 5.7%

(
b
d
l
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ignin versus 1.7% N, 40.6% C, 16.6% lignin for leaf and root litter,
espectively).

Litterbags for both leaf and root material were constructed using
 cm × 5 cm ANKOM F57 polyester/polyethylene filter bags (25 �m
esh; ANKOM Technology, Macedon, NY, USA). Pre-weighed lit-

erbags were filled with weighed, dried plant material (mean litter
eight: 0.5089 ± 0.005 g) and bag edges were heat-sealed. Two

ags of each litter type were incorporated into the 0–5 cm soil layer
n each mesocosm immediately prior to the start of the drought
vent (8–9th June 2010), resulting in a total of 240 litter bags. All
ags were retrieved at the end of the experiment (12th August
010). Once retrieved, litterbags were carefully cleaned and dried
60 ◦C, 48 h) before being weighed for determination of mass loss.
iven the relatively short incubation period, this assay focuses on

he initial phases of litter decomposition dominated by leaching
rocesses and mineralisation of soluble compounds contained in

itter.

O2 fluxes

Measurement of CO2 fluxes was made on six dates from June
hrough to August 2010: immediately prior to start of the drought
vent (10 June), midway through the drought event (24 June), at the
nd of the drought event (14 July), and at three time points post-
ewetting (23rd July, 29th July, 8th August). Flux measurements
ere made using custom-made chambers constructed with Ariel

iteglaze acrylic sheet (92% light transmission) fixed onto an 8-cm
igh polypropylene base (total chamber volume of 0.05 m3). Cham-
ers were sealed onto the rim of mesocosms with a rubberised strip
uring sampling, and enclosed the vegetation with minimal dis-
urbance. On each sampling date, flux measurements were made
etween 11:30 h and 14:30 h in the afternoon using a portable IRGA
GM-4 (PP Systems, Herts, UK) attached to the chambers using sil-
cone tubing and quick-release clips. Net ecosystem CO2-C fluxes

ere measured with the transparent chamber, whereas ecosys-
em respiration was  measured using a black-out bag to convert the
quipment to a dark chamber (Ward et al., 2009); at each gas sam-
ling, chamber closure time was  2 min. In order to complete flux
easurements during the mid-day period, measurements were
ade on 4 of the 5 replicates per experimental treatment, chosen

t random for each measurement campaign.

eachate C and N

From June through to the end of the experimental period, meso-
osms were placed on individual saucers (each supported on two
reeze blocks) and drainage water was collected in 250 ml bot-
les via a funnel attached to the perforated bottom corner of
ach saucer, following De Deyn et al. (2009).  The area between
he saucers and the mesocosms was sealed with plastic to pre-
ent direct rainfall into the saucers. Collection pots placed under
esocosms during the drought period indicated no water seepage

rom the droughted mesocosms throughout drought manipula-
ion. Leachate was  collected/analysed from all mesocosms at three
ainfall events post-rewetting to assess the impact of drought on
ost-drought nutrient losses (17th July, 25th July, 4th August). It
as not possible to record total leachate losses over the entire
ost-rewetting period due to a number of high-intensity, nighttime
ainfall events which caused collecting pots to overflow.

After collection, leachates were filtered through Whatman No.
 filter paper and kept cool (5 ◦C) prior to chemical analysis

within 5 days). Leachates were analysed for dissolved organic car-
on (DOC) using a Shimadzu 5000A TOC analyser. Total N was
etermined by oxidation with potassium persulphate (K2S2O8) fol-

owing Ross (1992), and the resultant ammonium and nitrate was
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ig. 1. Daily precipitation and course of soil water content during drought manip
oisture in control and droughted mesocosms are given (n = 20). Timing of leachat

easured using colorimetry and autoanalyser procedures (Bran &
uebbe, Norderstedt, Germany). Dissolved inorganic nitrogen (DIN)
as measured directly by autoanalyser procedures and dissolved

rganic nitrogen (DON) was  calculated by subtracting DIN from the
otal N measured. Loss of N and C was determined from the volume
f leachate and the concentrations of N and C at each sampling.

lant and soil measurements at final harvest

Above-ground and below-ground vegetation was  harvested on
he 12th August (4 weeks after the end of the experimental drought
eriod), in line with local grassland hay cutting dates in dry years.
bove-ground plant material was collected by clipping all shoot
aterial to 5 cm.  In addition, a subsample of plant stubble (0–5 cm)
as collected from each mesocosm by clipping a randomly posi-

ioned 15 cm × 20 cm quadrat to soil level. Above-ground biomass
amples were then dried at 60 ◦C for 48 h prior to weighing. Below-
round biomass was determined using five intact soil cores (3.4 cm
iameter, 0–15 cm deep) per mesocosm, collected immediately
fter plant clipping. Soil bulk density was determined using the
ry weight of soil contained in the volume of one of the soil cores
hosen at random. The remaining four soil cores were sieved (2 mm
esh) to separate roots from soil. Root samples were washed, dried

t 60 ◦C for 48 h and weighed. Total C and N content in above-
round biomass and root samples were determined for 5 mg  of
nely ground material (Brinkmann ball grinder, Retsch, MM200)
sing an elemental combustion analyzer (Flash EA 1112 CNS ana-

yzer, ThermoFinnigan, Milan, Italy). Vegetation C and N pools per
esocosm were expressed on a m2 basis by extrapolating from the

ampled area.
Soil mineral N was extracted from a sub-sample of freshly sieved

oil (2 mm)  by shaking 5 g of soil with 25 ml  1 M KCl for 1 h on an
rbital shaker. The KCl extracts were filtered through Whatman No.

 filters and analysed for ammonium and nitrate by autoanalyser

rocedures. Additional soil samples were oven-dried (105 ◦C, 24 h)
o determine gravimetric moisture content. In addition, potential
et N mineralisation rate was measured as the release of mineral

 after incubation of 5 g soil samples in the laboratory (10 days,

C

fi

n and recovery after extreme drought. Mean values and standard errors for soil
ction is indicated by arrows.

2 ◦C); after incubation, soil samples were extracted with KCl as
reviously described.

Microbial biomass N and C were measured on 5 g subsamples
f freshly sieved soil using the chloroform fumigation–incubation
ethod (Brookes et al., 1985). Soluble C was extracted from

umigated and unfumigated samples with 25 mL  of 0.5 M K2SO4
olution. Microbial C (Cmic) was calculated as the difference in
otal C extracted in fumigated and unfumigated soils, with kC = 0.35
s the adjustment factor (Sparling et al., 1990). Extractable N in
he above extracts was  determined by oxidation with K2S2O8, as
escribed for leachates. Microbial N (Nmic) was  calculated as the
ifference in total N extracted in fumigated and unfumigated soils,
ith kN = 0.54 as the adjustment factor (Brookes et al., 1985).

ata analyses

The magnitude and direction of above-ground and below-
round drought responses were used as an indicator of short-term
cosystem stability to drought, following Jentsch et al. (2011).
iven that our objective was to examine overall stability to drought,
e did not distinguish between resistance and resilience met-

ics as in some other studies (Wardle et al., 2000; Van Ruijven
nd Berendse, 2010). The experiment was  analysed as a split-
lot design following Zar (1998),  with drought treatment as the
hole-plot factor, fixed and among blocks, and both N and plant
iversity treatments as fixed sub-plot factors within blocks. Differ-
nces between treatments were determined with Tukey post-hoc
ests. All statistical analysis was  carried out using Statgraphics Plus
.1 (Statistical Graphics Corp., Rockville, Maryland, USA). Where
ecessary, data were transformed prior to analysis to conform with
ssumptions of normality and homogeneity of variances.

esults
limate

Comparisons with long-term meterological observations at the
eld site (1967–2008) indicated that rainfall during the growing
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ig. 2. Effects of interactive drought and N level on ecosystem respiration and net e
)  mesocosms during the experimental period. Means (±1 standard error) are show

eason of 2010 was close to the long term average (400.6 mm in
010 versus 384 mm).  Below-average rainfall in spring was  com-
ensated for by above-average rainfall in July. The 2009–2010
inter period was cooler than the long-term average (mean
onthly temperature 2.3 ◦C versus 4.4 ◦C), but temperatures dur-

ng the 2010 growing season were equal to the long term average
mean monthly temperature 12.5 ◦C).

oil moisture during drought and drought recovery

During drought manipulation, patterns of soil moisture con-
ent differed significantly between droughted and non-droughted

esocosms across N and plant diversity treatments (Fig. 1). Soil
oisture content in the non-droughted mesocosms was relatively

ow at the start of the drought period due to dry conditions, but
ncreased dramatically in the latter half of the drought period
ue to heavy rainfall events (Fig. 1). In contrast, droughted meso-
osms decreased to a minimum soil water content (∼4% soil
oisture) and remained at this level until rewetting (Fig. 1). During

he ‘drought recovery’ period, i.e. post-rewetting, non-droughted

esocosms approached field capacity (35% soil moisture) and

oil moisture remained high due to regular rain events (Fig. 1).
bove-average rainfall in the week following rewetting resulted

n a rapid convergence of soil moisture levels in droughted and

g
F
c
o

em CO2-C exchange rate (NEE) for low diversity (a and c) and high diversity (b and
 4.

on-droughted mesocosms (Fig. 1). Nevertheless, the drought
reatment was associated with significantly lower soil moisture
hroughout the recovery period (Fig. 1, P < 0.05 for all measurement
ates). Drought-induced reductions in soil moisture showed few

nteractions with plant species diversity or N treatment through-
ut the experimental period. However, in the latter half of the
rought period, low N conditions were associated with greater
rought-induced reductions in soil moisture (drought × N interac-
ion, F1,23 = 6.75, P < 0.05).

O2 fluxes during drought and drought recovery

Over the course of the drought period, droughted mesocosms
howed a significant decrease in respiration rates (Reco) and net
cosystem CO2-C exchange (NEE), indicating less net C fixation
cross all nutrient and plant diversity treatments (Fig. 2). Twelve
ays after the start of experimental drought, drought-induced
eductions in Reco were significantly greater in low N mesocosms
ompared with high N mesocosms (Table 1, Fig. 2). Furthermore,
rought-induced decreases in net C fixation were significantly

reater in the low- compared to high-diversity treatment (Table 1,
ig. 2). At the end of the drought period, both Reco and NEE were
lose to zero in all droughted mesocosms (Fig. 2). The magnitude
f drought-induced reductions in Reco did not differ depending
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Table 1
Ecosystem respiration and net ecosystem CO2-C exchange rate (NEE) as a function
of  drought, N level and species diversity treatment during extreme drought and
drought recovery (post-rewetting). F values derived from analysis of variance are
shown: significant effects (P < 0.05) are shown bold type.

Drought Post-rewetting

Day 12 Day 32 Day 7 Day 14 Day 24

(a) Ecosystem respiration
Drought (D) 43.46 7996.6 0.86 0.68 0.83
N  level (N) 7.96 0.85 0.67 0.30 0.32
Species diversity (S) 5.98 0.01 0.27 0.48 0.04
D  × N 5.98 2.29 0.07 1.30 0.13
D  × S 0.88 0.10 4.47 1.19 5.45
N  × S 0.57 0.54 0.23 0.48 0.01
D  × N × S 1.27 1.51 0.01 0.09 0.01

(b)  NEE
Drought (D) 8.14 38.71 15.35 0.71 9.86
N  level (N) 0.28 1.51 1.75 0.49 2.25
Species diversity (S) 4.52 9.60 1.16 0.04 0.55
D  × N 0.38 2.21 0.21 1.46 0.02
D  × S 5.72 6.90 0.29 0.58 1.25
N × S 0.28 2.23 0.39 0.91 0.02
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Table 2
Effects of drought, N level, species diversity treatment and time on drainage water
and  nutrient leaching (DOC, DON, DIN) during grassland recovery after extreme
drought. F values derived from analysis of variance are shown: significant effects
(P < 0.05) are shown bold type.

Effect Variables

Drainage water DOC DON DIN

Drought (D) 9.97 5.93 9.84 0.60
N  level (N) 0.28 0.18 0.01 2.29
Species diversity (S) 1.66 0.98 0.35 0.62
Time (T) 39.09 148.77 80.71 33.70
D  × N 2.43 0.09 2.49 1.45
D  × S 1.29 0.36 0.89 1.61
N  × S 0.01 0.56 0.97 0.81
D  × T 2.19 2.42 0.82 0.03
S  × T 1.03 0.26 0.74 0.06
N  × T 2.83 2.46 3.57 1.28
D  × N × S 0.90 0.77 2.01 6.70
D  × N × T 1.42 0.70 0.69 3.96
D  × S × T 0.30 0.71 0.94 0.22
N  × S × T 1.91 0.46 1.00 0.51
D  × N × S × T 0.57 0.43 1.97 0.73
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D  × N × S 2.27 5.44 2.22 0.15 1.01

F1,18 for all terms except drought (DF1,6); n = 4.

n plant diversity or N treatment (Table 1, Fig. 2). In contrast,
ffects of drought on NEE were stronger in the low diversity
ompared to the high diversity treatment, these drought-induced
eductions in net C fixation being exacerbated by high N (Table 1,
ig. 2).

Patterns of recovery of Reco following re-wetting were fast irre-
pective of N and plant diversity treatment (Fig. 2). In the low
lant diversity treatment, droughted and non-droughted meso-
osms showed no difference in Reco from day 7 onwards of the
rought-recovery period. In the high plant diversity treatment,
rought was associated with an increase in respiration rates on
ays 7 and 24 after re-wetting (Table 1, Fig. 2). Recovery of NEE after
rought was slower than Reco; 1 week after re-wetting, drought was
ssociated with net C efflux (NEE > 0) across all plant diversity and

 treatment combinations (Table 1, Fig. 2). Nevertheless, complete
ecovery of NEE to a C sink was observed 2 weeks after rewetting
no significant drought effects, Table 1). By the end of the measure-

ent period (day 24 after re-wetting), C fixation rates were higher
or droughted mesocosms compared with non-droughted controls,
rrespective of N and plant diversity treatment (Fig. 2).

ost-drought leaching losses of C and N

Leaching losses recorded after rewetting were ranked
OC > DON > DIN across all treatments (Fig. 3). Nutrient losses
aried with time, but losses of both DOC and DON were generally
ower in droughted mesocosms throughout the drought-recovery
eriod (Table 2, Fig. 3). Unlike DOC/DON losses, responses of DIN

osses to drought varied depending on N and species diversity
cross sampling dates (Table 2, Fig. 3).

Two days after rewetting, leaching losses of both C and
 showed a significant nutrient × drought interaction (Fig. 2;

1,23 = 4.43, P < 0.05 for DOC, F1,23 = 9.33 and F1,23 = 10.85 for DON
nd DIN, respectively, P < 0.01). Under low N conditions, drought
as associated with a decrease in DOC, DON and DIN losses,
hereas under high N, drought was associated with an increase

n DIN losses and no change in DOC or DON (Fig. 3). Ten days
fter rewetting, DOC losses were significantly lower from all pots

ubjected to experimental drought (F1,23 = 5.43, P < 0.05), whereas
ON showed only marginally significant decreases in response to
rought (Fig. 3). Twenty days after rewetting, both DOC and DON
till showed significantly lower values in the drought treatment,

i
(
n
(

F85 for all terms except drought (DF8); n = 5.

rrespective of N and plant diversity treatment (F1,23 = 5.66 and
1,23 = 9.69, respectively, P < 0.05). DIN losses showed no response
o drought, nutrients or plant diversity at days 10 and 20 after
e-wetting (Fig. 3).

Effects of drought on leaching losses were driven by changes in
olumes of drainage water rather than leachate concentration; irre-
pective of measurement date, the volume of drained leachate was
ower in the drought treatment compared to the ambient rainfall
reatment (Table 2, Fig. 3). Furthermore, volume of drainage water
howed a significant nutrient × drought interaction 2 days after
ewetting (F1,23 = 10.77, P < 0.01), with greater drought-induced
eductions in drainage water volume under low N conditions.
eachate concentration only showed a significant effect of drought
or DOC and DIN collected 2 days after rewetting; DOC  concen-
ration showed a significant increase with drought (F1,8 = 10.64,

 < 0.05), whereas DIN concentration decreased under droughted,
ow N conditions but increased under droughted, high N con-
itions (significant N × drought interaction, F1,23 = 6.70, P < 0.05).
o other treatment effects were detected on leachate concentra-

ions at any date. Interestingly, volumes of leachate and DOC/DON
eaching losses recorded in the drought treatment 20 days after
e-wetting showed a significant negative correlation with above-
round plant biomass measured at the end of the study (r = −0.62,
0.64 and −0.69, respectively, P < 0.01 in all cases). Neither vol-
me  of drainage water nor leaching losses showed any relationship
ith green biomass at the end of the study for ambient rainfall
esocosms.

ffects of drought on litter decomposition

Irrespective of experimental treatment, leaf litter decom-
osed more rapidly than root litter over the 2-month incubation
eriod (32.2% versus 19.9% for leaf and root litter, respectively;
upplementary Material Table S2). Across litter types, drought
ad a significant negative effect on decomposition rate during
he initial stage of decomposition, but drought-induced reductions
n decomposition were greater for leaf litter than for root litter
Supplementary Material Table S2;  Fig. 4). Neither plant diversity

or N treatment affected decomposition rates of the two  litter types
Supplementary Material Table S2).
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ig. 3. Drainage water and nutrient leaching (DOC, DON, DIN) during drought recov
eans  and standard errors are presented (n = 5).

 and N in vegetation and soil pools at final harvest

At final harvest, total above-ground standing biomass ranged
rom 344.1 to 541.7 g and below-ground biomass in the 0–15 cm
oil layer ranged from 212 to 402 g across experimental treat-
ents. Experimental drought had a significant negative effect
n the mass of C in roots across all plant diversity and N
reatments (Table 3). In contrast, effects of drought on above-
round vegetation C varied depending on species diversity;
n low plant diversity mesocosms, above-ground C showed a

d
C
w
P

r mesocosms under interactive drought, soil N and species diversity (S) treatments.

egative response to drought, whereas in high plant diversity
esocosms, above-ground C showed no change in response to

rought (Table 3, Fig. 5). Microbial responses to drought also
aried depending on plant diversity treatment (Table 4). In
ow diversity mesocosms, both Cmic and Nmic showed a posi-
ive response to drought, whereas in high diversity mesocosms,

rought was associated with a decrease in Cmic and Nmic (Fig. 6).
onsequently, drought response in above-ground vegetation C
as negatively correlated with Cmic drought response (r = −0.68,

 < 0.01).
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 months of incubation.

Drought had a significant positive effect on soil mineral N
nd N mineralisation rates across all plant diversity and N treat-

ents (Table 4, Fig. 6). Nevertheless, drought had no consistent

ffect on mass of below-ground plant N (Table 3). Further-
ore, impacts of drought on the mass of above-ground N varied
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epending on N treatment (Table 3, Fig. 5). In the high N treatment,
rought increased above-ground plant N mass whereas in the low

 treatment, no significant effects of drought were observed on
bove-ground N mass. Response patterns in above-ground N mass
ere almost certainly confounded by significant drought-induced

eductions in legume abundance in the low N, low diversity treat-
ent (32.6% versus 17.3% in the control and droughted mesocosms,

espectively).

iscussion

cosystem responses to drought

Understanding the patterns and mechanisms of ecosystem
tability in a changing environment is critical for sustainable
cosystem management and ecosystem restoration (Hooper et al.,
005). In the present study, we used above-ground and below-
round drought responses as a proxy for short-term ecosystem
tability, and an indicator of grassland vulnerability to a 100-year
rought event. By constructing species assemblages which conform
losely to specific grassland communities, and aligning the date
f our final harvests with local management practices, our data
rovide valuable insights into the short-term impacts of extreme
rought for grassland managers and agricultural stakeholders.
ith a significant decrease in soil moisture and CO2 fluxes (Reco and
EE), as well as reductions in litter decomposition rates and root

 at final harvest (4 weeks after experimental drought). However,
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Fig. 6. Microbial biomass C, microbial biomass N, soil mineral N and net N mineralisation rate in the 0–15 cm soil layer of mesocosms under interactive drought, soil N and
species diversity (S) treatments. Means and standard errors are presented (n = 5).

Table 3
Effects of drought, N supply, species diversity and all interactions on above-ground (>0 cm)  and below-ground (0–15 cm)  plant carbon and nitrogen pools. F values derived
from  analysis of variance are shown: significant effects (P < 0.05) are shown bold type.

Effect Variables

Above-ground C Above-ground N Root C Root N

Drought 4.40 3.82 5.79 1.35
N  level 4.26 0.01 6.47 4.91
Diversity 0.04 7.00 0.02 0.18
Drought × N 1.89 9.23 0.11 0.01
Drought × Diversity 4.35 3.33 1.56 1.13
N  × Diversity 0.34 2.95 0.10 0.01
Drought × N × Diversity 1.48 3.33 0.01 0.01

DF1,23 for all terms except drought (DF1,8); n = 5.

Table 4
Effects of drought, N supply, species diversity and all interactions on soil variables (0–15 cm soil layer). F values derived from analysis of variance are shown: significant
effects  (P < 0.05) are shown bold type.

Effect Variables

Microbial C Microbial N Soil inorganic N N mineralisation rate

Drought 1.56 2.41 13.66 37.69
N  level 24.34 10.72 0.30 3.35
Diversity 4.58 2.60 12.79 1.69
Drought × N 1.17 0.56 0.48 0.55
Drought × Diversity 9.21 6.17 1.22 0.12
N  × Diversity 0.01 0.39 0.17 0.30
Drought × N × Diversity 1.40 0.01 1.96 0.16

DF1,23 for all terms except drought (DF1,8); n = 5.
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rought-induced reductions in CO2 fluxes observed during drought
nd shortly after rewetting did not persist, and CO2 fluxes showed
ither complete recovery or overcompensation during the 4-week
rought recovery period. These data corroborate previous work
n low diversity grassland assemblages which indicate that light
se efficiency and maximum NEE show overcompensation in the
eeks following drought, largely due to a shift from reproductive

o vegetative growth (Mirzaei et al., 2008). At the end of the study,
roughted mesocosms showed increases in shoot N, soil inorganic

 and rates of N mineralisation compared with undroughted meso-
osms. This is consistent with drought-induced increases in soil N
ycling rates observed in both field and laboratory experiments
lsewhere (White et al., 2004).

Water and soil nutrient retention typically decrease after
rought as a result of drought-induced changes to soil structure
nd soil hydrophobicity which promote preferential flow during re-
etting (Muhr et al., 2010). Contrary to expectations, we recorded

ower volumes of drainage water from the droughted compared
o non-droughted mesocosms following rewetting, with cascading
ffects on DOC and DON losses. It is likely that observed drought
ffects were initially driven by high soil water content in the con-
rol mesocosms; additional rainfall resulted in significant water
eepage from soils close to water-carrying capacity. Towards the
nd of the experimental period, however, we detected a significant
egative correlation between plant biomass and water drainage
olumes, indicating that longer-term drought-induced reductions
n seepage and DOC/DON leaching losses were maintained by
ifferences in plant water demand. In contrast, DIN losses were
oorly correlated with water drainage volumes and showed lim-

ted drought responses, suggesting high biological N demand across
reatments during the drought recovery period.

nteractions between species diversity and drought

In line with the diversity-stability hypothesis, we predicted
hat our high diversity grassland communities would be better
ble to buffer the effects of an extreme drought. Our results pro-
ide partial support for this idea: (i) Reco in the high-diversity,
roughted mesocosms showed compensatory effects after rewet-
ing; and (ii) above-ground vegetation C in the high plant diversity
reatment showed no significant effects of drought at final harvest,
hereas low plant diversity mesocosms showed drought-induced

eductions in shoot C. However, we found no diversity × drought
nteractions for litter decomposition, soil nutrient leaching losses,
r soil fertility. Unlike previous studies (Kahmen et al., 2005;
ilman et al., 2006), we found no evidence that observed patterns
n above-ground vegetation C were correlated with variation in
elow-ground C, or shifts in the abundance of plant functional
roups (data not shown). Instead, drought responses in shoot C
ere negatively correlated with those of microbial biomass C, sug-

esting that maintenance of shoot C under drought conditions
ccurred at the expense of soil microbial biomass (and vice versa).

To our knowledge this is the first study to demonstrate the
mportance of plant–microbe interactions for the stability of above-
round productivity in model grassland ecosystems under drought.
lthough the notion that microbial stability plays a key role in the
egulation of ecosystem stability is not new (O’Neill, 1976), data
oupling both plant and microbial responses to severe drought
re scarce. The only two  such studies of which we  are aware
oth examined drought effects on low plant diversity (≤4 species)
ssemblages (Wardle et al., 2000; Kreyling et al., 2008), and nei-

her of these found a clear pattern of drought response with plant
pecies diversity or a link between stability of plant productivity
nd microbial activity. Nonetheless, negative correlations between
oot biomass and resistance of microbial activity to short-term

C

d
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rying/rewetting have previously been documented for grassland
pecies (Orwin and Wardle, 2005).

The trade-off observed here between stability of above-ground
egetation C storage and microbial biomass may  reflect drought-
nduced changes in plant–microbial competition for N across the
wo grassland community types (Kaye and Hart, 1997; Hodge
t al., 2000). Although we  do not know the exact mechanisms
nvolved, one possibility is that plants in high-diversity meso-
osms are better able to take advantage of drought-induced
ncreases in soil nutrient availability following rewetting com-
ared with plants in low-diversity mesocosms. This assumes that:
i) low-diversity mesocosms have a lower probability of contain-
ng drought-tolerant plant species (Yachi and Loreau, 1999); and
ii) labile nutrients in high-diversity mesocosms are rapidly taken
p by the vegetation pool at the expense of microbial uptake
nd population growth. The competitive advantage of plants in
igh-diversity mesocosms could be further amplified by increased
omplementarity in N resource use and/or likelihood of plants
ith high N demand (Hooper et al., 2005). Alternatively, drought-

nduced shifts in plant/microbial competition for N could arise if
he microbial communities associated with the two grassland com-

unities differ in their sensitivity to drought (Schimel et al., 2007;
ordon et al., 2008). This assumes that drought-sensitive microbial
ommunities in high-diversity mesocosms liberate more nutrients
fter rewetting. Clearly, further work is needed to confirm the
mportance of plant–microbial resource partitioning for grassland
tability to drought, and to determine whether our findings reflect
iversity effects per se or the presence of particular plant species in
he high diversity mesocosms.

nteractions between soil N availability and drought

Previous work suggests that soil nutrient availability could play
n important role in mediating stability of ecosystem processes
ia changes in above-ground and below-ground plant C alloca-
ion patterns and plant traits (Chapin, 1980; MacGillivray et al.,
995) or plant–soil feedbacks (Manning et al., 2006). However,
espite recording higher plant biomass and lower soil moisture

evels in the high N treatment during the study, we  found no
nteraction between N and drought on CO2 fluxes or C storage in
egetation, soil and microbial pools. Drought-induced differences
n above-ground N storage in low- and high-N treatments could be
xplained by shifts in legume abundance. Moreover, we  only found

 transient drought × N interaction on nutrient leaching losses; 2
ays after rewetting, the droughted, low N treatment was associ-
ted with increased nutrient retention (DOC, DON, DIN) whereas
roughted, high N mesocosms had increased DIN leaching losses
ompared to the non-droughted controls. These results suggest
hat the stability of above-ground and below-ground processes to
rought may be relatively insensitive to soil N availability for our
odel grassland communities. Of course it is possible that patterns

f response of overall stability observed here may be influenced
y the lower C allocation to roots in relatively young grassland
ystems. Whilst similar patterns of stability in plant community
tructure to drought have been documented in both ‘young’ (<2
ears) and ‘old’ grassland communities (Franck and McNaughton,
991; Richardson et al., 2010), the importance of plant commu-
ity age for the stability of grassland ecosystem processes remains
nknown.
onclusions

Collectively our findings show that, in the short-term, extreme
rought has mixed effects on grassland ecosystem processes:
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rought adversely affected root biomass, litter decomposition rates
nd short-term CO2 fluxes, but increased soil nutrient retention,
oil fertility and longer-term C fixation rates. High plant species
iversity promoted stability of above-ground vegetation C stor-
ge to drought at the expense of soil microbial biomass, which
ight reflect drought-induced shifts in plant–microbial resource

artitioning or microbial community structure. In contrast, soil N
vailability had little effect on the short-term stability of ecosystem
rocesses to extreme drought. Our results underline the impor-
ance of plant composition for grassland function in a changing
nvironment and emphasize the need for coupling above-ground
nd below-ground measurements for a mechanistic understanding
f grassland stability. Given that extreme events may  accelerate
ystem changes and have long-term repercussions on ecosystem
unction via plant–soil feedbacks and temporal lags, additional
ork is needed to determine whether the results obtained
ere translate into longer-term shifts in grassland ecosystem
ervices.
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