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Abstract

Disturbance events such as climatic extremes may enhance the invasibility of plant
communities, through the creation of gaps and the associated local increase in avail-
able resources. In this study, experimental herbaceous communities consisting of three
species were subjected to 50 yr extreme drought and/or heat events, in spring, summer5

or autumn. In the year of the induced extremes, species mortality and end-of-season
biomass were examined. In two subsequent years without further disturbances, estab-
lishment of new species was recorded.

The drought and drought + heat extremes in summer and autumn induced greater
plant mortality compared with the heat extremes in those seasons and compared with10

all extremes applied in spring, in all three originally planted species. Recovery in terms
of biomass towards the end of the growing season, however, was species-specific. The
dominant species, the nitrogen fixer Trifolium repens, recovered poorly from the drought
and drought + heat extremes which governed the community response. Community
biomass, which was heavily affected by the drought and especially by the drought +15

heat events in summer and autumn, reached control values already one year later.
Invasibility was increased in the communities that underwent the drought + heat ex-
tremes in the first year following the extreme events, but no longer in the second year.
During the two years of invasion, the community composition changed, but indepen-
dently of the type and impact of the extreme event.20

In short, the extreme climate events greatly affected the survival and productivity of
the species, modified the species composition and dominance patterns, and increased
the invasibility of our plant communities. However, none of these community properties
seemed to be affected in the long term, as the induced responses faded out after one
or two years.25
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1 Introduction

Extreme climatic events have become a key issue in climate change research, in view
of their increasing frequency and intensity and their potential disastrous impact on
ecosystems (IPCC, 2012). In plant communities, especially intense drought and heat
events can cause major disturbance, including loss of productivity (Ciais et al., 2005;5

Hanson and Weltzin, 2000; De Boeck et al., 2011; Peñuelas et al., 2007) and enhanced
die-off (Breshears et al., 2005; Kreyling et al., 2008b). This leads to decreased carbon
uptake from the atmosphere, which can be diminished for multiple years due to lagged
responses such as mortality in the years following the extreme event, slow recovery
or increased sensitivity to pests or future event (Arnone et al., 2008; Bréda et al.,10

2006; Reichstein et al., 2013). This might even turn CO2 sinks in sources, creating
a positive feedback on climate warming (Reichstein et al., 2013). An additional effect of
extreme events is that they may render communities more sensitive to invasion by new
species since disturbance, by creating gaps in the original community, is a major driver
of invasibility (Burke and Grime, 1996). This imposes an additional pressure on the15

persistence of plant communities besides the direct effect of the events themselves.
According to the fluctuating resource availability theory (Davis et al., 2000), a com-

munity becomes more susceptible to invasion when the amount of unused resources
is increased (provided this coincides with the arrival of invasive seeds). This occurs
when resource uptake by the resident community is diminished (e.g. following plant20

mortality) or when an increase in resources exceeds the sequestration rate of the resi-
dent plants (e.g. following improved water supply or eutrophication) (Davis et al., 2000).
Several studies have indeed reported enhanced invasibility after various types of dis-
turbance events, including droughts (Belote et al., 2008; Burke and Grime, 1996; Davis
and Pelsor, 2001; Jiménez et al., 2011; Kreyling et al., 2008a; Renne et al., 2006).25

However, invasibility could also be reduced by disturbance when the events are re-
current and too severe, creating suboptimal conditions. Only few species will then be
sufficiently disturbance-tolerant to be able to colonize and establish in such environ-
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ments (Davis et al., 2005; Kreyling et al., 2008a). The theory of Davis et al. (2000)
furthermore states that invasibility is not necessarily related to other factors such as
the species richness or species diversity of the resident community (the diversity – in-
vasibility controversy, e.g. Dukes, 2001; Frankow-Lindberg, 2012; Naeem et al., 2000;
van Ruijven et al., 2003). Nonetheless, disturbance can influence the diversity of com-5

munities through mortality, and invasibility can in turn determine diversity through newly
incoming species, suggesting that diversity, disturbance (i.e. changes in available re-
sources) and invasibility all co-vary with each other (Belote et al., 2008; Clark and
Johnston, 2011; Davis et al., 2005; Renne et al., 2006; Shea and Chesson, 2002).

The species that enter the community after an extreme climatic event can be ex-10

pected to have specific characteristics that determine their invasion success in such a
disturbed environment, since local abiotic factors or competition would filter out unsuit-
able species (MacDougall et al., 2008). Jiménez et al. (2011), for example, observed in-
creased invasion by exotic species after extreme drought, but an increased abundance
of native annuals after rainfall events. Also Kreyling et al. (2008a) reported greater in-15

vasion of species with a specific affinity to either extreme drought or rainfall, after an
occurrence of those conditions. Furthermore, resident species might influence the in-
vasion success of specific invaders. Fargione et al. (2003) demonstrated that resident
species can inhibit the invasion of other species from the same functional group, which
can be explained by niche differentiation between functional groups. Invaders would20

thus perform better when their functional traits and pattern of resource use differ from
that of resident species (Tilman, 2004). In addition, newly incoming species can in-
fluence carbon and nutrient cycles of an existing community (through species-specific
impacts on productivity, above and belowground carbon and nitrogen storage, rooting
depth ...). For example, grasses invading a semiarid shrubland have been found to in-25

crease carbon and nitrogen storage while the opposite event decreased carbon storage
(Jackson et al., 2002; Wolkovich et al., 2010). Meta-analysis of plant invasion studies
revealed that invading woody and nitrogen-fixing species usually had a greater im-
pact on carbon and nitrogen cycles than those by herbaceous and non-nitrogen fixing
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species (Liao et al., 2008). Knowledge on how extreme events would affect community
composition after an extreme event might therefore be important.

In this study, we subjected constructed plant communities consisting of three com-
mon herbaceous species to experimentally induced extreme drought and/or heat
events, in spring, summer or autumn. Following the year during which the extremes5

were imposed, other species were allowed to invade the plant communities. Commu-
nity productivity responses during the year of the events have been reported in De
Boeck et al. (2011). Here we investigate the species-specific responses in the year
of exposure and during two years of subsequent recovery. We expect differences in
mortality and productivity between the various events to be reflected in the species10

invading the communities. Our principle objective is thus to determine how community
composition will evolve depending on disturbance history.

2 Material and methods

2.1 Study site, plant material and treatments

This study was conducted from April 2009 until October 2011 at an experimental15

field site on the Drie Eiken Campus of the University of Antwerp (Belgium, 51 ◦09′ N,
4◦24′ E). Mean annual air temperature at this location with a temperate maritime cli-
mate is 9.6 ◦C and mean annual precipitation is 780 mm, equally distributed over the
year.

In 2009, experimental plant communities were subjected to extreme climatic events20

imposed in different seasons. The communities were grown under control conditions
without extremes (C) or exposed to a single extreme event – either drought (D), heat
(H) or the combination of drought and heat (DH) – in either spring, summer or autumn.
The communities (216 in total), consisted of three common herbaceous species (Plan-
tago lanceolata L., Rumex acetosella L. and Trifolium repens L.) and were established25

in containers (20 cm diameter, 40 cm depth). Each of the communities contained 10
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plants (three individuals of each species; the tenth individual was altered every three
communities to ensure equal representation of all three species across the 18 com-
munities per treatment). The plants were arranged in a hexagonal design with only
interspecific neighbours. We chose experimental plant communities over natural com-
munities as differences between replicates (such as soil structure, species interactions5

and nutrient availability) are minimized, increasing comparability between treatments.
The soil used in the containers was sandy (96 % sand, 1.5 % silt and 2.5 % clay; pH
7.6; 1.3 % C, 19 mg nitrate-N, 1.1 mg ammonium-N and 550 mg Kjeldahl-N per kg dry
soil). The water content was 0.15 m3 m−3 at field capacity (pF 2.5) and 0.037 m3 m−3 at
wilting point (pF 4.2), determined by a soil laboratory (Belgische Bodemkundige Dienst,10

Leuven, Belgium).
The plant containers were placed in six watertight boxes (135×135 cm) which were

embedded in the soil. Each of the boxes was separated in two halves. Each half rep-
resented a separate treatment (either C, D, H or DH) and contained 18 replicate plant
communities. A fixed water table was manually maintained in the watertight boxes at15

34 cm from the surface, to provide sufficient water. The plant containers had a per-
forated lid at the bottom to allow water drainage and inflow. In each box, the water
table was sustained in one half (C and H treatments), while in the other half drought
was induced at the appropriate time by removal of the water table (D and DH treat-
ments). Above three of the six boxes (which contained both the H and DH treatments),20

a set of six 1500 W infrared lamps were suspended at a height of 120 cm. Above the
other three boxes (containing the C and D treatments), dummy lamps were placed.
Three half boxes were provided for the control treatment (thus 18 replicate communi-
ties per extreme event treatment but 54 control communities). The communities were
relocated twice between the boxes (in June and August), to avoid location-specific25

effects. Permanent rain shelters (3.60 m by 3.60 m) with angular roofs with a height
of 200–240 cm, consisting of transparent polycarbonate, prevented precipitation from
reaching the communities. Because of their height, full air exchange with the surround-
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ings was ensured, hence the build-up of heat (+0.2◦ C) and relative humidity (+3 % on
average) underneath the shelters were modest.

The intensity of the extremes was chosen to mimic events currently occurring once
every 50 yr. The length of the drought extremes was determined by interpolation of
return time data, using the long-term database of the Royal Meteorological Institute5

of Belgium (records from 1880–2003), as the number of consecutive days with daily
precipitation less than 1 mm. Drought lengths were analyzed for every month sep-
arately (but with overlap allowed between the preceding and following month). This
analysis yielded 26, 25 and 31 days of withholding water for the spring (17 April–13
May), summer (6–31 July) and autumn (8 September–9 October) extremes, respec-10

tively. The heat extremes always lasted 10 days (a realistic length for the region, De
Boeck et al., 2010) and were applied at the end of the drought period. Maximum daily
air temperatures during the heat extremes were calculated similarly to the precipitation
records, by interpolation of return time data. The average daily maximum air temper-
atures during the 10 day heat waves resulting from this analysis were 25.6 ◦C, 29.8 ◦C15

and 21.9 ◦C for the spring, summer and autumn extremes, respectively (which was in
all cases approximately 7 ◦C above the outside maximum temperatures). The soil water
content that was reached at the end of the drought + heat waves was near or below
the wilting point of 0.037 m3 m−3 in all three seasons (0.038 m3 m−3, 0.034 m3 m−3 and
0.036 m3 m−3 for the spring, summer and autumn DH treatments, respectively). Also20

the summer D treatment almost reached wilting point (0.038 m3 m−3), while the spring
and autumn drought evoked less dry soil conditions (0.072 m3 m−3 and 0.11 m3 m−3,
respectively). At the end of the drought events, water was added manually to bring the
soil water content back to field capacity. In the control and heat wave treatments, the
soil water content was always near field capacity (0.15 m3 m−3).25

After the biomass harvest in the year of the imposed extremes (October 2009, see
below), 72 communities (6 per treatment and 18 control communities) were removed
from the experimental set-up and exposed to ambient air and precipitation. From that
moment on, new species were allowed to naturally invade the communities (seeds were
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not added manually). Mean monthly air temperature and monthly precipitation during
2010 and 2011 are shown in Fig. 1 (data from a weather station situated 10 km from
the experimental field site). Each year, the communities were clipped (with removal of
all aboveground material above 4 cm) on 19–20 June and 26–30 October, in order to
simulate mowing practices in extensively managed grassland. No fertilizer was added5

to the communities.

2.2 Measurements

Species apparent mortality (no visible green tissue) was recorded on the last day of the
induced extreme events in 2009 (i.e. on 13 May, 31 July and 9 October) by counting
all living plants in 6 replicate communities per treatment. At the end of each grow-10

ing season (October 2009, 2010 and 2011), the harvested aboveground biomass was
separated by species and weighed after drying for 72 h at 70 ◦C.

2.3 Data analysis

All species recorded were classified according to their establishment strategy in the
CSR model: competitive species, stress-tolerant species or ruderals (Grime et al.,15

1988). The CSR theory gives a relative C, S and R score for each species according
to their position in a virtual triangle where these three types represent the extremes.
By taking into account all the species present in the communities of a given treatment,
and by weighting the CSR-scores of the species with their aboveground biomass, a
mean biomass-weighted score for competitiveness, stress-tolerance and ruderality per20

treatment was obtained.

15858

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/15851/2013/bgd-10-15851-2013-print.pdf
http://www.biogeosciences-discuss.net/10/15851/2013/bgd-10-15851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 15851–15877, 2013

Recovery and
invasibility dynamics
after seasonal 50-yr

climate extremes

F. E. Dreesen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The Relative Euclidean Distance (RED) was calculated, in order to compare the
species compositional dissimilarity between communities, using the formula

REDjk =

√√√√√√√√1
n

n∑
i=1

 xij

n∑
i=1

xij

−
xik

n∑
i=1

xik


2

(1)

in which REDjk = Relative Euclidian Distance between plots j and k , n = total number
of species, and xij = biomass of species i in plot j . The RED was calculated both5

within treatments (all two by two comparisons between the replicate communities of
one treatment) and between the different treatments and the control treatment (all two
by two comparisons between the replicates of one treatment and the replicates of the
controls).

One-way ANOVA was used to test for differences between the extreme treatments10

in CSR, RED, biomass and newly established species data. Post-hoc tests to detect
differences between treatments were performed with the Tukey-Kramer correction. An
ANOVA model for binomially distributed data was applied to test for differences in plant
mortality. This model uses a chi-square test x2 instead of an F test that is used in
ANOVA for normally distributed data. All statistical tests were performed using SAS15

(version 9.1, SAS Institute Inc., Cary, NC, USA) with a significance threshold of 0.05.

3 Results

3.1 Mortality and productivity during the year of the climate extremes (2009)

Figure 2a shows the plant mortality per species on the last day of the seasonal ex-
tremes, i.e. on DOY 133, 212 and 282 for spring, summer and autumn, respectively.20

Among the extremes occurring in spring, only the DH treatment had an impact. This
15859
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event led to substantial plant mortality in T. repens (23 % mortality, P = 0.004), but not
in the other two species. When occurring in summer, the DH extreme affected all three
species, causing more than 80 % plant mortality (P values for P. lanceolata, T. repens
and R. acetosella all below 0.001). The summer D extreme reduced the number of liv-
ing plants of T. repens and R. acetosella by 32 % and 30 %, respectively (P < 0.001 and5

P = 0.03), but induced no mortality in P. lanceolata. In autumn, the DH treatment also
brought significant plant mortality in all three species, ranging from 45 % in P. lanceo-
lata to 67 % in R. acetosella (all P values below 0.001), while the autumn D extreme
had an impact only on R. acetosella (mortality of 20 %, P = 0.03). The H extremes
never caused loss of living plants, in any of the seasons.10

By the end of the growing season, much of the observed plant mortality had been
compensated by regrowth (Fig. 2b). For example, the DH spring extreme did not alter
species aboveground biomass, despite the mortality in T. repens. Also the mortality
caused by the summer D and DH extremes in P. lanceolata and R. acetosella was no
longer apparent in the end-of-season biomass (Fig. 2b). T. repens, on the other hand,15

did not recover from the summer extremes, leaving a reduced (borderline significant)
biomass after the summer D extreme (−34 %; P = 0.052) and nearly no biomass after
the summer DH extreme (P<0.0001). In response to the autumn D and DH extremes,
T. repens likewise had much less biomass left than the controls (−37 % and −73 %;
P = 0.045 and P<0.001, respectively). Furthermore, the autumn DH treatment was the20

only treatment from which P. lanceolata en R. acetosella could not recover, resulting in
a biomass decline of 41 % and 92 %, respectively (P<0.001 and P = 0.004; note that
the recovery period after the autumn extremes was shorter than those of the summer
and spring extremes).
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3.2 Invasibility after extremes

3.2.1 Species richness

Since the various extreme events induced mortality and lowered productivity to differ-
ent degrees, we expected diverse rates of recovery and invasion patterns. One year
after the climate extremes (thus in 2010), more newly established species were found5

in the DH treatments (Fig. 3a, P = 0.005, the three seasonal DH treatments did not dif-
fer among themselves). Furthermore, a relationship had developed between the plant
mortality caused by the extremes in 2009 and the number of newly established species
(Fig. 3c, the mean plant mortality at community level was used, since all species had
the same mortality pattern; R2 = 0.55, P = 0.02). However, in 2011, two years after the10

applied extremes, no differences in the number of newly established species between
the treatments remained (Fig. 3b), and the relationship with mortality in 2009 no longer
existed (Fig. 3c, R2 = 0.001).

3.2.2 Community composition

Table S1 lists all the species found in the plant communities and their aboveground15

biomass, including the three originally planted species. More than 30 species were
identified across all communities during 2010 and 2011. The list shows major varia-
tion in species composition and biomass among treatments, but also among replicates
within the same treatment. For example, in one control community, Trifolium pratense
was very productive. However, no other replicate among the 18 control communities in-20

cluded this species, creating large standard errors and within-treatment variance when
pooling all replicate communities from the same treatment. More such examples as-
sociated with other species can be found in Table S1 (e.g. Betula pendula, Achillea
millefolium, Cirsium arvense, Lotus coniculatus and Epilobium sp.). As a result of this
variation, in 2010, all treatments had the same degree of compositional dissimilarity25

among their replicates (quantified through the Relative Euclidean Distance, see Ta-
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ble 1). However, when the extreme manipulation treatments were compared to the
control (two by two comparison), the summer DH treatment was the only one with a
significantly different composition (P = 0.03). This dissimilarity between the summer
DH and the control treatment disappeared again in 2011 (Table 1). The RED value
within each treatment increased with time (Table 1), indicating that replicates became5

less similar.
The summer DH extreme in 2009 lowered the biomass-weighted score for commu-

nity competitiveness (Fig. 4a, P < 0.001). The biomass-weighted score for community
stress-tolerance, on the other hand, was significantly increased (only) after this treat-
ment (Fig. 4a, P < 0.001). Summer exposure to DH thus disrupted the original balance10

between competitive and stress-tolerant species. One year after the induced extreme
events (in 2010), the biomass-weighted score for stress-tolerance in the summer DH
treatment had decreased again (P = 0.008) as a result of biomass restoration of com-
petitive species (Fig. 4b). The score for biomass-weighted ruderality never changed in
response to the extremes, neither in the year of the applied extremes, nor afterwards15

(data not shown). Two years after the induced extreme events (in 2011), all treatments
again had the same score for biomass-weighted competitiveness and stress-tolerance
(Fig. 4c).

3.2.3 Biomass

The aboveground community biomass in the year in which the extremes were applied20

(Fig. 5a), reflected to a large extent the response of T. repens (see Fig. 2b, middle
panel), with strong decreases after the summer and autumn D and DH treatments.
One year later, in 2010, no biomass differences remained (Fig. 5b), not even in the
communities that had experienced substantial plant mortality and biomass decrease.
This was also the case in 2011 (Fig. 5c). However, the standard errors had increased25

relative to 2010, indicating greater within-treatment differences (cf. RED data).
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4 Discussion

Summer and autumn drought and combined drought and heat extremes caused high
mortality and a strong decline in aboveground biomass, which likely diminished carbon
sequestration and affect the nutrient balance of these communities as well. Because
of local mortality, more available nutrients combined with more space and/or light can5

indeed explain the increased susceptibility of the communities that had the greatest
mortality to invasion of new species one year later (Davis et al., 2000). However, this
effect only lasted for one year. Two years after the events had passed, the establish-
ment of new species could no longer be related to the impact the extreme events had
caused. Probably, after one year, all open niches were filled again and a new dynamic10

balance existed in the communities. Also the biomass reductions caused by the ex-
treme events had disappeared after one year, indicating that any potential effects on
carbon and/or nutrient cycling could also be transient.

All three originally planted species suffered similar die-back during the extreme
events, which was greatest after the combined drought and heat events in summer15

and autumn. However, while the biomass of Rumex acetosella and Plantago lance-
olata largely recovered from the damage by the end of the same year, the Trifolium
repens biomass did not. T. repens is known to be drought-sensitive due to its shallow
root system and inefficient stomatal control, resulting in accelerated leaf wilting and die
off (Hart, 1987). In general, T. repens is capable of making osmotic adjustments in the20

stolons to allow conservation of and regrowth from these organs once water availability
increases again (Turner, 1990a, b). Given the poor regrowth, the stress in our treat-
ments may have been too intense to initiate or maintain this adjustment, or to conserve
sufficient roots in the surviving plants.

The response of the community biomass was clearly dominated by the strong de-25

cline of T. repens. A single dominant can thus determine the stability or persistence
of an entire community (Buckland et al., 1997; Burke and Grime, 1996; Evans et al.,
2011; Sasaki and Lauenroth, 2011; Spehn et al., 2002). After the combined extreme in
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summer, T. repens was no longer the principal species in the community, and species
composition shifted to a state dominated by more stress-tolerant species. Such shifts
have been observed in other studies as well, where disturbance events disrupted the
original equilibrium by favouring tolerant, less competitive species (Buckland et al.,
1997; Burke and Grime, 1996; Dunnett et al., 1998; Evans et al., 2011; Kreyling et al.,5

2011; Stampfli and Zeiter, 2004). In the current study, the switch in dominance towards
more stress-tolerant species disappeared completely after two years. Nevertheless, in
spite of this restored balance between CSR strategies, the dominant species in the
community had altered, which can have important implications for the functioning of
an ecosystem, since species have different ecophysiological traits that can influence10

the carbon, nitrogen, or other cycles of ecosystems. Examples of such traits are size,
growth rate, root structure, life history (annual versus perennial), tissue chemistry or
ability to establish symbiotic relationships belowground, all of which influence resource
dynamics within an ecosystem (Jackson et al., 2002; Kardol et al., 2010; Liao et al.,
2008). In the current study, such a change in ecosystem functioning was observed in15

the community biomass one year after the climate extremes. Although the biomass
reductions caused by the extreme events had disappeared by then, the 2010 com-
munities produced only one third of the biomass in 2009. Probably the decline of the
atmospheric nitrogen fixer T. repens was at the basis of this productivity loss. St. John
et al. (2012) likewise found that the removal of a nitrogen fixing shrub led to a 7-fold20

reduction in the productivity of the other woody plants present, resulting from reduced
inputs of nitrogen. Unexpectedly, T. repens also largely disappeared from the control
plots in 2010, inducing similar biomass losses as in the extreme event treatments.

In several invasion studies the identity of the invading species determined their es-
tablishment success after a disturbance event (Dunnett et al., 1998; Evans et al., 2011;25

Buckland et al., 1997; Stampfli and Zeiter, 2004; Kreyling et al., 2008a; Jiménez et al.,
2011). The current study does not confirm these findings. The large variation in species
biomass that we observed within the same extreme treatment indicates that invasion
was purely stochastic. We argue that the invasion was mostly driven by chance and re-
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gional propagule abundances, and was thus independent of the traits of the invaders.
Several studies have indeed reported that propagule pressure is the main predictor for
invasion success (Eckstein et al., 2012; Simberloff, 2009; Thomsen et al., 2006; Von
Holle and Simberloff, 2005) and more studies suggest that community assembly is not
related to specific species traits, but rather a random process driven by demographic5

stochastic drift (Herben et al., 2004; Hubbell, 2001). Furthermore, since our plant com-
munities originally consisted of three species, they were probably most representative
for early succession. During these early stages of community assemblage, competition
is lower and stochastic processes, the soil seed bank or seed dispersal are believed
to drive community assembly (Bakker et al., 2005; Kirmer and Mahn, 2001; Del Moral10

and Lacher, 2005; MacDougall and Turkington, 2006). In later successional and more
productive communities, on the other hand, compositional changes are expected to be
driven mainly by competition and to follow deterministic rules (MacDougal et al. 2008).
It is therefore possible that specific species assemblages can still be discovered in dif-
ferent extreme event treatments but only after a longer stabilizing period than the two15

years of our experiment.

5 Conclusions

In conclusion, drought extremes (both with and without the co-occurrence of extreme
heat), strongly affected aboveground productivity and mortality but the impact differed
between species. The species composition in terms of community competitiveness and20

stress-tolerance was disrupted particularly by the combined heat and drought extreme
in summer, though only temporarily. By inducing mortality, the extreme events accel-
erated the invasion of new species, but differences between the treatments levelled
out fairly quickly. After two years without major disturbances, trends in newly estab-
lished species could no longer be distinguished. Furthermore, differences in commu-25

nity biomass between the treatments had disappeared already after one year. Invasi-
bility and community productivity were thus fairly robust against the imposed extreme
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events. In the two years following the climate extremes, the composition of the plant
communities developed at random and independent of the type of extreme event they
were subjected to.

Supplementary material related to this article is available online at
http://www.biogeosciences-discuss.net/10/15851/2013/5

bgd-10-15851-2013-supplement.pdf.
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Table 1. Mean and standard errors of the Relative Euclidean Distance within replicates of
one treatment and between treatments and controls in 2010 and 2011. Bold numbers indicate
significant differences from the control. C = control, D = drought extreme, H = heat extreme,
DH = drought + heat extreme.

2010 2011

within vs C within vs C

mean se mean se mean se mean se

C 0.195 0.019 0.254 0.014

Spring D 0.200 0.030 0.188 0.011 0.304 0.043 0.295 0.011
H 0.185 0.029 0.180 0.011 0.236 0.015 0.244 0.007
DH 0.171 0.017 0.180 0.009 0.223 0.022 0.259 0.009

Summer D 0.169 0.020 0.181 0.010 0.158 0.017 0.255 0.009
H 0.165 0.023 0.190 0.012 0.212 0.033 0.264 0.010
DH 0.202 0.035 0.244 0.008 0.261 0.027 0.279 0.009

Autumn D 0.151 0.016 0.199 0.011 0.184 0.019 0.230 0.009
H 0.119 0.017 0.191 0.012 0.174 0.015 0.226 0.008
DH 0.201 0.023 0.181 0.010 0.264 0.025 0.271 0.010

15872

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/15851/2013/bgd-10-15851-2013-print.pdf
http://www.biogeosciences-discuss.net/10/15851/2013/bgd-10-15851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 15851–15877, 2013

Recovery and
invasibility dynamics
after seasonal 50-yr

climate extremes

F. E. Dreesen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 1. Overview of environmental conditions during the recovery years 2010 and 2011: mean
monthly temperature (black squares) and monthly precipitation (white bars). Data from weather
station Lint.
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Fig. 2. (a) Plant mortality at the end of the extreme events in 2009 for the three species and
the three seasons (mortality measured at DOY 133, 212 and 282 for the spring, summer and
autumn extremes, respectively), (b) biomass at the end of the growing season (DOY 299–
303) for the three species and the three seasons. Asterisks above bars indicate significant
differences from the control (P < 0.05). The asterisk between brackets indicates a borderline
significant difference (P < 0.06). C = control (white bars), D = drought extreme (hatched bars),
H = heat extreme (light grey bars), DH = drought + heat extreme (dark grey bars).
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Fig. 3. Number of newly established species (compared to 2009) in (a) 2010 and (b) 2011,
and (c) correlation between plant mortality in 2009 and number of newly established species in
2010 (solid line) and 2011 (dotted line). C = control (white bars), D = drought extreme (hatched
bars), H = heat extreme (light grey bars), DH = drought + heat extreme (dark grey bars).

15875

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/15851/2013/bgd-10-15851-2013-print.pdf
http://www.biogeosciences-discuss.net/10/15851/2013/bgd-10-15851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 15851–15877, 2013

Recovery and
invasibility dynamics
after seasonal 50-yr

climate extremes

F. E. Dreesen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 4. Mean biomass-weighted competitive score versus the mean biomass-weighted stress-
tolerant score per treatment in (a) 2009, (b) 2010 and (c) 2011. The black circle represents the
summer DH treatment.
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Fig. 5. Aboveground community biomass of the different treatments in (a) 2009, (b) 2010, and
(c) 2011. C = control (white bars), D = drought extreme (hatched bars), H = heat extreme
(light grey bars), DH = drought + heat extreme (dark grey bars). Asterisks above bars indicate
significant differences from the control.
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