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performance to extreme drought and 
inundation events related to differences in 
intraspecific trait variation? 
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Abstract 

Previous research on the impacts of extreme events has focussed mainly on 

plant performance. Selective effects of extremes suggests that appropriate 

traits to withstand extremes, or the ability to modulate traits, may increase the 

competitive advantage and survival of a species. We tested how multiple 

extreme events affect riparian plant performance, and whether this relates to 

intraspecific trait variation. We hypothesised that species tolerant to extreme 

environmental conditions would show highest intraspecific trait variation. We 

conducted a greenhouse experiment where 25 wet- to drought-tolerant species 

(grasses and herbs) were subjected to single and double 10 day drought and 

inundation events, and all combinations thereof. We measured plant 

performance and multiple traits. Performance was severely reduced, with clear 

synergistic, non-additive effects of extreme events. Adverse effects were 

stronger for wet-tolerant than drought-tolerant species and for grasses than 

herbs. Three traits were identified as predictors of species responses to 

extremes. Despite known trait variation for these species, no variation 

occurred under these conditions, indicating that responses are difficult to 

explain from impacts of mean environmental conditions. Our results indicate 

that multiple events may lead to quantitatively different impacts than single 

events, which hampers predicting plant response to a future climate. 
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3.1 Introduction 

Climate change scenarios predict an increase in frequency of extreme climatic events 

(Seneviratne et al. 2012). The last couple of years have shown more research 

attention has been paid to these extreme events, in addition to analysis of trends in 

the mean climate parameters (Jentsch et al. 2007). Extreme events are characterised 

by their rare occurrence compared with normal variability and their 

disproportionate impact on ecosystem functioning (Smith 2011). Extreme conditions 

may influence plant dispersal and plant functioning more than average conditions 

because of the higher probability of severe stress experienced during an extreme  

event as compared with average conditions (Gutschick and BassiriRad 2003). 

Previous research on the impacts of climate extremes (like drought, heat or rain) 

focussed on productivity and recruitment; i.e. on plant performance (Stampfli and 

Zeiter 2004, Kreyling et al. 2008, De Boeck et al. 2011, Dreesen et al. 2012). The results 

of these studies were related to individual species and functional groups, which 

makes it difficult to understand the underlying causes. 

Plant responses to extremes may also be determined by its traits and 

intraspecific trait variation. However, trait responses have received much less 

attention than plant functional group responses. Species that have appropriate traits 

or are able to modulate their traits during extreme events may maintain, or perhaps 

even increase, their functioning, which increases their chances of survival upon 

extreme events (Mommer et al. 2006a, Benz et al. 2007). Eventually, this can increase 

their competitive advantage (Picotte et al. 2007, Huber et al. 2009). Such insights 

may help explaining the selective effects of extreme events on certain plant species 

or particular plant functional groups (Benz et al. 2007).  

For example, wet-tolerant species may be able to increase root porosity 

under flooding conditions (adaptation strategy), in contrast to drought-tolerant 

species, which may lack this mechanistic ability. In addition, a species that is 

adapted to a flooding event may endure the next flooding event better than a species 

that did not adapt to flooding and stopped photosynthesis during the extreme event 

(avoidance strategy). Previous research on plant responses to extreme drought 

events hinted towards a ‘drought-memory’ in grasses, which implies that a second 

drought has less impact on species functioning than the first drought (Walter et al. 

2011). Following that line of logic, an opposite extreme event, such as an inundation, 

may trigger a more severe response in plants which experienced a drought, 

compared with plants that did not. The number and especially the sequence of 
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extreme events may therefore also affect plant functioning. However, research on 

the impacts of multiple event sequence is much more limited than on single events. 

A study by Miao et al. (2009) indicated that event sequence has a significant effect 

on plant performance. However, the treatments employed in this study were 

relatively long term, ranging from months to a year. Furthermore, the effects of 

multiple events and event sequence on plant functional traits have, to our 

knowledge, not yet been studied.  

Therefore, the aim of the present work was to test the effects of extreme dry 

and wet events and their sequence on plant functioning, where we distinguished 

between plant performance and intraspecific trait variation. In addition, we sought 

to identify traits that can predict a species’ response to extreme events: an additional 

aim was to identify which values of those traits are suitable for species survival. We 

hypothesised that drought-tolerant species would perform best during extreme 

drought events due to higher intraspecific trait variation under those conditions, and 

vice versa for wet-tolerant species. We also hypothesised these species would 

perform better in the homogeneous event sequences and worse in the contrasting 

event sequences. 

To test our hypotheses we focussed on stream valley vegetation. In a future 

climate, extreme events such as heavy rain events and droughts are increasingly 

likely to occur (Seneviratne et al. 2012) both at large and small spatial scales. The 

Royal Netherlands Meteorological Institute (KNMI) developed localised climate 

change scenarios for the Netherlands. These scenarios predict warming and a change 

in precipitation quantity. Irrespective of the total amount of rain, the number of 

rainy days will decrease, which must therefore increase the intensity of the rain 

events. In addition, also the number of extreme rain events that occurred only once 

every 10 years until now, will increase in the future (Klein Tank and Lenderink 2009). 

Summarising, that means more warm days and more extreme rain events. A series of 

hot, dry days is usually concluded by extreme thunder and rain storms. For 

vegetation this results in a drought event, followed by (possible) inundation. After 

which another dry period can follow, and so on. In ecosystems like stream valleys, 

which are mainly fed by precipitation and groundwater (Higler and Verdonschot 

1993), intense rain events can lead to inundations. Combined with an increasing 

chance of more droughts, stream valleys provide a suitable case study for 

investigating the effects of the sequence of these contrasting events. In this study we 

applied water stress (during drought) and oxygen stress (during inundation) as two 
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– 

important extremes shaping plant communities (van Eck et al. 2004) in stream 

valleys. 

3.2 Materials and methods 

3.2.1 Plant species 

We tested the impacts of single and multiple short-duration extreme events on 25 

plant species from stream valleys, applying inundation and drought alone and in all 

combinations. Species were selected based on their abundance in stream valleys 

where we chose distinctive riparian vegetation (Table 1). We selected species from a 

wide range of drought and wet tolerance. A continuous measure for tolerance was 

provided by the moisture indicator value, which is empirically based on field  

occurrences  determined  from  1000  to  over  10 000 observations (Hennekens et al. 

2010). We used grasses (five species) and herbs (20 species) for our experiment. The 

moisture indicator values of the grasses ranged from 5.7 to 7.0 (dry-moist to moist 

soils) and for herbs from 4.4 to 8.0 (dry to wet soils). 

3.2.2 Growth conditions 

All plants, except Caltha palustris L., which was grown from clones, were grown from 
seed on quartz sand in germination trays in a greenhouse at the VU Hortus 
Botanicus, Amsterdam from May to October 2011. Greenhouse temperatures 
fluctuated between 15°C (at night) and 31°C (in the day) with an average of 22°C. RH 
ranged from 29 to 94%, and averaged 62%. The photoperiod in the greenhouse was 
16h and supplemented normal daylight to a minimum of 150 mmol m

–2
 s

–1
. 

Germinated seeds were watered daily with tap water to avoid desiccation. 
Germination trays were randomised once a week. After 6 weeks, plants of 
approximately equal size were selected to ensure similar initial biomass and 
transplanted to four litre pots (17 cm diameter x 21 cm deep) filled with quartz sand. 
Three individuals per species were planted in one pot. Quartz sand was used for three 
reasons: (1) to allow for swift drying of the soil; (2) to strictly control the amount of 
nutrients available to the plants; and (3) to decrease root damage during harvest, 
since quartz sand is easily rinsed of from the roots. During the experiment the pots 
were divided over two chambers in the greenhouse and randomised once a week over 
both chambers. Before the extreme event treatments, plants were watered 2–3 times a 
week with tap water, depending on evapotranspiration that week. Every 2 weeks 
plants received 300 mL  nutrient solution per pot, where the weekly addition equalled 

to (in mM): K
+

, 0.90015; Ca
2+

, 0.6; Mg
2+

, 0.15; NO
3-

, 1.5; NH
4+

, 0.15015; HPO4

2–

, 0.15; 

SO4, 0.1506; Cl
–

, 1.5 x 10
-4

; H2BO3, 0.00375; Mn
2+

, 3.0 x 10
-4

; Zn
2+

, 3.0 x 10
-4

;  
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Cu
2+

, 1.5 x 10
-5

; Mo
2+

, 1.5 x 10
-5

; Fe-Na-EDTA, 0.0015; buffered with 0.3 mM MES. The 

pH of the nutrient solution was set at 6.4 ± 0.2 with KOH. 

 

Table 1. Overview of the species used in the experiment with their moisture indicator 

value and the type of growth form (herb or grass). The moisture indicator value reflects the 

average moisture conditions in the field for that species. Values 4–5 stand for dry to dry-moist 

soils. Values 6–7 indicate dry-moist to moist soils and moisture indicator values ~8 indicate 

moist to wet soils (Hennekens et al. 2010). 

Species Moisture indicator Growth form 

Plantago media 4.4 herb 
Hypochaeris radicata 4.8 herb 
Ononis repens subsp. spinosa 4.8 herb 
Tragopogon pratensis subsp. pratensis 4.9 herb 
Tragopogon pratensis subsp. orientalis 5 herb 
Carum carvi 5.2 herb 
Cynosurus cristatus 5.7 grass 
Leontodon autumnalis 5.7 herb 
Trifolium repens 6 herb 
Ranunculus acris 6.1 herb 
Rumex acetosa 6.2 herb 
Anthoxanthum odoratum 6.3 grass 
Holcus lanatus 6.3 grass 
Festuca pratensis 6.4 grass 
Agrostis stolonifera 7 grass 
Succisa pratensis 7 herb 
Cirsium oleraceum 7.1 herb 
Cardamine pratensis 7.2 herb 
Mentha pulegium 7.3 herb 
Cirsium palustre 7.4 herb 
Lychnis flos-cuculi 7.4 herb 
Senecio aquaticus 7.5 herb 
Caltha palustris 7.8 herb 
Lotus pedunculatus 8 herb 
Myosotis scorpioides 8 herb 

3.2.3 Treatments 

Eight treatments were applied to test for the effects of extreme climate events and 

their sequence. These were: (1) one drought event (Dr), (2) one inundation event 

(In), (3) two drought events (DrDr), (4) one drought event followed by one 

inundation event (DrIn), (5) two inundation events (InIn) (6) one inundation event, 
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followed by one drought event (InDr), (7) control treatment for single events, and 

(8) control treatment for multiple events. Two control treatments were used given 

that the length of the experiment differed for the single and multiple event 

treatments. Each event was followed by a recovery period with control, or baseline, 

conditions where plants were watered with tap water approximately three times a 

week (depending on evapotranspiration that week). 

Each stress period lasted for ~10 days, based on previous research where 

similar periods were used to record plant responses to water logging or drought 

events (Huang et al. 1998, Volaire et al. 1998, Poulson et al. 2002). For the inundation 

event, the water level was kept approximately one centimetre above soil surface for 

10 days to ensure anoxic soil conditions and to prevent full submergence of ground 

covering plants. The total period of the drought event lasted for 16 days in the single 

event experiment and 12 days in the multiple event experiment. This was done to 

achieve the same water stress in both treatments as: (1) it takes time for the soil to 

dry out, as determined by daily weighing, and to cause a 10 day drought stress period 

(similar to the inundation event); and (2) the size of the plants was bigger in the 

multiple event experiment than in the single event experiment because these plants 

were 1 to 2 weeks older and they transpired more. Before the experiment, drought 

stress was quantified using a sand filled pot that was left to dry to a soil moisture 

content of 4% (~wilting point): this was reached after 6 days. Additionally, we 

measured soil moisture content in sand filled pots which received the same water 

treatment as the drought treatments. This was a conservative indication of drought 

stress in the plant pots (see Appendix A, figures A1 and A2). The total experiment 

lasted 20 (one event) and 40 days (two events). Plant age at the start of the 

experiment ranged between 11 and 13 weeks. 

3.2.4 Plant performance measurements 

Before the start of the experiment, two randomly selected pots per species were 

harvested to determine initial biomass. Shoots and roots were separated, sand was 

rinsed off and tissues were carefully patted dry after which oven-dry (60°C for 72 h) 

weight was determined. During the experiments, all pots were weighed three times a 

week to calculate evapotranspiration, except for the single inundation treatment for 

which we have no data. The simplified Penman equation was used to correct for the 

open water evaporation from the inundation pots (Valiantzas 2006) in order to 

distinguish between the evaporation and transpiration in the plant pots. For the data 

analysis, evapotranspiration data were averaged per event period. 
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Evapotranspiration was considered as an instant stress indicator, where stressed 

plants reduce their transpiration, in contrast to non-stressed plants. Once a week all 

pots were photographed to compare plant vitality among treatments for both the 

single and multiple event experiments.  

After 20 (single event) or 40 (multiple event) days, plants were harvested  

and  the  following  six  performance  traits  were determined: (1) plant length (PL); 

(2) above- and belowground biomass (BM); (3) total dead biomass (DBM); (4) 

fraction living biomass over total biomass (FLD); (5) root:shoot ratio (RS); and (6) 

relative growth rate (RGR). For plant length, we measured the length of the longest 

leaf or stem from soil surface to top. This was done for all three plants in each pot, 

and the data was averaged later. Living and dead root and shoot biomass were 

separated, dried at 60
o
C for 72 h, and weighed. Fraction of living biomass was 

calculated as the fraction of living biomass over total biomass. Root:shoot ratio was 

based on oven-dry weights of shoots and roots. Relative growth rate was calculated 

with the formula of Hoffman and Poorter (Hoffmann and Poorter 2002). 

3.2.5 Trait measurements 

The choice of the traits was based on literature (Vartapetian and Jackson 1997, 

Huang et al. 1998, Jackson et al. 2000, Maroco et al. 2000, Casper et al. 2001, Chaves 

et al. 2003) where these specific traits were identified as being related to drought and 

oxygen stress, and included: (1) root porosity (RP), (2) leaf thickness (LT), (3) specific 

leaf area (SLA), (4) stem specific density (SSD), (5) leaf nitrogen content (LNC), and 

(6) leaf phosphorus content (LPC). We deliberately selected a wide range of traits 

that are all related to plant functioning. Although some traits are expected to 

respond faster than others, stressed plants may shed their leaves and develop new 

ones that may possess different trait values. These processes were likely to occur 

within the time frame of the experiment. Upon harvest, roots of each plant were cut 

into three pieces in length, and for each of the plants a subsample was taken 

(approximately three gram root) for root porosity measurement. Root porosity was 

determined with the pycnometer method as described in Burdick (Burdick 1989). 

Leaves for the leaf thickness measurements were selected by their vitality. Only 

fully-grown, healthy leaves were selected and measured manually with a 0.01 mm 

accurate thickness gauge (No. 2046–08, Mitutoyo, Japan). The same leaves were used 

for the leaf area measurement, using an electronic leaf area meter (LI-COR 3100, Li-

Cor, Lincoln, NE, USA). Leaves were then oven-dried (60°C, 72 h) and weighed to 

calculate specific leaf area. Stem specific density was determined by the pycnometer 
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method as described in Burdick (1989) where specific gravity equals density. Nine 

species were sampled for stem specific density, as we considered the other 16 species 

to have no stem. We selected plants to have a stem if there was a clear 

morphological distinction between leaf and stem tissue. The nine species with stem 

were: Agrostis stolonifera L., Caltha palustris L., Cardamine pratensis L., Carum carvi 

L., Lotus pedunculatus Cav., Mentha pulegium L., Myosotis scorpioides L., Ononis 

repens subspecies spinosa Greuter and Trifolium repens L. For leaf nitrogen and 

phosphorus measurements, all leaf material was first ground with a ball grinder. The 

amount of nitrogen was determined by an elemental auto-analyser (Skalar SA-40, 

Skalar, Breda, The Netherlands). Total amount of phosphorus was determined by 

acid digestion of the ground leaf tissue. After digestion, a colour reagent was added 

after which the total amount of phosphorus was measured on a spectrophotometer 

(UV-1601 PC, Shimadzu Corporation, Tokyo, Japan). 

3.2.6 Statistical analysis 

For each dependent (either a trait or a plant performance measure) and each 

species-treatment combination, except for mortality, the response ratio (RR) was 

calculated. RR indicates the relative change in the dependent for the treatment 

compared with the control of the respective species. The RR eliminates species- 

specific effects on the baseline measurements. We chose for RR because several 

dependents were already highly different among species in the control treatment 

(e.g. biomass, plant length, leaf thickness and evapotranspiration), hampering the 

effects of drought and wet tolerance if analysed on the original data. Furthermore, 

because we tested a single and multiple experimental set-up, both require their own 

control treatment. We took the natural logarithm of the response ratios (lnRR) as 

this is frequently used in meta-analyses to evaluate treatment effects (Koricheva et 

al. 2013) and complies with a normal distribution. Positive values of lnRR depict an 

increase and negative values a decrease in response to the treatment.  

To analyse the impacts of extreme events, we used a repeated-measures 

ANCOVA (RM ANCOVA) where the lnRR is the within-subject factor. The moisture 

indicator value was included as covariate because we expected tolerance to 

determine the impact of treatments on plant performance and traits. In a second 

series of analyses we used the control trait values as covariates to see if mean trait 

values can predict treatment impacts. Growth form (grass or herb) was also included 

as an additional fixed factor. Data were analysed for each performance variable and 

trait (except for SSD which had too few data entries) separately. Evapotranspiration 
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data were averaged per period of 10 days, resulting in two periods for single events 

and four for the multiple events. The data was analysed the same way as the traits 

and performance parameters, but now for every period separately.  

Two of the treatments (DrDr and InDr) in particular had a high impact on 

the performance of certain plant species, which led to missing data entries (no data 

due to plant mortality or no fully-developed leaves for leaf measurements) and 

increased measurement errors (due to very low biomass). These missing treatment-

species combinations caused complete species to be omitted from the RM-ANCOVA, 

thereby severely reducing the number of replicates in the dataset, called the ‘all 

treatments dataset’. In a second set of analyses, we chose to omit these two 

treatments in order to increase the number of species (the ‘all species dataset’).  Both 

datasets were analysed, where we compared the output and checked it for ecological 

robustness. This was done for all performance and trait data, except for the 

evapotranspiration which had no missing data entries. All RM ANCOVA analyses 

were analysed with IBM SPSS 21.0 (Armonk, NY, USA).  Death count data was not 

analysed using lnRR, but by using a null model analysis instead. This analysis was 

done in R (R Core Team 2012) with the EcoSimR package (Gotelli and Ellison 2013). 

3.3 Results 

3.3.1 Treatment effects on plant biomass 

The InDr and DrDr treatments had significant impacts on plant performance. 

Biomass of grass and herb species was differentially affected by these treatments 

(Fig. 1), as reflected in the disappearance of the main and interaction effects of 

growth form when going from the ‘all  treatments dataset’ to the ‘all species dataset’ 

for BM and for the main effect of growth form for DBM (Table 2). All five grass 

species were severely impacted by the DrDr and InDr treatments (for BM: DrDr: 

grass –81% compared with control, herb –29%; InDr: grass –83%, herb –47%). Two 

grass species died during these treatments, Agrostis stolonifera in InDr and Holcus 

lanatus L. in both DrDr and InDr. H. lanatus also died in the Dr treatment. Several 

other species had severe biomass reductions (>80%), compared with controls, in the 

DrDr and InDr treatments (Table 3). The impact of treatments on herb mortality was 

less dramatic, although several species lost more than 80% of their biomass. Two 

herbs species died during the treatments; Ononis repens subspecies spinosa in the 

InIn treatment and Mentha pulegium in the InDr treatment. However, the number of 
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dead plants per treatment did not significantly differ between treatments. The 

results imply synergistic non-additive effects of the extreme events (Figures 1 and 2). 

 

 
Figure 1. Biomass response ratios for all species. The closed circles (herbs) and closed 

diamonds (grasses) indicate the data points of that specific treatment, the open circles and 

open diamonds resemble the other treatments. Trend lines were added for illustrative 

purposes; a solid line for the herbs and a dashed line for the grasses. (a) Drought treatment, 

(b) inundation treatment, (c) drought-drought treatment, (d) inundation-inundation 

treatment, (e) drought-inundation treatment, (f)  inundation-drought treatment. Growth 

form responses differ significantly between treatments. 
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The differential response of grasses and herbs to the DrDr and InDr 

treatments was also apparent for RS, and in this case primarily for the DrDr 

treatment where RS of grasses had much increased compared with the control 

(DrDr: +503% and InDr: +95%), whereas the response was much less pronounced for 

herbs (DrDr: +49%) or even decreased compared with the control (InDr: –63%) 

(Table 2, see also Table B1 in Appendix B).  

Growth form also affected the responses of plant length (PL) to the extreme 

events. PL of grasses was on average more negatively affected compared with their 

controls, than for herbs (p=0.024). Finally, moisture tolerance of the species involved 

affected some of the plant performance responses to treatment. In general, it seemed 

that wet-tolerant species were affected mostly by drought. In contrast, drought-

tolerant species were much less affected, even during inundation. These effects are 

captured by significant treatment x moisture interactions for DBM. This reflects 

increased DBM with increasing tolerance for moisture for Dr and the reverse for In, 

DrIn, and the InIn treatments (Fig. 2). 

 

Table 2. Results of the RM-ANCOVA analyses of the performance traits of the ‘all species 

dataset’ and the ‘all treatments dataset’ and of the evapotranspiration data for the second 

event and baseline with all treatments (no missing data). Only the traits with significant 

output are shown. F-values are shown with significant p-values indicated: *, p≤0.05; **, p≤0.01; 

***, p≤0.001. The number of samples used in the analysis are indicated by ‘n’ for every 

performance trait. Abbreviations: BM, biomass; DBM, dead biomass; FLD, fraction living 

tissue over total tissue; RGR, relative growth rate; RS, root:shoot ratio; PL, plant length; Evap 

Event 2, evapotranspiration in the second event; Evap Base 2, evapotranspiration in the 

second baseline; Trtmnt, treatment. ‘Trtmnt’ indicates a difference in response per species 

depending on treatment (RM ANCOVA: within subjects factor). ‘Trtmnt vs control’ indicates a 

different response of a species to all treatments together as compared with the control (RM 

ANCOVA: between subjects factor). ‘Trtmnt × moisture indicator’ and ‘Trtmnt ×growth form’ 

are the interaction effects between the treatment responses and moisture indicator value and 

growth form respectively. When the DrDr and InDr treatments were taken into account, the 

number of replicates (especially grasses) decreased. 

Trait 
 

n 
All species 

dataset n 
All treatments 

dataset 

BM Trtmnt 23 0.829 21 0.757 

 
Trtmnt × moisture indicator 

 
1.337 

 
2.411 

 
Trtmnt × growth form 

 
1.990 

 
3.569* 

 
Trtmnt vs control 

 
1.617 

 
0.023 

 
Moisture indicator 

 
0.029 

 
3.011 
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Table 2 continued      

Trait  n 
All species 

dataset n 
All treatments 

dataset 

 
Growth form 

 
0.020 

 
6.770* 

DBM Trtmnt 14 3.827* 13 2.259 

 
Trtmnt × moisture indicator 

 
3.88* 

 
2.165 

 
Trtmnt × growth form 

 
0.088 

 
1.546 

 
Trtmnt vs control 

 
5.438* 

 
6.122* 

 
Moisture indicator 

 
2.740 

 
1.612 

 
Growth form 

 
0.770 

 
10.507** 

RS Trtmnt 23 0.334 21 1.438 

 
Trtmnt × moisture indicator 

 
0.378 

 
1.438 

 
Trtmnt × growth form 

 
0.145 

 
3.944** 

 
Trtmnt vs control 

 
0.332 

 
1.450 

 
Moisture indicator 

 
0.766 

 
0.100 

 
Growth form 

 
2.811 

 
4.068 

PL Trtmnt 22 0.555 20 0.437 

 
Trtmnt × moisture indicator 

 
0.320 

 
1.598 

 
Trtmnt × growth form 

 
1.695 

 
2.784 

 
Trtmnt vs control 

 
1.020 

 
0.069 

 
Moisture indicator 

 
0.273 

 
2.134 

 
Growth form 

 
0.371 

 
6.104* 

Evap Event 2 Trtmnt 
  

25 2.173 

 
Trtmnt × moisture indicator 

   
2.529 

 
Trtmnt × growth form 

   
5.354** 

 
Trtmnt vs Control 

   
2.895 

 
Moisture indicator 

   
0.020 

 
Growth form 

   
8.115** 

Evap Base 2 Trtmnt 
  

25 1.403 

 
Trtmnt × moisture indicator 

   
5.9** 

 
Trtmnt × growth form 

   
9.132*** 

 
Trtmnt vs control 

   
0.875 

 
Moisture indicator 

   
1.033 

 
Growth form 

  
  15.261** 
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Table 3. Overview of species that died during the experiment or were severely reduced in the 

amount of biomass, compared with the control plants (>80% biomass reduction). The 

‘Moisture indicator’ reflects the predominant environmental conditions of a species (see also 

Table 1). The ‘Treatment’ indicates in which treatment the species’ biomass was severely lower 

than in the control. Treatments in which the species died are indicated with †. 

Species 
Moisture 
indicator Treatment 

Growth 
form 

Agrostis stolonifera 7.0 DrDr, InDr† Grass 
Anthoxanthum odoratum 6.3 DrDr Grass 
Cynosurus cristatus 5.7 DrDr Grass 
Festuca pratensis 6.4 InDr Grass 
Holcus lanatus 6.3 Dr†, DrDr†, InDr† Grass 
Cirsium palustre 7.4 InDr Herb 
Leontodon autumnalis 5.7 DrDr Herb 
Lotus pedunculatus 8.0 DrDr, InDr Herb 
Mentha pulegium 7.3 InDr† Herb 
Ononis repens subsp. spinose 4.8 InIn† Herb 

3.3.2 Treatment effects on evapotranspiration 

The high impact of the DrDr and InDr treatments on plant performance was also 

reflected in variation in evapotranspiration (Fig. 3). Evapotranspiration differed 

significantly between grasses and herbs from the second event onwards (Table 2). 

Grasses were on average more negatively affected by the treatments than the herbs 

(37% average evapotranspiration reduction for grass across all treatments, 19% 

reduction for herbs). In the second baseline period the grasses still had lower 

evapotranspiration values, as compared with the control, than the herbs (DrDr: grass 

–70%, herb –30%; DrIn: grass –26%, herb –14%; InIn: grass –8%, herb –5%; InDr: 

grass –74%, herb –38%). The evapotranspiration rate depended significantly 

(p=0.004) on moisture tolerance in the second baseline, where wet-tolerant species 

showed severely reduced evapotranspiration in the DrDr (–46% compared with 

control) and especially in the InDr (–52% compared with control) treatment, 

whereas drought-tolerant species did not (–6% compared with control for DrDr and 

–12% compared with control for InDr). The significant interaction term between 

moisture tolerance and treatment (Table 2) reflects that the differences in 

evapotranspiration between drought-tolerant species and wet-tolerant species were 

smaller in the InIn and DrIn treatments. 
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Figure 2. The response ratio of the amount of dead biomass (DBM) for the four treatments of 

the ‘all species dataset’; drought (a), inundation (b), drought-inundation (c), inundation-

inundation (d) and for the additional two treatments of the ‘all treatments dataset’, drought-

drought (e) and inundation-drought (f). The closed circles indicate the data points of that 

specific treatment, the open circles resemble the other treatments, in order to clearly show 

the position of that certain treatment in the bigger picture. Trend lines were added for 

illustrative purposes. 
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For the multiple events with the same stressor, we tested whether the 

evapotranspiration differed between the first and second event and the first and 

second baseline. If species adapt to the first extreme event, one may expect that the 

stress level in the second event will be lower than in the first event, which would 

result in higher evapotranspiration rates in the second event than in the first event. 

This was not the case for either stressor (p=0.951 for DrDr and p=0.161 for InIn), and 

there was no significant difference between the first and second event in the 

combined treatments (p=0.814 for DrIn and p=0.109 for InDr) despite large 

differences in the mean evapotranspiration rates. Evaporation during the baseline 

periods differed significantly for the DrIn treatment (p=0.039) but not for the other 

treatments (DrDr p=0.870, InIn p=0.970, InDr p=0.223) (Table B2). 

 

 
Figure 3. The evapotranspiration response ratio in the second event and baseline period. In 

both periods the treatment x moisture indicator value interaction was significant. Event 2 = 

the second extreme event, Baseline 2 = the second baseline. Trend lines were added for 

illustrative purposes. 

3.3.3 Experimental effects on traits 

None of the traits were significantly affected by the treatments (Table 4, see also 

Table B3). Some other minor effects were recorded: in all treatments, leaf thickness 

(LT) was significantly lower than in the control (with DrDr and InDr included in the 

dataset, p=0.044). Furthermore, leaf thickness responses were stronger with 

increasing drought tolerance of the species, for all treatments (p=0.014). 

Additionally, leaf nitrogen content (LNC) responses were significant for the 

treatment x growth form interaction term (p=0.046). Herbs had a higher LNC, 

compared with the control, than grasses in the Dr, In, DrDr and InIn treatments (Dr: 

grass +17%, herbs: +36%; In: grass –16%, herbs +1%; DrDr: grass +16%, herbs +25%; 
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InIn: grass –13%, herbs –1%). Grasses had a higher LNC than herbs in the DrIn and 

InDr treatments (DrIn: grass +29%, herb +14%; InDr: grass +71%, herb +23%). 

3.3.4 Plant performance depends on trait values 

Three traits significantly predicted species responses to extreme events; root 

porosity, specific leaf area and leaf phosphorus content. Root porosity values were 

related to RGR (p=0.028) and showed a non-significant trend with DBM (p=0.081). 

Specific leaf area was also significantly related to RGR (p=0.005) and there was a 

non-significant trend for DBM (p=0.055). Leaf phosphorus content was significantly 

related to BM (p=0.003) and showed a non-significant trend for FLD (p=0.053) 

(Table 5; Fig. 4, and see Table B4 for the other traits). 

 

Table 4. Results of the RM-ANCOVA of the significantly affected plant traits. F-values are 

shown with significant p-values indicated *, p≤0.05; **, p≤0.01; ***, p≤0.001. The number of 

samples used in the analysis is indicated by ‘n’ for each trait. Abbreviations: LNC, leaf nitrogen 

content; LT, leaf thickness. Factors are identical to those described as for Table 2. When the 

DrDr and InDr treatments were taken into account, the number of replicates (especially 

grasses) decreased. 

Trait   n 
All species 

dataset n 
All treatments 

dataset 

LNC Trtmnt 23 1.032 20 0.400 

 
Trtmnt × moisture indicator 

 
0.545 

 
0.356 

 
Trtmnt × growth form 

 
1.437 

 
2.375* 

 
Trtmnt vs control 

 
0.918 

 
0.840 

 
Moisture indicator 

 
1.870 

 
2.752 

 
Growth form 

 
0.936 

 
0.225 

LT Trtmnt 23 0.225 15 0.934 

 
Trtmnt × moisture indicator 

 
0.232 

 
1.089 

 
Trtmnt × growth form 

 
0.006 

 
– 

 
Trtmnt vs control 

 
0.767 

 
4.983* 

 
Moisture indicator 

 
2.123 

 
8.140* 

  Growth form 
 

0.573   – 
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Figure 4. The relative growth rate of all species by their root porosity (RP). The higher the RP, 

the bigger the differences in RGR between inundation and drought treatments. Trend lines 

were added for illustrative purposes. 

 
Table 5. Results of the RM ANCOVA with the control plant trait values as covariates. Only 

traits that were significantly affected are shown. F-values are shown with significant p-values 

indicated *, p≤0.05; **, p≤0.01; ***, p≤0.001. First the trait of which the control treatment value 

was used as covariate is mentioned and second is the performance trait explained by it. The 

number of samples used in the analysis is indicated by ‘n’ for each trait. Abbreviations: RP, 

root porosity; RGR, relative growth rate; SLA, specific leaf area; LPC, leaf phosphorus content; 

DBM, dead biomass; BM, biomass. ‘Trtmnt’ indicates a difference in response per species 

depending on treatment (RM ANCOVA: within subjects factor). ‘Trtmnt vs control’ indicates a 

different response of a species to all treatments together as compared with the control (RM 

ANCOVA: between subjects factor). ‘Trtmnt × trait’ and ‘Trtmnt × growth form’ are the 

interaction effects between the treatment responses and control trait value and growth form 

respectively. 

Trait   n   

RP vs RGR Trtmnt 12 4.942* 

 
Trtmnt × trait 

 
3.881* 

 
Trtmnt × growth form 

  
 

Trtmnt vs control 
 

4.675 

 
Moisture indicator 

 
0.479 

 
Growth form 

  SLA vs RGR Trtmnt 15 3.329* 

 
Trtmnt × trait 

 
5.142** 

 
Trtmnt × growth form 

 
0.589 

 
Trtmnt vs control 

 
0.308 

 
Moisture indicator 

 
2.636 

 
Growth form 

 
0.073 
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Table 5 continued    

Trait   n  

LPC vs BM Trtmnt 21 10.006*** 

 
Trtmnt × trait 

 
4.754** 

 
Trtmnt × growth form 

 
2.582 

 
Trtmnt vs control 

 
34*** 

 
Moisture indicator 

 
6.886* 

  Growth form 
 

5.167* 

3.4 Discussion 

Our aim was to test the effects of extreme events on plant functioning as 

represented by plant performance and intraspecific trait variation. We hypothesised 

that drought-tolerant species would perform best during extreme drought events 

due to enhanced trait variation in those conditions and vice versa for wet-tolerant 

species. Our results showed that plants do not modulate their traits to these fast-

changing conditions, and that extreme stress events (in this case lasting 10 days) are 

not sufficiently long to trigger trait variation. We also hypothesised that species 

would perform better in the homogeneous event sequences and worse in the 

contrasting event sequences, assuming that plants would have been able to show 

trait variation. For the DrDr and InIn treatments we did not find any differences 

between evapotranspiration between the first and second event, which is probably 

due to the observed lack of trait variation. Moreover, the different effects of the 

single and multiple events imply synergistic non-additive effects of the extreme 

events. 

The observed lack of trait variation may have led to the major impacts of 

extreme events and event sequence on plant performance. Although several species 

died during the events, these results did not differ between the treatments. 

Moreover, mostly independent of the identity of the extreme event, adverse effects 

were stronger for wet-tolerant than drought-tolerant species and for grasses than 

herbs. 

3.4.1 Extreme events affect plant performance, not traits 

Since we did not find any significant trait responses to the treatments, we conclude 

that the plant response traits we measured do not show sufficient intraspecific 

variation to react sufficiently fast to these extreme changes in environmental 

conditions. If however, plants had shown intraspecific trait variation, this would 

mean that they were able to (fully) adapt on a short time scale to extreme events. It 
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is likely that performance trait like dead biomass would then not differ between 

treatments, since plants are fully adapted. Therefore, the lack of intraspecific trait 

variation may explain the significant effects we found in the performance traits. 

Additionally, this allowed us to use the interspecific control trait values as predictors 

of plant performance, since we expect these to determine a plant’s response to 

extreme events.  

An alternative explanation is that the default trait set of the plant species we 

used was sufficient to survive these stresses, although at the cost of large biomass 

losses, and that trait variation is not required for these extreme events occurring in 

riparian systems. This might be indicated by the fact that only in six pots (out of 150) 

all individuals had died. Although complete submergence, a more extreme stressor, 

has been shown to trigger trait variation within this time frame (Lenssen et al. 2004, 

Mommer et al. 2006a, Mommer et al. 2006b), it seems that waterlogging alone is  

insufficient to induce significant trait responses in these riparian species. Despite the 

fact that they differed greatly in their moisture tolerance and associated traits.  

Not all plant performance indicators measured in this experiment 

responded equally fast to changes in environmental conditions. Performance traits 

like transpiration, RGR and the root:shoot ratio are known to respond relatively fast 

to water deficits (Chaves et al. 2003) and, subsequently trigger changes in biomass, 

dead biomass and plant length. However, despite the potentially fast response of 

these performance traits, only DBM showed a highly significant response to the 

treatments, although this response also depended on moisture tolerance of the 

species involved. Other performance traits (e.g. BM, PL, RS) showed idiosyncratic 

effects which varied depending on growth form. Nevertheless, our results indicate 

the vulnerability of grasses and wet-tolerant herbs to short extreme events as they 

showed most negative responses in performance. When recurring, this can result in 

high biomass losses and for some plants even in plant death and local extinction. 

3.4.2 Event sequence matters 

Our experiment is one of the first that shows the severe impacts of the sequence of 

extreme events on plant functioning. A short, intense drought followed by an 

inundation triggered a mild plant performance response comparable to that of a 

double inundation. However, an inundation followed by drought had a significantly 

negative effect on plant performance. This implies that extreme events have 

synergistic non-additive effects on plant performance. Other studies also indicated 
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significant effects of the sequence of environmental stressors, although these studies 

(Auclair 1993, Miao et al. 2009, Zedler 2010) focussed on forest and marshland 

species and time scales from months to years. Interestingly, also for these longer 

time periods, inundation followed by drought had the most negative effect on plant 

functioning.  In our experiments, drought had generally a bigger impact on plant 

performance than inundation. In the second event, plants that had experienced an 

inundation first (InDr), were bigger than the plants who endured a drought first 

(DrIn) and thus transpired more. This resulted in higher evapotranspiration values 

during the second drought event (InDr), than the first drought event (DrIn), and 

may have increased the drought stress of plants during the second event. This can 

explain why InDr had a bigger impact on plant performance than DrIn; the 

experienced drought stress was more severe due to the higher evaporative demand 

of the larger plants.  

Our results suggest that at the ecosystem level, inundations, or a drought 

followed by an inundation, have little effect on ecosystem functioning of stream 

valleys. Even the drought-tolerant vegetation was only slightly affected by these 

treatments, while it was expected to trigger a strong response in these species. In 

contrast, a (double) drought or an inundation followed by drought, may have 

profound effects on ecosystem functioning, where especially relatively wet-tolerant 

species and grasses are negatively affected. For stream valleys these results imply 

that most of the current vegetation will deteriorate significantly after such short 

extreme events, which are more likely to occur in the future climate, providing the 

drought-tolerant species with a competitive advantage.  

Previous research has indicated that plant species growing on sites with 

highly fluctuating water tables prefer low groundwater tables. This implies that 

relative drought-tolerant species cope better with extreme conditions (fluctuating 

water tables) than species preferring high water tables, i.e. relatively wet-tolerant 

species (Leyer 2005), which is consistent with our results. Furthermore, opening of 

the vegetation structure due to die off of wet-tolerant vegetation, provides access for 

more drought tolerant, and perhaps even exotic, species (Elmore et al. 2003). These 

kinds of changes could be permanent because it may hamper re-establishment of  

shallow rooted, wet-tolerant species (Stromberg et al. 2007). Additionally, stream 

systems that have constant flow (and thereby water availability) have a more 

constant species richness, cover and composition than streams that have irregular 
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flows (Katz et al. 2012). This indicates that these contrasting extreme events may 

deteriorate characteristic stream valley species diversity. 

3.4.3 Selective effects of extreme events 

The effects of extreme events sequences on plant functioning depended on species’ 

moisture tolerance and growth form. They were more adverse for wet-tolerant 

species (as indicated by their moisture indicator value) as well as for grasses as 

compared with herbs. It is known that wet-tolerant species have, on average, high 

values of both root porosity and SLA (Mommer et al. 2006a, Ordoñez et al. 2010b, 

Douma et al. 2012b). Indeed, higher root porosity and specific leaf area coincided 

with a less reduced RGR upon the imposed extreme events. We found that SLA, root 

porosity and leaf phosphorus content may serve as predictor of plant responses to 

short extreme events. The results of this analysis were more significant using these 

control traits as covariates compared with using the moisture indicator value as 

covariate. Additionally, they may be even better predictors than the moisture 

indicator value since these traits reflect ecological adaptations to moisture 

conditions (Blom and Voesenek 1996, Vartapetian and Jackson 1997, Mommer et al. 

2006a, Benz et al. 2007).  

The relatively drought-tolerant species, which were all herbs in this 

experiment, were less hampered in growth than the wet-tolerant species during all 

treatments, including double inundations (with the exception of one species that 

died). We observed a significant effect of drought, and inundation followed by 

drought on grass performance, which is for drought consistent with literature 

(Morecroft et al. 2004, Van Peer et al. 2004, Gilgen and Buchmann 2009, Evans et al. 

2011). The moisture indicator value gradient of the grasses used in this experiment 

was rather narrow (from 5.7 to 7.0, average 6.3). Nevertheless, comparing these 

results with the response of herbs in that same tolerance interval shows that grasses 

had a considerably poorer performance than the respective herbs. Thus, growth form 

was more influential in determining plant performance than the moisture indicator 

value.   

In conclusion, the extreme events in our experiment influenced plant 

functioning by affecting plant performance but did not trigger intraspecific trait 

variation. The selective and non-additive effects of the extreme events are potential 

drivers of the composition and functioning of plant communities in a future climate. 

The combination of either moisture tolerances of species, root porosity, specific leaf 
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area, or leaf phosphorus content with growth form may aid predicting how 

individual species or a plant community will respond to extreme events initiated by 

climate change. The results also suggest that droughts have a more severe impact on 

plant performance than inundations. Grasses and wet-tolerant herbs are especially 

disadvantaged during droughts and inundations followed by drought. For riparian 

vegetation, this may imply a shift in vegetation composition due to the 

disappearance of grasses and characteristic riparian vegetation with a concomitant 

increase in drought-tolerant herbs. For other ecosystems, our results indicate that 

multiple events may lead to quantitatively different impacts than single events and 

importantly, that it is hard to predict those impacts beforehand for the ecosystem 

under consideration. A better understanding of how other plant species respond to 

the sequence of extreme events is clearly needed to make robust predictions for a 

future climate. 
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Appendix A. Changes in soil moisture over time 

The soil in the experimental pots was sampled before and during the drought event. 

The results are shown in figures A1 and A2. 

 

 
Figure A1. Soil moisture before the start of the drought. Two measurements were taken (three 

replicates), right after watering (at field capacity) and after six days of withholding water. The 

top dotted line indicates field capacity of the soil (pF 2.0), the bottom line indicates average 

wilting point of a coarse sandy soil (pF 4.2, moisture content of soil 5 – 10%). Approximately 

after four days of withholding water, wilting point has been reached. The trend line was added 

for illustrative purposes. 

 

Because of the size of the experiment, the drought pulses did not occur all at the 

same time. Instead, they were initiated several days after each other. Sampling from 

different pots and at different days may explain the differences between the 

measurements. Around five days after the start of the drought pulse, the wilting 

point has been reached. The difference between the soil moisture measurements 

before the start of the experiment and during the actual drought event is quite big. 

This may be because of sunnier weather conditions during the first measurement 

which increased the temperature in the greenhouse, thereby initiating the cooling 

system. That increased the air flow in the greenhouse, which may enhance 

evaporation of the soil. Nevertheless, all these measurements are done in pots 

without plants, resembling a conservative drought measurement. The experimental 

pots with plants will have reached wilting point sooner because of additional water 

loss due to plant transpiration. 
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Figure A2. Soil moisture at the start of the drought event. The top dotted line indicates field 

capacity of the soil (pF 2.0), the bottom line indicates average wilting point of a coarse sandy 

soil (pF 4.2, moisture content of soil 5 – 10%). All the small dots are the measurements during 

the different drought pulses. Each dot is a measurement from a different pot, since soil 

samples were taken in the middle of the pot, thereby disturbing any further measurements. 

The big dots are the average soil moisture conditions of all drought periods. 
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Appendix B. Results of the RM-ANCOVA of the remaining traits 

This appendix shows the results of the RM-ANCOVA of the: non-significant 

performance variables and evapotranspiration data (Table B1), evapotranspiration 

data between events and baseline periods (Table B2), non-significant trait variables 

(Table B3), and the control plant traits as covariates (Table B4). 

 
Table B1. F-values of the RM-ANCOVA of the performance variables and evapotranspiration 

that were not significantly different. The number of samples used in the analysis are indicated 

by ‘n’ for every performance trait. For trait abbreviations see main text. ‘Trtmnt’ indicates a 

difference in response per species depending on treatment (RM ANCOVA: within subjects 

factor). ‘Trtmnt vs. control’ indicates a different response of a species to all treatments 

together as compared to the control (RM ANCOVA: between subjects factor). 

‘Trtmnt*Moisture indicator’ and ‘Trtmnt*Growth form’ are the interaction effects between the 

treatment responses and moisture indicator value and growth form, respectively.  

Trait   n 

All species 

dataset n 

All treatments 

dataset 

FLD Trtmnt 23 2.518 21 0.699 

 

Trtmnt*Moisture indicator 

 

2.311 

 

2.143 

 

Trtmnt*Growth form 

 

0.338 

 

1.759 

 

Trtmnt vs. Control 

 

0.179 

 

0.667 

 

Moisture indicator 

 

0.03 

 

3.306 

 

Growth form 

 

0.282 

 

2.407 

RGR Trtmnt 21 0.768 15 0.877 

 

Trtmnt*Moisture indicator 

 

1.217 

 

1.269 

 

Trtmnt*Growth form 

 

0.286 

 

0.605 

 

Trtmnt vs. Control 

 

0.155 

 

0.541 

 

Moisture indicator 

 

0.653 

 

1.907 

 

Growth form 

 

1.276 

 

0.007 

Evap Event 1 Trtmnt 

   

0.269 

 

Trtmnt*Moisture indicator 

   

0.912 

 

Trtmnt*Growth form 

   

0.768 

 

Trtmnt vs. Control 

   

0.665 

 

Moisture indicator 

   

0.469 

 

Growth form 

   

1.650 

Evap Base 1 Trtmnt 

   

1.348 

 

Trtmnt*Moisture indicator 

   

2.529 

 

Trtmnt*Growth form 

   

1.363 

 

Trtmnt vs. Control 

   

3.460 

 

Moisture indicator 

   

0.774 

  Growth form       0.292 
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Table B2. F-values of the RM-ANCOVA of the evapotranspiration data between events and 

between baseline periods. F-values are shown with significant p-values indicated *, p≤0.05; **, 

p≤0.01; ***, p≤0.001. The ‘Events’ indicates the difference in evapotranspiration between the 

events, the ‘Baselines’ indicates the difference in evapotranspiration during the baseline 

periods. The treatments are given in the first column. ‘Trtmnt’ indicates a difference in 

response per species depending on treatment (RM ANCOVA: within subjects factor). ‘Trtmnt 

vs. control’ indicates a different response of a species to all treatments together as compared 

to the control (RM ANCOVA: between subjects factor). ‘Trtmnt*Moisture indicator’ and 

‘Trtmnt*Growth form’ are the interaction effects between the treatment responses and 

moisture indicator value and growth form, respectively. 

Treatment   n Events Baselines 

DrDr Trtmnt 25 0.004 0.028 

 

Trtmnt*Moisture indicator 

 

0.003 1.889 

 

Trtmnt*Growth form 

 

1.929 17.913*** 

 

Trtmnt vs. Control 

 

0.232 0.019 

 

Moisture indicator 

 

0.648 2.341 

 

Growth form 

 

2.858 11.848* 

DrIn Trtmnt 25 0.057 4.827* 

 

Trtmnt*Moisture indicator 

 

0.865 6.618* 

 

Trtmnt*Growth form 

 

0.169 0.912 

 

Trtmnt vs. Control 

 

0.064 0.12 

 

Moisture indicator 

 

0.58 0.204 

 

Growth form 

 

2.438 1.353 

InIn Trtmnt 25 2.099 0.001 

 

Trtmnt*Moisture indicator 

 

1.085 0.006 

 

Trtmnt*Growth form 

 

0.06 0.751 

 

Trtmnt vs. Control 

 

12.258* 10.567* 

 

Moisture indicator 

 

6.183* 8.627* 

 

Growth form 

 

0.472 0.154 

InDr Trtmnt 25 2.796 1.571 

 

Trtmnt*Moisture indicator 

 

0.098 7.301* 

 

Trtmnt*Growth form 

 

13.881* 10.747* 

 

Trtmnt vs. Control 

 

3.187 0.59 

 

Moisture indicator 

 

0.009 0.773 

  Growth form 

 

11.174* 6.784* 
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Table B3. F-values of the RM-ANCOVA of the trait variables that were not significantly 

different. The number of samples used in the analysis are indicated by ‘n’ for every 

performance trait. F-values are shown with significant p-values indicated *, p≤0.05; **, p≤0.01; 

***, p≤0.001. The abbreviations stand for RP = root porosity, SLA = specific leaf area, LPC = 

leaf phosphorus content and Trtmnt = treatment. ‘Trtmnt’ indicates a difference in response 

per species depending on treatment (RM ANCOVA: within subjects factor). ‘Trtmnt vs. 

control’ indicates a different response of a species to all treatments together as compared to 

the control (RM ANCOVA: between subjects factor). ‘Trtmnt*Moisture indicator’ and 

‘Trtmnt*Growth form’ are the interaction effects between the treatment responses and 

moisture indicator value and growth form, respectively. When the DrDr and InDr treatments 

were taken into account, the number of replicates (especially grasses) decreased. 

Trait   n 

All species 

dataset n 

All treatments 

dataset 

RP Trtmnt 10 0.533 7 0.605 

 

Trtmnt*Moisture indicator 

 

0.218 

 

0.650 

 

Trtmnt*Growth form 

 

2.153 

  

 

Trtmnt vs. Control 

 

0.223 

 

0.006 

 

Moisture indicator 

 

0.110 

 

0.024 

 

Growth form 

 

0.293 

  SLA Trtmnt 22 0.413 14 0.761 

 

Trtmnt*Moisture indicator 

 

0.632 

 

0.627 

 

Trtmnt*Growth form 

 

0.379 

  

 

Trtmnt vs. Control 

 

1.900 

 

0.859 

 

Moisture indicator 

 

2.171 

 

1.619 

 

Growth form 

 

0.137 

  LPC Trtmnt 23 0.099 20 0.270 

 

Trtmnt*Moisture indicator 

 

0.364 

 

0.723 

 

Trtmnt*Growth form 

 

1.954 

 

2.144 

 

Trtmnt vs. Control 

 

0.049 

 

0.011 

 

Moisture indicator 

 

0.003 

 

0.617 

  Growth form   0.006   1.306 
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Table B4. F-values of the RM-ANCOVA with the control plant traits as covariates. Only the 

traits without significant output are shown. ‘Combination’ indicates the control trait used as 

covariate and the performance trait that was explained by it. F-values are shown with 

significant p-values indicated *, p≤0.05; **, p≤0.01; ***, p≤0.001. The number of samples used 

in the analysis are indicated by ‘n’ for each combination. Trait abbreviations are RP = root 

porosity, FLD = fraction living tissue over total tissue, RS = root:shoot ratio, DBM = dead 

biomass, BM = biomass, PL = plant length, RGR = relative growth rate, SLA = specific leaf area, 

LT = leaf thickness, LPC = leaf phosphorus content and LNC = leaf nitrogen content. ‘Trtmnt’ 

indicates a difference in response per species depending on treatment (RM ANCOVA: within 

subjects factor). ‘Trtmnt vs. control’ indicates a different response of a species to all 

treatments together as compared to the control (RM ANCOVA: between subjects factor). 

‘Trtmnt*Trait’ and ‘Trtmnt*Growth form’ are the interaction effects between the treatment 

responses and control trait value and growth form, respectively. The combinations are shown 

in three columns. 

 

Combination n Combination n Combination n 

 

RP vs. FLD 17 RP vs. RS 17 RP vs. DBM 9 

Trtmnt 3.222 

 

2.769* 

 

1.289 

 Trtmnt*Trait 0.877 

 

1.066 

 

2.194 

 Trtmnt*Growth form 5.021* 

 

6.703 

 

0.942 

 Trtmnt vs. Control 1.850 

 

19.128* 

 

6.336 

 Trait 0.303 

 

2.905 

 

0.676 

 Growth form 1.218 

 

14.878* 

 

0.924 

 

 

RP vs. BM 17 RP vs. PL 16 

  Trtmnt 1.63* 

 

0.845 

   Trtmnt*Trait 1.395 

 

0.390 

   Trtmnt*Growth form 2.779* 

 

1.828* 

   Trtmnt vs. Control 5.814* 

 

2.935 

   Trait 0.370 

 

0.017 

   Growth form 1.693 

 

0.839 

   

 

SLA vs. FLD 21 SLA vs. RS 21 SLA vs. DBM 13 

Trtmnt 0.566 

 

0.885 

 

3.816* 

 Trtmnt*Trait 0.534 

 

0.556 

 

2.341 

 Trtmnt*Growth form 2.291 

 

3.997* 

 

1.956 

 Trtmnt vs. Control 0.068 

 

0.575 

 

4.415 

 Trait 2.772 

 

0.401 

 

0.000 

 Growth form 5.713 

 

4.332 

 

9.305* 
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Table B4 continued      

  Combination n Combination n Combination n 

 SLA vs. BM 21 SLA vs. PL 20   

Trtmnt 0.882  0.566    

Trtmnt*Trait 0.042  0.534    

Trtmnt*Growth form 2.804*  2.291    

Trtmnt vs. Control 4.071  0.068    

Trait 0.337 

 

2.772 

   Growth form 5.273* 

 

5.713* 

   

 

LT vs. FLD 21 LT vs. RS 21 LT vs. RGR 15 

Trtmnt 2.374 

 

2.766* 

 

1.239 

 Trtmnt*Trait 0.486 

 

0.742 

 

1.407 

 Trtmnt*Growth form 1.180 

 

3.856* 

 

0.460 

 Trtmnt vs. Control 4.813* 

 

1.417 

 

1.205 

 Trait 0.417 

 

0.262 

 

0.144 

 Growth form 1.408 

 

4.478* 

 

0.065 

 

 

 

LT vs. DBM 

 

13 

 

LT vs. BM 

 

21 

 

LT vs. PL 

 

20 

Trtmnt 0.299 

 

1.502 

 

3.67* 

 Trtmnt*Trait 0.454 

 

0.548 

 

0.994 

 Trtmnt*Growth form 1.553 

 

2.854* 

 

1.971 

 Trtmnt vs. Control 5.551* 

 

9.429* 

 

12.617* 

 Trait 0.085 

 

0.002 

 

2.324 

 Growth form 9.48* 

 

5.07* 

 

4.160 

 

 

LPC vs. FLD 21 LPC vs. RS 21 LPC vs. RGR 15 

Trtmnt 7.1* 

 

0.997 

 

0.519 

 Trtmnt*Trait 3.010 

 

0.737 

 

0.524 

 Trtmnt*Growth form 0.955 

 

4.274* 

 

0.437 

 Trtmnt vs. Control 14.8* 

 

0.188 

 

1.541 

 Trait 5.489* 

 

5.905* 

 

0.374 

 Growth form 1.242 

 

7.176* 

 

0.022 

 

 

LPC vs. DBM 13 LPC vs. PL 20 

  Trtmnt 1.015 

 

5.74* 

   Trtmnt*Trait 1.585 

 

1.848 

   Trtmnt*Growth form 1.832 

 

1.916* 

   Trtmnt vs. Control 12.128* 

 

17.892* 

   Trait 2.238 

 

4.832* 

   Growth form 3.882 

 

4.673* 
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Table B4 continued       

 Combination n Combination n Combination n 

 LNC vs. FLD 21 LNC vs. RS 21 LNC vs. RGR 15 

Trtmnt 3.032  1.668  1.474  

Trtmnt*Trait 0.979  0.659  1.652  

Trtmnt*Growth form 0.598 

 

3.793* 

 

0.453 

 Trtmnt vs. Control 6.116* 

 

0.021 

 

0.900 

 Trait 1.723 

 

1.369 

 

0.153 

 Growth form 0.646 

 

5.754* 

 

0.049 

 

 

LNC vs. DBM 13 LNC vs. BM 21 LNC vs. PL 20 

Trtmnt 1.234 

 

5.228* 

 

1.907 

 Trtmnt*Trait 1.403 

 

2.275 

 

0.488 

 Trtmnt*Growth form 1.434 

 

1.786 

 

1.615 

 Trtmnt vs. Control 4.954* 

 

15.432* 

 

4.033 

 Trait 0.206 

 

2.457 

 

0.333 

 Growth form 4.518   3.006   3.508   

 

 

 

 

  


