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Abstract 
Understanding the mechanisms of trait selection at the scale of plant communities 
constitutes a crucial step towards predictive community ecology. However, our 
understanding of the temporal dynamics of plant functional characteristics in ecosystems 
is still modest, particularly for those traits that are only weakly associated with light 
competition strategies (such as leaf nitrogen content). We hypothesize that (initial) abiotic 
conditions other than light drive the successional dynamics of those traits. The idea that 
different initial abiotic conditions lead to different trait trajectories during succession has 
been predicted long ago (Grime, 1979), but has never been tested for traits. 

In this study, we compared trajectories of 11 traits in chronosequences (decades to 
centuries) of 19 ecosystem types in low altitude NW-Europe using a database including 
>4,700 plots. We tested which traits - including those associated with light competition 
strategies - show consistent shifts across ecosystems. Additionally, we investigated (1) 
whether traits shift consistently across ecosystems when accounting for effects due to 
competition for light and (2) if soil abiotic (e.g. nutrients and water) conditions can 
account for this shift.  

We show that canopy height, woodiness, leaf size and seed mass increase and 
flowering-onset and flowering-duration decreased consistently with succession across 
ecosystems, while leaf economic traits and life-span showed a mixed response with 
succession. Accounting for the effect of height revealed that the initial and prevailing 
abiotic conditions – particularly soil moisture – co-determine trait shifts during 
succession. Therefore different initial starting conditions may lead to different trajectories 
in trait space, most notably due to the differential response of specific leaf area (SLA), leaf 
nitrogen content and life-span. For example, SLA decreased in moderately moist but 
initially wet ecosystems, while it increased in moderately dry but initially dry ecosystems 
during succession.  

Our novel approach in which we partition trait shifts between a portion that is affected 
by competition for light and a portion that is driven by other abiotic factors showed that 
trajectories of ecosystems through trait space can be explained by a combination of the 
two: a universal response to changing light availability and a specific response pending on 
initial abiotic conditions.  

Keywords 
Chronosequences, functional ecosystem characteristics, initial abiotic conditions, meta-
analysis, plant strategy axes, succession trajectories, trait shifts, trajectory partitioning,  
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Introduction 
Understanding plant community assembly is one of the major goals of plant ecology and 
this understanding has substantially increased during the past decade by using trait-based 
approaches. Evidence is accumulating that the local abiotic conditions, including their 
interactions with biotic drivers, exert a ‘strong’ pressure on the selection of functional 
characteristics of the vegetation (REFS). So far, most research has focused on the role of 
abiotic conditions in the selection of plant traits in a given community, without 
considering the temporal dynamics. This is a gross oversimplification of reality as all 
ecosystems are subject to succession. However, our understanding of the temporal 
dynamics of these functional characteristics in ecosystems is still modest despite the fact 
that succession is often assumed to be driven by the replacement of species by those that, 
due to their specific suite of traits, have a relative advantage over the others under the 
changing abiotic conditions (Huston and Smith, 1987).  

A number of studies have investigated shifts in species traits during succession until 
the maximum biomass stage (decades to centuries; in contrast to studies with 
chronosequences in the order of several thousand years, e.g. Wardle et al., 2004), among 
which studies that compare physiological characteristics of early vs. late successional 
species (Bazzaz, 1979). These studies and others, although performed in a limited range of 
ecosystems, reveal that traits that shift consistently with succession are traits that strongly 
respond to light availability. Due to the uni-directional character of light and its 
exponential extinction, competition for light  results in an upward race for light (Westoby, 
1998, Poorter et al., 2003, Falster and Westoby, 2005, Vile et al., 2006b among others). 
Light competition starts upon the absence of disturbance (Chapin et al., 2002), which 
enables species to structurally store biomass aboveground. This leads to the commonly 
observed, almost trivial, increase in canopy height with succession (Bazzaz, 1979, 
Kahmen and Poschlod, 2004, Vile et al., 2006b, Navas et al., 2010 among others). Also 
the regeneration strategy of species changes with increasing competition for light. For 
example, seed mass shows a consistent increase during succession across ecosystems 
(Kahmen and Poschlod, 2004, Navas et al., 2010, but see Vile et al., 2006b who did not 
find a relationship between succession and seed mass). Also, the importance of vegetative 
horizontal spread has been shown to increase with succession (Prach et al., 1997, Kahmen 
and Poschlod, 2004,), while the importance of a persistent seed bank decreases (Prach et 
al., 1997, Kahmen and Poschlod, 2004).  

Leaf traits are also often associated with the light competition strategy (Poorter and 
Bongers, 2006 among others). For example, leaf size and maximum photosynthetic 
capacity have been shown to increase and decrease with succession, respectively (Bazzaz, 
1979, Reich et al., 1995, Westoby et al., 2002, Navas et al., 2010). Surprisingly, other leaf 
traits, mainly leaf nitrogen content (LNC) and specific leaf area (SLA), show much less 
consistent trends with succession. Gleeson and Tilman (1990), Falster and Westoby 
(2005) and Navas et al. (2010) did not find a relationship between LNC and successional 
age, in a nutrient poor secondary succession sand plain, a tropical rainforest and 
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Mediterranean old fields respectively, while Reich et al. (1995) showed a drop of LNC 
only at the start of succession in a nutrient-poor neo-tropical forest. SLA has been 
reported to decrease with succession (Reich et al., 1995, Llambi et al., 2003, Vile et al., 
2006b, Gobbi et al., 2010, Navas et al., 2010), but the opposite trend has been reported in 
a study in grasslands (Kahmen and Poschlod, 2004). Based on these findings we 
hypothesize that the successional development of these leaf traits is not primarily driven 
by competition for light, but by soil fertility (Ordoñez et al., 2009) and/or soil moisture 
(Wright et al., 2001, Ordoñez et al., 2010b). Therefore, we hypothesize that across a wide 
range of ecosystems, the direction of change for these traits upon succession will 
primarily be driven by the prevailing and initial abiotic soil conditions. If so, a difference 
in initial abiotic conditions (provided they are large enough) may result in different, but 
internally consistent trajectories of ecosystems in trait space during succession. This has 
been suggested by Grime (1979) in terms of competitors, stressors and ruderals (CSR), 
but never tested for traits (Prach et al., 1997).  

In this study, we test this idea of Grime by comparing the successional trajectories of 
ecosystems with very different abiotic conditions through trait space. This was done by 
analyzing shifts of 11 plant traits in chronosequences representative of 19 low altitude 
NW-European ecosystems. Additionally, we quantify which traits show a consistent shift 
with succession across ecosystems. We hypothesize that traits responding to light 
availability will shift consistently across the ecosystems studied. Secondly, we investigated 
which traits shift consistently after accounting for shifts that are due to competition for 
light across ecosystems. Finally, we explore the role of abiotic conditions in determining 
the direction of trait shifts and test if the initial abiotic conditions can explain the 
direction of trait shifts that occur on top of the shifts that are due to competition for 
light. 

Methods 

Data acquisition 

Defining chronosequences 

This study is confined to explore trait shifts during the progressive phase of vegetation 
succession on relatively short time scales (decades to centuries) with help of 
chronosequences. Classically, chronosequences are constructed by space for time 
substitutions in which sites of the same parent material of different successional age are 
linked (Walker et al., 2010). The use of chronosequences is appropriate when studying 
changes in vegetation characteristics in convergent seres at large time scales (>decades; 
Walker et al., 2010).  In this study chronosequences were formed, based on literature and 
expert knowledge, by linking vegetation types that succeed each other in time.  We 
assembled a selection of 19 chronosequences representative of terrestrial low altitude 
NW-European ecosystems. This selection included initial habitats conditions that ranged 
from dry to wet (fresh water and brackish), from nutrient poor to rich and from acid to 



 

 

Trait shifts during succession 107

alkaline initial conditions (See supporting material Appendix 5A Table 5A.1). Within each 
sere, the most common pioneer terrestrial vegetation type was taken as starting point and 
the final – most frequently observed – successional stage as the endpoint. In all cases we 
assumed an undisturbed development of the vegetation, i.e. abiotic conditions only 
change due to changes induced by the biota. In case the ‘climax stage’ could not be clearly 
defined, multiple seres within an ‘ecosystem’ were defined. Each vegetation type in a sere 
is represented by a set of plots classified as this specific vegetation type. By taking 
multiple plots to represent a successional stage we aimed to derive representative 
successional trait trajectories for multiple ecosystems. Moreover, compared to studies of 
trait shifts within one setting, our method has the advantage that effects of stochastic 
variability in species composition and abundance on trait values (Fukami et al., 2005) is 
captured by linking vegetation types to each other.  

For some chronosequences, the variation in trait values within a stage was relatively 
large which was partly due to the vegetation typology applied. In addition, for some seres, 
a particular successional stage had to be omitted as no good representative of this stage 
was available. This was for example the case for the shrub-dominated phase in the dune 
valley sere. Hence, the chronosequences presented here describe coarse trajectories 
through trait space and should be verified independently to validate our results (Walker et 
al., 2010).  

Plot selection 

Plots belonging to a vegetation type were taken from a large database that contained 
information on abundance of all species across many plots (in total 31,662 plots). A plot 
was defined as a spatially, relatively homogeneous, co-occurrence of plant species (Weiher 
and Keddy, 1995, Grime, 2006) and was sampled within a standard area that accounted 
for the differences in the spatial scales of species occurrence among vegetation types 
(ranging from 4m2 for herbaceous and 100m2 for woody vegetation). Plots were selected 
that had already been classified, by means of ordination (Hill, 1979) and expert judgment, 
into vegetation types based on their species composition (phytosociological classification 
sensu Schaminée et al., 1995, Schaminée et al., 1996, Schaminée et al., 1998 and Stortelder 
et al., 1999) and represented as such the different successional stages of the 19 seres. 
Although phytosociological classifications are not beyond doubt (Kershaw and Looney, 
1985, Ewald, 2003), for our purposes it is one of most suitable vegetation classifications 
that currently exist, because most seres have been described according to this 
classification system in literature.  

Trait selection 

A species-trait database was compiled for adult vascular plant species in the Netherlands, 
taken from Chapter 2 (table 2.1), the BioBase, 2003 and the LEDA-trait database (Kleyer 
et al., 2008). We selected 11 traits, together covering various aspects of plant functioning 
and included in the various plant strategy schemes that have been proposed in literature 
(Grime, 1979, Westoby, 1998 and Diaz et al., 2004) and that were well covered in the 
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databases. These 11 traits included three leaf traits: specific leaf area (SLA; mm2/mg), leaf 
nitrogen content (LNC; mg/g), leaf size (mm2); two allometry traits: average maximum 
canopy height (maxCH;  m) and woodiness (ordinal trait 0,1,2: 0: non-woody, 1: semi-
woody, 2: woody); two seed traits: seed mass of the germinule (SM_g; mg; seed without 
fruits or detachable appendages), seed mass of the dispersule (SM_d; mg; including the 
mass of the germinule); and three phenology traits: germination onset (GO ordinal 0,1,2: 
0: germination in non-growing seasons (Sep-May), 1: no preference 2: germination in 
summer (June-August)), flowering onset (FO, ordinal 0-30 (0: January, December; 10: 
February, November; 18: March, October; 24: April, September; 28: May, August;, 30: 
June, July)), and flowering duration (FD in months), and finally life span (LSP ordinal 1-5: 
1: annual, 2: biannual, 3: three years, 4: four years, 5 : > 4 years). Additionally, information 
was available about the growth form (herb, grass, shrub or tree) and the abiotic 
requirements of the species. The latter was obtained through indicator values designed for 
Dutch ecosystems (Witte et al., 2007) but also applicable to NW European ecosystems in 
general. These indicator values, analogue to Ellenberg values, are continuous variables 
describing the preferred realized site conditions of a plant species (Runhaar et al., 2004) 
and have been shown to be tightly linked to measures of abiotic conditions (e.g. 
Bartholomeus, 2009, Chapter 4 of this thesis). Unfortunately, no actual measurements of 
abiotic conditions were available for any of the plots of the seres. The number of species 
for which trait data were available is shown in Table 5B.1, Appendix 5B. We coupled the 
species-trait database to the plot-species database to construct a plot-trait database. 
Subsequently, those plots were selected for which trait information was available for the 
species that accounted for the majority of the vascular plant cover (initial criterion was 
minimally > 50% of the total vascular plant cover, but after selection the realized cover 
was on average 91%). Additionally, the minimum number of species contributing to this 
50% cover criterion was set at four, assuming that a combination of a minimum for cover 
and for species number would result in a good estimate of the plot trait mean. Ackerly 
and Cornwell (2007) have shown that the average response of species to environmental 
drivers can be expressed by the plot mean values of the traits, because species filtering 
takes place at the community level. We considered community mean trait values weighted 
proportionately to species cover more appropriate than the unweighted mean (biomass 
mass ratio hypothesis; Grime, 1998, Garnier et al., 2004), because during succession, 
species turnover and shifts in species abundance are equally important. If the unweighted 
mean would have been used, it would not have been possible to account for the latter. 
Three traits were 10log transformed prior to the calculation of the mean, because their 
geometrical mean is more closely related to their role in ecosystem functioning; maxCH, 
SM_g and SM_d (Leps et al., 2006). Setting these restrictions resulted in a database of 
13,289 plots (out of in total 31,662) available for the analysis. Among those 13,289 plots, 
4,762 plots were representative of the different stages of the seres. Abundance weighted 
means were calculated for the 11 traits, the four indicator values and the proportional 
abundance of four growth forms. The full set hosted 1433 different taxa of vascular plant 
species, i.e. 93% of the standard list of the Dutch flora (Tamis et al., 2004). 
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Data analysis 

Analyzing trait shifts in the course of succession 

To investigate if the functional composition of ecosystems changes systematically during 
succession and to what extent it differs across ecosystems, the trajectories of seres within 
the trait space of plot means were compared using a graphical approach. For that 
purpose, the trait space was summarized using principal component analysis (PCA; PCA 
summarizes multivariate data by finding the major axes of variation; ter Braak, 1987). The 
PCA was run on the full dataset of 11 traits and 13,289 plots - thus including ecosystems 
not part of the seres - to represent the potential trait space. Data was centred and 
standardized before the analysis, which is appropriate for data differing orders of 
magnitude. The trajectory of a sere in trait space was plotted by connecting the stage 
centers (median PCA scores of the first two axes) to each other. Additionally, an estimate 
of the uncertainty of this trajectory was calculated: for each vegetation type that was part 
of a sere, the 90% least extreme plots were taken, around which a convex hull was drawn 
(see figure 5.1 for an example). 

Additionally, the shift of individual traits during succession was quantified with 
Spearman’s rank correlations. For each sere, Spearman ranks (rs) were calculated between 
the successional stage and the trait values, growth form abundance and indicator values of 
the plots representative of each successional stage for each sere. The rs (ranging from -1 
to 1) was used because this parameter does not require any assumption about the shape of 
the relationships, i.e. this means that the time interval between the consecutive 
successional stages can be unknown and unequal (as is the case in this study). The rs as 
reported here, indicates the direction and consistency of trait changes with succession, but 
does not indicate the degree to which traits change (linear regression would inform about 
the degree of change, but its assumptions could not be met in the present analysis). If a 
non-significant relationship is reported, then this may be due to local trait minima or 
maxima not captured with rs. Alternatively, if a strong correlation between the 
successional stages and the traits is reported, then this can be due to a large shift in trait-
values with succession or a minor shift in trait values but with a narrow range of trait 
values within each stage. To create an appropriate balance between statistical confidence 
and the unequal number of plots representing the different stages, a stratified sample was 
taken, such that the number of plots per stage equaled the second least number of plots 
available for a stage in a given sere.  

Canopy height and traits associated with height will increase with succession. 
Therefore, the results of the PCA may confirm what was already known and may hide 
other shifts. To go beyond the effect of competition for light, its effect on traits was 
filtered out by running a partial PCA (ter Braak, 1987). Our partial PCA, on the full 
dataset, implied a PCA on the residuals of the regressions between individual traits and 
maximum canopy height (maxCH). maxCH was used as a proxy for the intensity of 
competition for light since maxCH is closely connected to a plant’s light interception 
strategy (Westoby, 1998, Weiher et al., 1999, Westoby et al., 2002, Poorter et al., 2003, 
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Kraft et al., 2008). Note that simply removing maxCH from the PCA is not sufficient as 
in that case the effect of this trait still prevails through its correlation with other traits.  
Additionally, the rs was calculated between the residuals of the traits and successional 
stage to investigate whether systematic trait shifts occur with succession besides the shift 
induced by an increase in height. Differences in the direction of shifts for traits vs. trait 
residuals were used to assess the effect of competition for light on trait shifts. 

The effects of (initial) abiotic conditions on trait values and trait shifts  

Next to the effect of competition for light on traits, also abiotic conditions may have a 
constraining effect on traits (during succession). Therefore, to determine the importance 
of abiotic conditions in explaining variation in trait values relative to the importance of 
height, three (multiple) regressions for each trait were compared: a regression with 
maximum canopy height (maxCH) as independent, a multiple regression with the three 
indicator values as independent, and a combination of maxCH and the three indicator 
values as independent. Due to co-linearity between the indicator value for nutrients and 
acidity (Pearson correlation 0.74), the indicator value for acidity was left out in the 
analysis.  The variance explained for each trait in this multiple regression analysis gives an 
estimate on the extent to which the abiotic conditions and maxCH explain the mean trait 
values per succession stage. Note that the direction of change within a sere is not 
predicted by this analysis. 

To test if the direction in trait shifts, apart from effects induced by maxCH, can be 
explained by the abiotic conditions, we tested in a separate analysis to what extent a shift 
in the residuals of the traits can be explained by the initial abiotic conditions. This was 
done by calculating the rs between the initial values of the indicator values and the change 
in the residuals of each trait during succession. 

All data was analyzed using R (R Development Core Team (2009). R: A language and 
environment for statistical computing. R Foundation for Statistical Computing, Vienna, 
Austria. ISBN 3-900051-07-0, URL http://www.R-project.org) and relations were 
considered significant if P < 0.05.  

Results 

Systematic shifts in traits, growth form and abiotic conditions during 
succession 
The first two most important axes of the PCA (Figure 5.1) explained 36.8% and 21.4% of 
trait variation, respectively. Traits that strongly corresponded to the first axis of the PCA 
were maxCH, woodiness, SM_g, SM_d and LS. Traits almost perpendicular to these traits 
and related to the second axis were SLA, LNC and LSP (Figure 5.1 and Table 5B.1, 
Appendix 5B). The first axis was thus related to the size of the supportive and generative 
plant parts and the second axis was strongly related to leaf economics traits (sensu Wright 
et al., 2004) and tissue longevity. The PCA also showed that in all 19 ecosystems there 
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was a change in their position in trait space during succession (Figure 5.1). The most 
striking, but not surprising feature was the consistent increase in height in all ecosystems 
except for one sere in dry, calcium poor dunes. Despite the consistent increase in height 
across seres, the starting and end points of succession differed among the various 
ecosystems. The convex hull of the seres shows that there is substantial variation around 
the trajectories in trait space. 

A more detailed analysis of trait changes in a sere using Spearman ranks (rs) between 
the successional stage and the trait values per plot of that stage (Table 5.1; Figure 5.2, 
Appendix 5D for boxplots per sere; results based on unweighted community means gave 
very similar patterns) confirmed that woodiness of the vegetation increased in all cases, 
whereas maximum canopy height followed the same trend in all cases except one. 
Concomitant with these shifts, also the average seed weight (SM_g and SM_d) increased 
with succession in almost all ecosystems. The flowering traits also changed more or less 
consistently in almost all ecosystems. The average onset of flowering (FO) moved 
towards earlier in the growing season while the length of the flowering period decreased 
(FD). The leaf traits responded less consistently across the ecosystems. In most 
ecosystems, the average leaf size (LS) increased but it decreased in some ecosystems, 
whereas specific leaf area (SLA) showed a very mixed response with succession. Also leaf 
nitrogen content (LNC) showed a mixed response across the ecosystems, though it 
increased in most ecosystems, but not necessarily in the same direction as SLA. Like SLA, 
Lifespan (LSP) showed a very mixed shift along succession, ranging from negative, via 
non-significant to positive.  

The cover of the different growth forms changed systematically across the ecosystems, 
leading to increased ‘woodiness’ (Table 5.1). In all cases the tree cover increased and in 
most seres shrub cover increased as well, whereas both grass and herb cover decreased. 
The analysis of changes of indicator values during succession revealed that in most 
ecosystems, all indicators for the soil abiotic conditions changed significantly with 
succession. The direction of change varied per indicator value and per ecosystem. In 
general, ecosystems converged to average soil moisture conditions; wet ecosystems 
became drier during succession, while very dry ecosystems became wetter in the course of 
succession. In wet ecosystems, the availability of nutrients decreased in the course of 
succession, while in the nutrient-poor systems the availability increased. Nutrient-rich 
ecosystems did not show a significant response over time. The indicator value for acidity 
was strongly coupled to the indicator value of nutrients and therefore showed the same 
response over time as the indicator value for nutrients.   
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Figure 5.1: Trajectory of successional seres plotted in the two most important axis of the trait
space. The PCA was performed on 13,289 plots and 11 traits. First two axes explained 36.8% and
21.4% of trait variation, respectively. The first plot shows the direction of the traits in the trait 
space (grey dots). The other 19 plots show the trajectory of a sere in this trait space: the arrow
indicates the average change and direction in trait values in the course of succession of each
ecosystem type. The convex hull shows the 90% confidence interval of the trajectory. For 
abbreviations of the traits see table 5B.1, for a description of the seres see table 5A.1. 
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The changes in traits values that we found were not only caused by the changes in 
canopy height. Also after excluding the effects of change in height by performing a partial 
PCA, a large portion of the trait variance could be explained. Traits strongly linked to the 
first axis of the partial PCA (explaining 30.2% of the residual trait variance) were those 
traits that in the full PCA were related to the second axis: LNC, SLA and LSP. Traits 
strongly related to the second axis of the partial PCA (explaining 19.2% of the residual 
trait variance) are SM_g, SM_d and FD (Appendix 5C, Table 5C.2). Removing the effect 
of height had clear consequences for the trajectories of the seres in trait space as the 
direction of the trajectories of the ecosystems differs substantially. This is confirmed 
when looking at the spearman correlation coefficients of the trait residuals versus 
succession stage (Table 5.2; Appendix 5D for boxplots of the seres). In fact, only 
woodiness still increases consistently with succession, even after removing the effect of 
height. The direction of change for trait values and trait residuals corresponded in 8 of the 
19 seres for SM_g, SM_d, LSP and FD, 10 out of 19 for LS, 12 out of 19 for FO and 
GO, 13 out of 19 for SLA and 15 out of 19 for LNC and woodiness. This shows that the 
direction of change during succession for SLA, LNC and woodiness were least affected 
upon correcting for height.  

The role of abiotic conditions in selecting trait values and direction of 
trait shifts 
The results of the (multiple) regression showed that traits that shift consistently with 
maxCH during succession are those that to a large extent are associated with maxCH 
(Table 5.1, Table 5E.1, Appendix 5E for all results). Only LNC, SLA and LSP are much 
better explained by the indicator values than by maxCH. For the other traits the 
importance of maxCH was about three times higher than that of the indicator values, 
although the abiotic conditions still explain a large part of variation in LS and woodiness.  

The direction of change in the residuals of all traits, except germination onset, is 
related to one of the indicators of the initial abiotic conditions (Figure 5.4, Table 5.2). 
Particularly the initial soil moisture status explains to a large extent the direction in trait 
shifts at a given canopy height (7 out of 10 trait residuals). The other indicators of initial 
environmental conditions only explained trait shifts in 2 to 3 trait residuals. There was no 
significant relationship between the initial nutrient status and the moisture status of the 
soil (P= 0.23).  
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Table 5.1: Direction of change of different ecosystems during succession calculated with 
spearman rank correlation. Direction of change quantified with spearman rank correlation (rs) for 
the indicator values, traits and growth form. If significant: 0> rs <0.25, +; 0.25> rs <0.5, ++; rs

>0.5, +++; -0.25> rs <0, -; -0.5> rs <-0.25, -- ; -0.5< rs , --- . At the bottom of the table the % 
explained of a trait by different drivers by (multiple) regressions. For details about methods see 
main text. Abbreviations: Indicator value for moisture (Fm), acidity (Rm), nutrients (Nm, salinity 
(Sm). Traits: leaf nitrogen content (LNC), specific leaf area (SLA), seed mass of the germinule 
(SM_g), seed mass of the dispersule (SM_d), leaf size (LS), maximum canopy height (maxCH), 
Woodiness, lifespan (LSP), germination onset (GO), flowering onset (FO), flowering duration 
(FD). For full descriptions of the seres see table 5A.1 (Appendix  5A)  

Ecosystem Traits 
 SLA LSP LNC GO FO FD SM_g SM_d LS maxCH WD 
Eutrophic fen (fresh) --- ns +++ -- --- -- ns ns ns +++ +++ 
Eutrophic fen (fresh) - ++ ++ -- ++ - + ++ -- ++ ++ 
Eutrophic fen 
(brackish) 

-- ++ +++ - --- --- ++ ++ ++ +++ +++ 

Raised Bog --- ns ns + -- ++ - - --- ++ +++ 
Raised Bog (lagg 
zone) 

-- -- + + -- ns + ++ ++ +++ +++ 

Dune valley 
(alkaline) 

--- +++ -- ++ --- --- ns + +++ +++ +++ 

Dune valley (saline) ns +++ ns ++ --- --- -- ns +++ +++ +++ 
Dune valley (acidic) --- ns +++ --- --- --- +++ +++ ns +++ +++ 
Stream valley (upper 
course) 

--- +++ ++ --- --- --- ++ ++ +++ +++ +++ 

Stream valley (lower 
course) 

- - + ns --- ns + + ++ +++ +++ 

Heath (wet) -- -- +++ ns --- --- ++ ++ +++ +++ +++ 
Heath (dry) + ++ ns -- --- --- +++ +++ +++ +++ +++ 
Heath (dry) (alt) ns ++ ++ -- --- --- +++ +++ +++ +++ +++ 
River foreland (scour 
hole) 

+++ -- +++ +++ --- -- ++ +++ ++ ns +++ 

River foreland (clay) ns ns ++ ns --- --- ++ +++ +++ +++ +++ 
River dunes + ++ ++ --- --- --- +++ +++ +++ +++ +++ 
Dunes (alkaline) ++ ++ ++ --- ns - +++ +++ +++ +++ +++ 
Dunes (acidification) +++ +++ -- ++ ns ++ --- --- --- -- +++ 
Dunes (calcium 
poor)  

++ +++ ++ --- - --- +++ +++ +++ +++ +++ 

            
R2 maxCH 0.01 0.08 0.15 0.18 0.35 0.21 0.26 0.24 0.47  0.53
R2 Fm+Nm+Sm 0.23 0.24 0.37 0.03 0.10 0.14 0.10 0.11 0.33 0.12 0.13 
R2 maxCH+ 
Fm+Nm+Sm 

0.30 0.29 0.46 0.19 0.38 0.38 0.37 0.38 0.62  0.74 
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Table 5.1: continued 
 
 
 
 
 
 
 
 
 

Ecosystem Abiotic Indicators Growth form 
 Fm Rm Nm Sm Tree Shrub Herbs Grass 
Eutrophic fen (fresh) +++ --- --- - +++ ++ -- --- 
Eutrophic fen (fresh) +++ --- --- -- +++ - ns --- 
Eutrophic fen  
(brackish) 

++ --- --- --- +++ ++ --- --- 

Raised Bog +++ -- ns ns + +++ --- -- 
Raised Bog (lagg 
zone) 

+++ ns ns ns +++ ++ --- -- 

Dune valley  
(alkaline) 

- --- --- --- + +++ --- --- 

Dune valley (saline) ++ --- --- --- ++ +++ ns --- 
Dune valley (acidic) +++ --- --- --- +++ +++ ns --- 
Stream valley (upper 
course) 

- --- -- -- +++ + --- --- 

Stream valley (lower 
course) 

+++ --- --- -- +++ +++ --- - 

Heath (wet) ++ +++ +++ + +++ ns -- -- 
Heath (dry) --- ns + ns +++ ++ --- --- 
Heath (dry) (alt) --- ns ++ ns +++ + --- --- 
River foreland 
(scour hole) 

++ +++ + --- +++ +++ --- + 

River foreland (clay) ++ -- -- --- +++ +++ -- --- 
River dunes --- -- ns --- +++ +++ --- -- 
Dunes (alkaline) --- -- +++ -- +++ ++ --- -- 
Dunes (acidification) -- --- --- --- + +++ -- --- 
Dunes (calcium  
poor)  

--- --- - --- +++ ++ --- --- 
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Figure 5.2: Boxplots showing trait shifts in a sere (dunevalley - saline), for 11 different traits. 
Boxes show the variation in the plot trait values (y-axis) for each successional stage (x-axis). 
Box = interquartile range, containing 50% of values; line across box = median; whiskers = 
highest and lowest values, excluding outliers (i. e. cases with values > 1.5 box lengths from the 
upper or lower edge of the box).  For abbreviations of the traits see table 5B.1, for a description 
of the seres see table 5A.1. 
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Table 5.2: Direction of change in the traits for different ecosystems during succession once 
accounted for the effect of height. Direction of change quantified with spearman rank 
correlation. If significant, rs  > 0.5, ++, 0> rs <0.25, +; 0.25> rs <0.5, ++; rs  >0.5, +++; -0.25> 
rs <0, -; -0.5> rs <-0.25, -- ; -0.5< rs , --- . At the bottom of the table the spearman correlation 
coefficient between the initial indicator values and the rs of the residuals of the traits are shown. 
For abbreviations of the traits see table 5B.1, for a description of the seres see table 5A.1. 

Ecosystem SLA LSP LNC GO FO FD SM_g SM_d LS WD 

Eutrophic fen (fresh) ns --- +++ + -- +++ --- --- --- +++ 

Eutrophic fen (fresh) ns - ++ - ++ + Ns    ns --- + 

Eutrophic fen 
(brackish) - -- ++ + -- -- -- -- - +++ 

Raised Bog -- -- - + ns ++ -- - --- +++ 

Raised Bog (lagg 
zone) ns --- + +++ ns +++ --- -- -- +++ 

Dune valley 
(alkaline) --- +++ --- +++ --- --- - -- ++ +++ 

Dune valley (saline) ns ++ ns ++ --- --- -- --- ++ ++ 

Dune valley (acidic) --- --- +++ --- --- -- ns ns --- +++ 

Stream valley (upper 
course) --- + + - -- + --- --- -- ++ 

Stream valley (lower 
course) ns --- ns ++ --- +++ --- --- --- +++ 

Heath (wet) ns --- +++ +++ --- + -- -- ns ns 

Heath (dry) ++ -- -- ns ++ ++ ++ +++ + ns 

Heath (dry) (alt) ++ -- ns ns ++ + ++ ++ + ns 

River foreland (scour 
hole) +++ - +++ ++ --- -- ++ ++ ++ +++ 

River foreland (clay) ns ns ++ ns -- -- -- ns ns +++ 

River dunes ++ ns + -- -- -- +++ ++ ++ +++ 

Dunes (alkaline) +++ ns + -- +++ +++ - - ++ + 

Dunes (acidification) +++ +++ -- ++ -- ns --- --- --- +++ 

Dunes (calcium 
poor)  +++ - - ns +++ ++ ++ +++ - + 

           

Initial abiotic 
conditions           

Fm 0.63 0.50 -0.51 ns 0.46 ns 0.47 0.50 0.47 ns 

Rm ns 0.56 ns ns ns -0.57 ns ns ns ns 

Nm ns ns ns ns -0.50 -0.56 ns ns ns 0.54 

Sm ns 0.61 ns ns ns -0.77 ns ns ns ns 
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Figure 5.3: Trajectory of seres plotted in the two most important axis of the trait space once the 
effect of maximum canopy height removed. The partial PCA was performed on 13,289 plots and 
10 traits and maxCH as constraint (see main text for details). First two axes explain 30,2% and 
19.2% respectively. The first plot shows the direction of the traits in the residual trait space (grey 
dots). The trajectory of a sere in the trait space is indicated with an arrow, and shows the average 
change in trait values in the course of succession. The convex hull shows the 90% confidence 
interval of the trajectory. Abbreviations of the traits see table 5B.1, for a description of the seres 
see table 5A.1. 
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Figure 5.4: Relationship between the initial abiotic conditions of the seres (y-axis) and the 
direction of change of traits once accounted for height (rs Table 5.2, x-axis). The initial abiotic 
conditions are approximated by the indicator values for water, acidity, nutrients and salinity. The 
grey line is shown to mark a positive or a negative shift of the residuals of the traits with 
succession. Only significant relationships between initial abiotic conditions and trait-shifts are 
shown (see table 5.2 for correlations of all possible relationships between initial indicator values 
and trait changes). 
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Discussion 

Consistent trait shifts across ecosystems during succession for traits 
related to height 
Our analysis on 19 chronosequences across a wide range of NW-European ecosystems 
showed that trait values show a consistent shift in trait space during the build up phase of 
succession, despite the fact that the starting and endpoint differ per ecosystem. This 
consistent shift in trait space can to a large extent be explained by the increase in canopy 
height and traits that are linked to canopy height. The successional increase in 
competition for light thus leads to consistent responses in its respective traits across a 
wide variety of ecosystems. However, traits that are not strongly associated with height, 
such as SLA and life span, do not change consistently across ecosystems. Here we show 
that patterns in these traits are determined by the different (initial) abiotic conditions for 
the respective ecosystems; i.e. the direction of change in these traits depends on the initial 
abiotic conditions.   

Among the traits studied, woodiness and maximum canopy height (maxCH) showed, 
not surprisingly, the most consistent increase across ecosystems, except for one 
ecosystem (dry calcareous dunes) in which retrogression occurs, induced by soil 
pathogens and dissolution of calcium (Stuyfzand, 1993, van der Putten and van der Stoel, 
1998. This leads to degeneration of the shrub Hippophae rhamnoides, resetting succession. 
Increasing maximum canopy height with succession is essential to be among the winners 
in the vertical race for the unidirectional resource light (Westoby, 1998), which has 
consequences for a specific suite of other traits as well. This suite of traits reflects 
adaptations to light availability and competition, and involves phenology traits and 
allometry traits such as woodiness, leaf size, seed mass and flowering onset. These traits 
were also the ones that were best predicted by maxCH in the regression analysis. Seed 
mass shifted positively with succession. There is a well-established correlation between 
the seed mass and height, very likely because “large species require a long juvenile period 
to become large individuals, and to survive a long juvenile period requires a high juvenile 
survivorship, which is associated with large seeds” (Moles et al., 2004) and also partly 
because small species cannot support heavy seeds. Note that for seres starting in wet to 
moderately wet conditions, the relationship between succession and seed mass is less 
strong than for dry ecosystems, probably because low weighted seeds remain important in 
cases where water act as a dispersal agent (Ozinga et al., 2004), or because of the relative 
larger role of clonal growth compared to sexual reproduction. Along with succession, 
flowering onset moves towards the shoulder seasons. This effect is strong and 
surprisingly consistent but is against expectations of Vile et al. (2006) and Kahmen and 
Poschlod (2004) who report a delay in the flowering onset with succession.  At the same 
time, the length of the flowering period shortens with succession, which is similar to 
findings of Kahmen and Poschlod (2004). We suggest that due to an increasing 
dominance of species with substantial amounts of structural biomass with succession, 
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stored resources enable a quick start of flowering. Increased investments in structural 
biomass are also reflected in increased woodiness and shifts in growth form, from grasses 
and herbs at early stages of succession to shrubs and trees later in succession. 
Germination onset showed a mixed response with succession, though in most ecosystems 
a decrease in germination onset is found, probably to avoid shading (Fenner and 
Thompson, 2005).  

Traits orthogonal to height show a system specific response  
The principal component analyses (Figure 5.1, Table 5C.1) revealed that particularly SLA, 
LSP and LNC could vary independently of height. As a consequence, particularly SLA 
and LSP can shift in any direction during succession. These traits seem to be coupled 
more to the prevailing soil water and/or nutrients conditions than to light. The 
differential response of SLA, LNC and LSP due to the initial conditions may explain why 
previous studies reported different directions in which LNC and SLA change with 
succession. Reversely, light interception strategies – approximated by maxCH - is to a 
large extent decoupled from the other abiotic conditions – approximated by the indicator 
values. Only 14% (and 6% in the set with 13,289 plots) of the variation in canopy height 
could be explained by the four abiotic factors which implies that maxCH can take almost 
any value regardless of the prevailing abiotic conditions. As a consequence, the direction 
of shift in LNC and SLA only slightly differed after filtering the height effects which 
further support the idea that height and the leaf economics are part of different strategy 
axes (Westoby, 1998, Diaz et al., 2004). However, it should be noted that we could not 
include a realistic ‘time axis’ in our analyses so that despite this observation the time 
needed to achieve a certain height will undoubtedly vary very strongly among ecosystems 
differing in e.g. soil nutrient status.  

Contrary to our expectations, among the traits that are orthogonal to height, LNC 
shifted most consistently with succession, i.e. it increased. Previous studies report either a 
non-significant shift (Gleeson and Tilman, 1990, Falster and Westoby, 2005 and Navas et 
al., 2010) or a slightly negative shift at early stages of succession (Reich et al., 1995). The 
increase in LNC is not likely due to a replacement of growth forms since a cross-species 
analysis revealed no significant differences among growth forms (Wright et al., 2005a, 
Ordoñez et al., 2010a). This increase is most likely due to the rapid build up of soil 
organic matter during the initial phase of succession, resulting in considerable higher 
nitrogen mineralization rates (Berendse, 1998), combined with the high nitrogen 
deposition rates in NW-Europe (Berendse, 1990) . 

Beyond the trivial; do traits shift consistently apart from shifts induced 
by height? A role for soil abiotic conditions 
Interestingly, the mixed pattern found in particularly for SLA and LSP also appeared for 
various other traits after accounting for the effect of competition for light; this suggests 
that other processes than competition for light also play an important role in modulating 
traits during succession. To our knowledge this is the first study that partitions trait shifts 
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with succession between a portion that is due to competition for light and a portion that 
is related to other abiotic factors. Our findings suggest that the initial and prevailing soil 
abiotic conditions – particularly soil moisture – co-determine trait shifts in the course of 
succession, both for traits orthogonal to height and for traits related to height.  

Concerning the leaf economics traits, we found that SLA decreased in seres starting in 
(very) wet conditions, while it increased over time when starting in (very) dry conditions 
(Figure 5.4). The direction in which SLA shifts with changing abiotic conditions during 
succession follows the general positive relationship between SLA and soil moisture that 
has been found by previous studies (Wright et al., 2001, Cornwell and Ackerly, 2009 and 
Ordoñez et al., 2010b). The shift in SLA coincided with a shift in leaf size – once 
accounted for height effects - along the same moisture gradient (Cornwell and Ackerly, 
2009), probably to avoid excessive transpiration. In wet ecosystems the response of SLA 
was opposite to the response in LNC, i.e. LNC decreased in dry environments and 
increased in wet environments. This shows that, although LNC and SLA are positively 
correlated as part of the leaf economics spectrum, they can be partly decoupled. 
Remarkably, the initial nutrient status was not an indicator for the direction in which 
LNC and SLA shifted with succession (neither with unweighted means). We had expected 
that leaf economics traits would change with the changing nutrient status during 
succession, following the general positive relationship between soil nutrients and LNC 
and SLA that has been reported by Ordoñez et al. (2009). Apparently, the effect of initial 
soil water on the direction of change is stronger than that of soil fertility. It raises the 
question whether the contrasting shifts that are explained by initial soil moisture are due 
to the soil initial moisture content or whether the coinciding build up of organic matter 
content explains these contrasting shifts, because the ecosystem types that start in very 
wet conditions are the ones in which peat formation occurs.   

The initial soil moisture status also co-determined the direction of change in 
reproductive and phenology traits, such as seed mass and flowering onset. In most 
initially wet ecosystems, seed mass decreased at a given height of the vegetation 
(Figure 5.4), while it increased in initially dry ecosystems. The decrease can probably be 
explained by the need to disperse by water instead of by animals. The direction in which 
seed mass changes during succession, once accounted for height, coincides relatively well 
with the shift in leaf size at a given height of the vegetation. This may be a consequence 
of a different branch size and architecture of species from the different ecosystems which 
has consequences for their appendages, e.g.  the size of the twigs is positively related to 
the size of the leaves and seeds (called the Corner’s rule, Corner, 1949, Cornelissen, 1999).   

The response of flowering onset depends both on the moisture regime and the initial 
nutrient richness. Flowering onset had a tendency to move towards early season in 
ecosystems that are initially nutrient rich and wet and which become drier and less 
nutrient rich during succession, while this shift is delayed in nutrient poor and dry 
ecosystems. Probably flowering onset is delayed in wet ecosystems due to a delay in 
species growth by flooding and colder wet conditions in wet ecosystems in spring 
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(Santamaria and Hootsmans, 1998, Warwick and Brock, 2003). Indeed, in our trait 
dataset, annuals and grasses from wet conditions flower on average later in the growing 
season compared to those from dry sites, while trees and shrubs flower on average earlier 
in the season (results of regression analysis, not shown). Therefore, both the change in 
wetness and the replacement of growth form with succession may explain the observed 
shifts. Flowering duration was responsive to nutrients, salinity and acidity and increased in 
initially nutrient-rich, brackish and acid ecosystems. Surprisingly, the direction of change 
in germination onset was not related to any of the initial abiotic conditions, although it 
has been shown to respond to changing soil nitrate concentrations (Pons, 1989 and 
Fenner and Thompson, 2005 for an overview). 

Interestingly, woodiness was not only linked to an increase in height. On top of the 
increase in woodiness due to height during succession, an additional increase in 
woodiness over time is observed in almost all seres. However, nutrient poor ecosystems 
show a less consistent change than nutrient rich ecosystems (Figure 5.4). Species in 
nutrient poor ecosystems have a low carbon and nutrient turnover to efficiently use 
nutrients and therefore have relatively long lived tissues (Aerts and Chapin, 2000) 
compared to species in nutrient rich environments. As a result, woodiness will increase in 
ecosystems which are initially nutrient rich but become less fertile over time.  The 
direction of change in lifespan (LSP) was not driven by the initial soil fertility, but by all 
other three indicators of the initial abiotic conditions. This shows that LSP decreases with 
succession when starting at very stressed conditions that over time change to less saline, 
acid and moderately moist conditions. As a result, stressed ecosystems start with 
predominantly perennial herbs and grasses which are, as succession proceeds, replaced by 
more annual and bi-annual species when abiotic conditions become less extreme. 

Overall, removing the portion in trait shifts that is due to competition for light 
revealed that, in agreement with our hypothesis, trait shifts occur on top of the shifts 
induced by canopy height. These shifts can be linked to the initial soil abiotic conditions. 
Additionally, the data strongly suggests that different initial starting conditions may lead 
to different trajectories in trait space, although we think that these differences should be 
large enough to produce distinct trajectories (convergence Walker et al., 2010, Fukami et 
al., 2005). On the other hand two ecosystems with similar initial abiotic conditions may 
follow different trajectories in trait space when at some point during succession a species 
has entered with a disproportionate effect on biochemical cycling (invasive species; 
Gordon and Rice, 1993 among others).   

So far, the idea that different initial abiotic conditions may lead to different trajectories 
has only been predicted (by Grime in terms of CSR-strategies, Grime, 1979) but have 
never been tested for traits (Bazzaz, 2006). Vegetation-soil feedbacks, through changing 
water and nutrient dynamics, are the most likely drivers for these trait-trajectories of 
ecosystems. A trait-approach as applied in this study potentially allows to quantify the 
strength and direction of these feedbacks by estimating carbon and nutrient fluxes from 
biomass and litter production and traits (response traits; Lavorel and Garnier, 2002), most 
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notably via leaf properties (affecting transpiration and litter decomposability; Cornwell et 
al., 2008) A quantification of the direction and strength of these feedbacks will probably 
confirm the importance of the initial abiotic conditions in determining the course of trait 
trajectories.  
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Appendix 5A Description of 19 seres 

Table 5A.1: Ecosystems included in the analysis, initial abiotic conditions as 
approximated with indicator values (Salinity (Sm; 1.00 = fresh to 3.00= saline), Water 
(Fm; 1.00= open water to 4.00 = dry), Nutrients (Nm; 1.00 = nutrient-poor to 3.00 = 
very nutrient rich) and Acidity (Rm; 1.00 = acidic to 3.00 = alkaline) sere of vegetation 
types- each stadium is indicated with [ ]’s (see Schaminée et al., 1995, Schaminée et al., 
1996, Schaminée et al., 1998 and Stortelder et al., 1999 for a detailed description of the 
vegetation types). Literature sources: Westhoff and van Oosten, 1991, Verhoeven, 1992, 
Schaminée et al., 1995, Jalink, 1996, Schaminée et al., 1996, Schaminée and Jansen, 1997, 
Aggenbach and Jalink, 1998, Schaminée et al., 1998, Stortelder et al., 1999, Schaminée and 
Jansen, 2001 
Ecosystem Initial conditions Sere of vegetation types 

 Sm Fm Nm Rm  

Eutrophic fen 
(fresh) 

1.06 1.43 2.21 2.58 [Potametum lucentis,Myriophyllo-
Nupharetum,Stratiotetum];[Cicuto-Calletum];[Cicuto-
Caricetum menyanthetosum];[Caricetum 
paniculatae];[Salicetum cinereae];[Thelypterido-Alnetum 
typicum];[Thelypterido-Alnetum sphagnetetosum,Carici 
curtae-Betuletum peucedanetosum];[Carici curtae-
Betuletum typicum] 

Eutrophic fen 
(fresh)  

1.02 1.49 2.04 2.72 [Myriophyllo verticillati-Hottonietum];[RG Juncus 
subnodulosus-[Phragmitetalia]];[Salicetum 
cinereae];[Thelypterido-Alnetum typicum];[Thelypterido-
Alnetum sphagnetetosum,Carici curtae-Betuletum 
peucedanetosum];[Carici curtae-Betuletum 
typicum];[Erico-Betuletum pubescentis] 

Eutrophic fen 
(brackish) 

1.34 1.51 2.75 2.83 [Najadetum marinae];[Scirpetum 
tabernaemontani];[Lychnido-Hypericetum typicum,Typho-
Phragmitetum];[Soncho-Epilobietum hirsuti];[Salicion 
cinereae];[Thelypterido-Alnetum typicum];[Thelypterido-
Alnetum sphagnetetosum];[Carici curtae-Betuletum 
peucedanetosum];[Carici curtae-Betuletum typicum] 

Raised bog (lagg 
zone) 

1.00 1.53 1.16 1.47 [Sphagnetum cuspidato-obesi,RG Eriophorum 
angustifolium-Sphagnum-[Scheuchzerietea]];[Sphagno-
Rhynchosporetum,RG Eriophorum angustifolium-
Sphagnum-[Scheuchzerietea]];[Erico-Sphagnetum 
magellanici];[RG Myrica gale-[Betulion 
pubescentis]];[Erico-Betuletum pubescentis] 

Raised bog 1.00 1.58 1.17 1.47 [RG Carex rostrata-[Scheuchzerietea]];[RG Sphagnum 
cuspidatum-[Scheuchzerietea]];[Sphagno-
Rhynchosporetum];[Erico-Sphagnetum magellanici] 

Dune valley 
(alkaline) 

1.37 2.50 2.17 2.81 [Centaurio-Saginetum];[Junco baltici-Schoenetum 
nigricantis];[Salicetum salicetosum repentis] 
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Table 5A.1: continued 
Ecosystem Initial conditions Sere of vegetation types 

 Sm Fm Nm Rm  

Dune valley (saline)  2.66 2.06 2.97 2.97 [Salicornietum brachystachyae];[Puccinellietum 
distantis];[Junco-Caricetum extensae];[Parnassio-
Juncetum atricapilli];[Junco baltici-Schoenetum 
nigricantis];[Salicetum salicetosum repentis] 

Dunes (alkaline)  1.05 3.90 1.29 2.68 [Phleo-Tortuletum ruraliformis];[Taraxaco-Galietum 
veri];[Polygonato-Lithospermetum];[Rhamno-
Crataegetum];[Crataego-Betuletum pubescentis] 

Dunes (acidification) 1.53 3.85 2.23 2.87 [Elymo-Ammophiletum];[Hippophao-Sambucetum];[Violo-
Corynephoretum];[Carici arenariae-Empetretum] 

Dunes (calcium 
poor)  

1.05 3.91 1.21 2.08 [Violo-Corynephoretum];[Carici arenariae-
Empetretum];[Betulo-Quercetum roboris] 

Heath (dry) 1.01 3.91 1.08 1.61 [Spergulo-Corynephoretum inops];[Spergulo-
Corynephoretum cladonietosum];[Genisto anglicae-
Callunetum cladonietosum];[Cladonio-Pinetum 
cladonietosum];[Betulo-Quercetum 
deschampsietosum];[Betulo-Quercetum vaccinietosum] 

Heath (dry) 1.01 3.91 1.08 1.61 [Spergulo-Corynephoretum inops];[Spergulo-
Corynephoretum cladonietosum];[Genisto anglicae-
Callunetum cladonietosum];[Dicrano-Juniperetum 
cladonietosum ,Cladonio-Pinetum 
cladonietosum];[Betulo-Quercetum 
cladonietosum];[Betulo-Quercetum 
deschampsietosum];[Betulo-Quercetum vaccinietosum] 

Heath (wet) 1.00 2.20 1.01 1.14 [Lycopodio-Rhynchosporetum];[Ericetum tetralicis 
sphagnetosum];[RG Myrica gale-[Oxycocco-
Sphagnetea]];[Erico-Betuletum pubescentis] 

River foreland (scour 
holel) 

1.19 1.86 2.48 2.63 [Potametum lucentis];[Myriophyllo-
Nupharetum,Potameto-Nymphoidetum];[Scirpetum 
lacustris];[Typho-Phragmitetum];[Caricetum 
gracilis,Caricetum ripariae];[Irido-Salicetum albae] 

River dunes 1.12 3.62 2.36 2.66 [Bromo-Corispermetum];[Medicagini-Avenetum 
pubescentis ,Bromo inermis-Eryngietum 
campestris];[Tanaceto-Artemisietum ,Rubo-
Origanetum];[Pruno-Crataegetum ,Urtico-Cruciatetum 
laevipedis];[Violo odoratae-Ulmetum] 

River foreland (clay)  1.13 2.72 2.85 2.88 [Chenopodietum rubri];[RG Agrostis canina-Ranunculus 
repens-[Lolio-Poten. anserinae/Molinietalia]];[Valeriano-
Filipenduletum calamagrostietosum ,Valeriano-
Filipenduletum holcetosum];[Irido-Salicetum 
alopecuretosum pratensis];[RG Urtica dioica [Circaeo-
Alnenion]] 

Stream valley (upper 
course) 

1.10 2.41 1.69 2.34 [Cicendietum filiformis];[Gentiano pneumonanthes-
Nardetum ,Cirsio dissecti-Molinietum];[Carici curtae-
Betuletum typicum] 

Stream valley (lower 
course) 

1.01 1.70 2.08 2.66 [Lysimachio-Caricetum aquatilis];[Caricetum 
elatae,Caricetum gracilis];[Valeriano-
Filipenduletum];[Salicetum calamagrostietosum 
canescentis];[Carici elongatae-Alnetum] 
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Appendix 5B Traits used in the analysis 
 

Table 5B.1: Traits used for the analysis, the number of species involved and its literature 
sources. In total 1433 taxa were present in the plots 

Category Trait 
category 

Trait (acronym) Scale and units Nr. of 
species 

Source 

Plant traits Leaf traits Leaf Nitrogen content 
(LNC) 

Continuous (mg/g) 395 1 

  Specific leaf area (SLA) Continuous (mm2/mg) 834 1 

  Leaf Size (LS) Continuous (mm2)  1 

 Allometric 
traits 

Maximum canopy height 
(maxCH) 

Log 10 Continuous (m) 1089 1 

  Woodiness (WD) Ordinal (0: non-woody, 1: semi-
woody, 2: woody) 

1208 2 

  Life span (LSP) Ordinal (1: annual, 2: biannual, 5 
perennial) 

1217 1 

 Seed traits Seed mass of the 
germinule (SM_g) 

Log 10 Continuous (mg) 871 1 

  Seed mass of the 
dispersule  and germinule 
included (SM_d) 

Log 10 Continuous (mg) 902 1 

 Phenology 
traits 

Germination onset (GO) Ordinal (0: germination in 
shoulder seasons (Sep-May), 1: 
no preference 2: germination in 
summer (june-august)) 

992 3 

  Flowering onset (FO) Ordinal: 0: January, December; 
10: February, November; 18: 
March, October; 24: April, 
September; 28: May, August; 30: 
June, July 

1343 3 

  Flowering duration (FD) Continuous (Months)  1343 3 

Growth 
form 

 Growth form Tree, shrub, grass, herb 1433 3 

Abiotic 
require-
ments 

 Indiator value for Nutrient 
availability (N) 

Ordinal (1.00: nutrient poor - 
4.00: nutrient rich) 

1195 4 

  Indiator value for moisture 
availability  (F) 

Ordinal (1.00: very wet - 4.00: 
very dry) 

1197 4 

  Indiator value for acidity (R) Ordinal (1.00: acid - 3.00: 
alkaline) 

1195 4 

  Indiator value for salinity (S) Ordinal (1.00: sweet - 3.00 salt) 1198 4 

Sources. – 1) see Chapter 2, table 2.1, 2) LEDA trait base (www.leda-traitbase.org), 3) BioBase 
2003, Centraal Bureau voor de Statistiek, Voorburg/Heerlen, 4) Witte et al., 2007. 
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Appendix 5C Detailed results of plot-trait PCA  

 

 

Table 5C.2: Species scores of the PCA on the 13,289 plots and 10 residuals of the traits (see 
main text). The species scores have been scaled such that the sum of squares equals the 
eigenvalues of that axis 

 PCA-1 PCA-2 PCA-3 PCA-4 PCA-5 PCA-6 

res_LNC -0.800 0.243 -0.077 0.001 -0.081 -0.231 

res_SLA -0.641 0.146 0.019 -0.189 -0.404 -0.511 

res_SM_g -0.562 -0.720 0.282 -0.039 0.134 0.002 

res_SM_d -0.493 -0.751 0.335 -0.039 -0.090 0.105 

res_LS -0.726 -0.043 -0.413 0.106 0.419 -0.086 

res_LSP 0.533 -0.334 -0.532 0.110 -0.097 -0.358 

res_GO -0.141 -0.152 -0.078 0.779 -0.554 0.152 

res_FO 0.066 -0.359 -0.435 -0.612 -0.457 0.254 

res_Woodiness 0.661 -0.124 0.562 -0.070 -0.114 -0.366 

res_Flowering_duration -0.371 0.688 0.257 -0.144 -0.246 0.228 

       

Eigenvalue axis 3.021 1.917 1.230 1.070 0.970 0.735 

 

Table 5C.1: Species scores of the PCA on the 13,289 plots and 11 traits. The species scores have 
been scaled such that the sum of squares equals the eigenvalues of that axis 

 PCA-1 PCA-2 PCA-3 PCA-4 PCA-5 PCA-6 

maxCH -0.912 0.005 0.139 -0.046 -0.089 0.086 

LNC -0.111 -0.845 0.013 -0.038 -0.289 0.049 

SLA 0.228 -0.705 -0.190 -0.162 -0.098 0.530 

SM_g -0.813 -0.334 -0.253 0.080 0.282 -0.075 

SM_d -0.796 -0.276 -0.302 0.108 0.373 0.021 

LS -0.662 -0.491 -0.031 -0.016 -0.364 -0.313 

LSP -0.284 0.596 -0.391 0.025 -0.541 0.174 

GO 0.466 -0.103 -0.351 0.773 0.006 0.109 

FO 0.368 0.126 -0.729 -0.478 0.154 -0.049 

Woodiness -0.701 0.404 0.259 -0.035 0.147 0.452 

Flowering_duration 0.702 -0.415 0.295 -0.100 0.120 0.064 

       

       

Eigenvalue axis 4.046 2.357 1.174 0.886 0.806 0.647 
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Appendix 5D Boxplots of trait changes with succession 
 
Appendix is available in the electronic version of this thesis 
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Appendix 5E Results of multiple regressions 

Table 5E.1: Results of the three multiple regressions with maxCH as independent (model 1), 
three indicator values as independent (model 2), and maxCH and the indicator values combined 
(model 3). Significance codes:  <0.001: ***, 0.001-0.01: **, 0.01:0.05: *’ 

Trait   R2   Estimate Std. Error t value Significance 

maxCH model 2 0.124 Intercept 1.083 0.063 17.277 *** 

    Fm -0.107 0.010 -10.901 *** 

    Nm 0.262 0.015 17.236 *** 

      Sm -1.074 0.061 -17.643 *** 

LNC model 1 0.146 Intercept 21.810 0.065 333.128 *** 

    maxCH 3.627 0.127 28.474 *** 

  model 2 0.371 Intercept 20.125 0.505 39.856 *** 

    Fm 2.202 0.079 27.760 *** 

    Nm 6.195 0.123 50.484 *** 

    Sm -13.238 0.490 -26.990 *** 

  model 3 0.457 Intercept 16.891 0.483 34.934 *** 

    maxCH 2.988 0.109 27.537 *** 

    Fm 2.523 0.075 33.820 *** 

    Nm 5.411 0.117 46.057 *** 

      Sm -10.029 0.470 -21.328 *** 

SLA model 1 0.009 Intercept 18.275 0.070 261.637 *** 

    maxCH -0.906 0.136 -6.670 *** 

  model 2 0.227 Intercept 15.942 0.554 28.751 *** 

    Fm 2.197 0.087 25.229 *** 

    Nm 4.416 0.135 32.770 *** 

    Sm -10.274 0.539 -19.077 *** 

  model 3 0.255 Intercept 17.751 0.561 31.620 *** 

    maxCH -1.671 0.126 -13.263 *** 

    Fm 2.018 0.087 23.303 *** 

    Nm 4.854 0.136 35.587 *** 

    Sm -12.068 0.546 -22.105 *** 

SM_g model 1 0.265 Intercept -0.262 0.009 -30.297 *** 

    maxCH 0.696 0.017 41.379 *** 

  model 2 0.099 Intercept -0.296 0.086 -3.441 ** 

    Fm 0.266 0.014 19.656 *** 

    Nm 0.299 0.021 14.286 *** 

    Sm -1.046 0.084 -12.512 *** 

  model 3 0.388 Intercept -1.139 0.073 -15.575 *** 

    maxCH 0.778 0.016 47.432 *** 
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Table 5E.1: continued 
    Fm 0.349 0.011 30.964 *** 

    Nm 0.095 0.018 5.321 *** 

      Sm -0.210 0.071 -2.956 ** 

SM_d model 1 0.237 Intercept -0.266 0.009 -28.188 *** 

    maxCH 0.705 0.018 38.426 *** 

  model 2 0.106 Intercept -0.184 0.092 -2.002 * 

    Fm 0.304 0.014 21.101 *** 

    Nm 0.249 0.022 11.157 *** 

    Sm -1.178 0.089 -13.214 *** 

  model 3 0.377 Intercept -1.057 0.079 -13.395 *** 

    maxCH 0.807 0.018 45.553 *** 

    Fm 0.391 0.012 32.086 *** 

    Nm 0.037 0.019 1.928 ns 

      Sm -0.311 0.077 -4.052 *** 

LS model 1 0.469 Intercept 2.552 0.007 357.541 *** 

    maxCH 0.901 0.014 64.875 *** 

  model 2 0.334 Intercept 3.521 0.072 49.010 *** 

    Fm -0.133 0.011 -11.822 *** 

    Nm 0.742 0.017 42.492 *** 

    Sm -1.645 0.070 -23.566 *** 

  model 3 0.618 Intercept 2.711 0.056 48.298 *** 

    maxCH 0.748 0.013 59.369 *** 

    Fm -0.053 0.009 -6.138 *** 

    Nm 0.546 0.014 39.995 *** 

      Sm -0.841 0.055 -15.409 *** 

LSP model 1 0.084 Intercept 4.754 0.006 814.738 *** 

    maxCH 0.238 0.011 20.945 *** 

  model 2 0.238 Intercept 6.211 0.048 129.812 *** 

    Fm -0.248 0.008 -32.962 *** 

    Nm -0.169 0.012 -14.524 *** 

    Sm -0.477 0.046 -10.255 *** 

  model 3 0.290 Intercept 5.994 0.048 125.931 *** 

    maxCH 0.201 0.011 18.785 *** 

    Fm -0.226 0.007 -30.808 *** 

    Nm -0.222 0.012 -19.156 *** 

      Sm -0.261 0.046 -5.641 *** 

GO model 1 0.177 Intercept 0.465 0.005 103.012 *** 

    maxCH -0.281 0.009 -32.035 *** 

  model 2 0.035 Intercept 0.155 0.044 3.520 *** 

    Fm 0.079 0.007 11.390 *** 
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Table 5E.1: continued 
    Nm -0.033 0.011 -3.123 ** 

    Sm 0.121 0.043 2.840 ** 

  model 3 0.190 Intercept 0.459 0.042 11.054 *** 

    maxCH -0.281 0.009 -30.159 *** 

    Fm 0.048 0.006 7.570 *** 

    Nm 0.040 0.010 4.005 *** 

      Sm -0.180 0.040 -4.471 *** 

FO model 1 0.349 Intercept 27.130 0.036 762.957 *** 

    maxCH -3.496 0.069 -50.529 *** 

  model 2 0.096 Intercept 19.396 0.377 51.503 *** 

    Fm 0.782 0.059 13.211 *** 

    Nm -0.581 0.092 -6.350 *** 

    Sm 5.969 0.366 16.320 *** 

  model 3 0.374 Intercept 23.002 0.323 71.174 *** 

    maxCH -3.331 0.073 -45.925 *** 

    Fm 0.424 0.050 8.507 *** 

    Nm 0.293 0.079 3.733 *** 

      Sm 2.393 0.314 7.613 *** 

WD model 1 0.534 Intercept 0.572 0.006 92.353 *** 

    maxCH 0.890 0.012 73.810 *** 

  model 2 0.131 Intercept 2.235 0.076 29.389 *** 

    Fm -0.045 0.012 -3.773 *** 

    Nm -0.274 0.018 -14.848 *** 

    Sm -0.972 0.074 -13.157 *** 

  model 3 0.743 Intercept 1.133 0.043 26.557 *** 

    maxCH 1.019 0.010 106.426 *** 

    Fm 0.064 0.007 9.761 *** 

    Nm -0.542 0.010 -52.284 *** 

      Sm 0.122 0.041 2.938 ** 

FD model 1 0.214 Intercept 2.989 0.009 337.640 *** 

    maxCH -0.621 0.017 -36.047 *** 

  model 2 0.137 Intercept 1.004 0.083 12.038 *** 

    Fm 0.110 0.013 8.396 *** 

    Nm 0.300 0.020 14.819 *** 

    Sm 1.098 0.081 13.560 *** 

  model 3 0.368 Intercept 1.749 0.074 23.780 *** 

    maxCH -0.689 0.017 -41.715 *** 

    Fm 0.036 0.011 3.179 ** 

    Nm 0.481 0.018 26.913 *** 

      Sm 0.359 0.072 5.014 *** 

 



 

 


