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INTRODUCTION

Most of the plant species diversity of temperate forests is 
present in the understorey (Gilliam 2007). As the understo-
rey also plays a significant role in the functioning of forests 
(Gilliam 2007), insight into changes in forest understories 
and the possible drivers of these changes is important for for-
est management and nature conservation. Temporal changes 
in the understorey of temperate deciduous forests have been 
attributed to atmospheric nitrogen deposition (e.g. Thimonier 
et al. 1992, 1994, Lameire et al. 2000, Bernhardt-Römer-
mann et al. 2007), changes in forest management, canopy 
cover and composition (e.g. Van Calster et al. 2007, 2008, 
Baeten et al. 2009, Hédl et al. 2010, Verheyen et al. 2012), 
and changes in the abundance of large herbivores (e.g. Kirby 
& Thomas 2000, Rooney 2009, Royo et al. 2010).

The multiple environmental changes affecting forests 
concur, and they influence the understorey simultaneously, 
which makes it difficult to disentangle their relative contri-
butions (see, e.g. Baeten et al. 2010a for a review of global 

change impacts on Anemone nemorosa). Nitrogen accumula-
tion, the main driver behind the impact of nitrogen deposition 
on plant species composition (Bobbink et al. 2010), has been 
found to reduce local understorey species richness and even-
ness, resulting in a loss of forest biodiversity (Gilliam 2006, 
Bobbink et al. 2010). Verheyen et al. (2012), however, found 
no directional change in species richness in their synthesis of 
23 understorey resurveys in temperate forests in Europe, with 
increases just as likely as decreases. Compositional change, 
i.e. temporal turnover, was often strong and could not be ex-
plained by nitrogen deposition, but was mainly related to an 
increase in canopy cover and a higher share of tree species 
with easily decomposing leaf litter in the canopy (Verheyen 
et al. 2012). Canopy structure, cover, and species composi-
tion have been altered in many ancient, deciduous forests in 
lowland Europe due to the change in management from the 
historic coppice or coppice with standards to the present high 
forest (Van Calster 2008). Tree species affect the understo-
rey differently through their species-specific shading ability 
(Canham et al. 1994) and litter quality (Van Oijen et al. 2005, 
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Koorem et al. 2011). Canopy cover affects the light avail-
ability at the forest floor and thus the species composition of 
the understorey (e.g. Vockenhuber et al. 2011). Sure enough, 
Kirby & Thomas (2000) did observe the largest declines in 
species richness in plots where the canopy cover had in-
creased most, although grazing and browsing by deer were 
the main driver of understorey changes in their study.

Many forest understorey resurvey studies are based 
on semi-permanent plots (e.g. Van Calster et al. 2007, von 
Oheimb & Brunet 2007, Baeten et al. 2010b, Naaf & Wulf 
2010, Jantsch et al. 2013). Due to a shift in plot location 
between the surveys in these studies, a part of the observed 
temporal turnover may actually quantify spatial turnover, the 
degree of which is generally unknown. Besides, resurvey 
studies exploring the possible causes of temporal understo-
rey changes often have to rely on indirect measures of, e.g. 
soil conditions and light availability calculated based on the 
understorey composition itself, typically using the Ellenberg 
indicator values (e.g. Thimonier et al. 1992, 1994, Keith et 
al. 2009, Verstraeten et al. 2013b). The old survey may lack 
direct measurements of, for instance, soil (e.g. Thimonier 
et al. 1992, 1994, Lameire et al. 2000, Jantsch et al. 2013, 
Verstraeten et al. 2013b) or tree layer characteristics (e.g. 
Lameire et al. 2000, Cornelis et al. 2007). Furthermore, only 
a few resurvey studies have directly compared understorey 

changes in contrasting forest types, e.g. Lameire et al. (2000) 
and Verstraeten et al. (2013b).

In this study, we resurveyed plots on a permanent grid in 
the intensively monitored area of an ancient forest, i.e. the 
Aelmoeseneie forest of Ghent University. As the forest in the 
study area has been developing spontaneously since 1995 
and seeing the high level of nitrogen deposition at the site 
(e.g. Verstraeten et al. 2012a), we expected tree layer chang-
es and soil acidification to be the main drivers of changes in 
species richness and composition of the forest’s understorey. 
We analysed the temporal changes in the tree layer, soil, and 
understorey between 1993–1997 and 2010–2011, for two ad-
jacent, currently unmanaged mixed deciduous stands domi-
nated by either Fraxinus excelsior or Fagus sylvatica and 
Quercus robur. 

MATERIALS AND METHODS

Study site

The Aelmoeseneie forest is a mixed deciduous forest of 
28.5 ha at 11–21 m a.s.l. in northwestern Belgium (50°58’N 
3°49’E; fig. 1). The soil developed from a quaternary layer 
of sandy loam on a shallow impermeable clay and sand com-
plex of tertiary origin (FAO classification: Gleyic Cambi-
sol). The mean annual temperature (1981–2010) at a nearby 

Figure 1 – Location of the Aelmoeseneie forest in Belgium; location of the study area in the ancient-forest part of the Aelmoeseneie forest; 
the two forest types and the 40 resurvey plots in the study area. As we focused on undisturbed plots, none of the grid plots inside the 
intensively monitored Level II plot, located on the right of the study area, were included in the resurvey.
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weather station was 10.6°C, and the mean annual precipita-
tion was 786 mm, distributed equally over the year (Royal 
Meteorological Institute of Belgium). The southeastern part 
of the forest is ‘ancient’ forest, i.e. already marked as for-
est on the land-use maps of de Ferraris (1771–1778) and re-
mained forested ever since (fig. 1). Almost the entire forest 
was cut during WWI and replanted in 1921–1922. For more 
details on the forest, see Vanhellemont & Verheyen (2011).

The 1.83 ha study area, located in the ancient forest part 
(fig. 1), consists of a 0.82 ha zone with ash (Fraxinus ex-
celsior) close to a small brook and a more elevated 1.01 ha 
zone with oak (Quercus robur) and beech (Fagus sylvatica) 
(table 1). The two zones of the study area can be classified 
as the Natura 2000 habitat types ‘alluvial forest with Alnus 
glutinosa and Fraxinus excelsior’ (code 91E0) and ‘Atlan-
tic acidophilous beech forests with Ilex and sometimes also 
Taxus in the shrublayer’ (code 9120). Further on, we will re-
fer to the two forest types as ‘(alluvial) ash forest’ and ‘(aci-
dophilous) beech forest’. The study area was fenced in 1993 
and has not been managed since 1995. In the study area, the 
condition of the forest has been intensively monitored in a 
Level II observation plot of the international co-operative 
programme on the assessment and monitoring of air pollu-
tion effects on forests (http://icp-forests.net) since 1988 (e.g. 
Verstraeten et al. 2012a). 

Nomenclature 

Nomenclature follows Lambinon et al. (1998).

Data collection

Tree layer data were collected in the entire study area. A full 
inventory of all trees and shrubs with a diameter at breast 
height > 7 cm was performed after the growing seasons of 
1997 (December 1997), 2005 (January 2006), and 2010 
(September 2010) (Vande Walle 2007, De Couck 2011). The 

position (x,y coordinates), species, circumference (cm), and 
status (dead or alive) of each tree were noted.

Data on the understorey, forest floor, and soil were col-
lected in plots of 100 m² located on a 10 × 10 m grid. In 
1993, 71 plots were fully investigated. In 2010/2011, we re-
surveyed only the plots that appeared undisturbed. We ex-
cluded the plots crossed by the path through the study area, 
plots inside the level II plot (fig. 1), and plots that had been 
disturbed by recent research projects (e.g. Staelens et al. 
2008, De Frenne et al. 2010). In the end, we included 40 of 
the 71 plots in our resurvey: 20 plots in the ash forest zone 
and 20 plots in the beech forest zone (fig. 1). During the un-
derstorey surveys in the spring of 1993 and in April 2011, the 
cover of all herbaceous and woody plant species smaller than 
2 m was estimated in the 100 m2 plots (Sterken 1993). The 
forest floor was sampled in a 0.5 × 0.5 m square in the plot 
centre in spring 1993 or at 1 m distance from the plot cen-
tre in October 2010, just before leaf fall (Haleplis & Vakalo-
poulos 1993, De Couck 2011). The necromass of the litter, 
fragmentation, and humus layer was determined separately. 
After the removal of the forest floor, soil cores were taken in 
the four corners of the 0.5 × 0.5 m sampling square. For each 
plot, a mixed soil sample for the soil layers of 0–5 cm and 
5–15 cm depth was collected. The soil samples were dried, 
ground, and their pH KCl was measured with a glass elec-
trode (Orion, model 920A) after extracting 14 ml soil in a 70 
ml KCl (1 M) solution. 

Data analysis

To investigate temporal changes in the tree layer, soil, and 
understorey for the two forest types in the study area, we 
first derived several variables from the forest inventory and 
resurvey data to characterize the tree layer and understorey. 
The forest floor necromass data were only used to character-
ize the two forest types and not for the analysis of temporal 
changes, seeing the difference in collection date, i.e. spring 

alluvial ash forest acidophilous beech forest
 N (ha-1) BA (m² ha-1) N (ha-1) BA (m² ha-1)
species 1997 2005 2010  1997 2005 2010 1997 2005 2010  1997 2005 2010
Quercus robur L. 37 33 33  2.81 3.13 3.41 146 129 122  13.77 15.21 15.81 
Fraxinus excelsior L. 159 152 150 18.35 20.41 21.20 1 1 1 0.17 0.20 0.22
Fagus sylvatica L. 5 7 7 0.39 0.51 0.59 86 104 106 7.41 8.56 9.25
Acer pseudoplatanus L. 115 254 273 4.52 6.07 7.05 57 88 91 0.85 1.19 1.37
Larix kaempferi 
(Lambert) Carr. 7 7 7 1.31 1.43 1.51 19 19 19 3.48 3.77 3.95

Quercus rubra L. 1 1 1 0.01 0.02 0.02 4 5 4 0.78 1.02 1.06
Populus alba L. 9 7 4 1.92 2.01 1.05 
Corylus avellana L. 43 104 105 0.31 0.66 0.68 10 38 38 0.07 0.19 0.20
Castanea sativa Mill. 4 4 4 0.25 0.30 0.32 5 7 6 0.21 0.28 0.27 
other 16 13 11 0.14 0.13 0.13 22 24 12 0.19 0.16 0.08
total 397 583 597  30.00 34.67 35.95 346 410 395  26.90 30.57 32.22 

Table 1 – Stem density (N) and basal area (BA) of the main tree and shrub species for the two forest types in the study area in 1997, 
2005, and 2010.
The species with BA < 0.1 m2 ha-1 are included in the category ‘other’, i.e. Alnus glutinosa (L.) Gaertn., Alnus incana (L.) Moench, Betula 
pubescens Ehrh., Crataegus monogyna Jacq., Ilex aquifolium L., Prunus avium (L.) L., Prunus serotina Ehrh., and Sorbus aucuparia L.

http://icp-forests.net
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1993 vs. early autumn 2010. Calculations and analysis were 
done with R version 3.0.1 (R Core Team 2013); graphs were 
made with the R package ggplot2 (Wickham 2009).
Tree layer characteristics – For each tree and shrub species 
i in the full inventories of 1997, 2005, and 2010, we calcu-
lated basal area (BAi, m² ha-1), stem density (Ni, ha-1), and the 
importance value, i.e. the mean of the relative basal area and 
the relative density: 1/2 (BAi / BAtype + Ni / Ntype) (Parker et al. 
1985). The calculations were done separately for the two for-
est types in the study area. For each of the 10 × 10 m plots, 
we calculated the plot’s basal area (m² ha-1) for 1997 and 
2010, based on all the trees and shrubs growing in the plot or 
within a buffer of 1 m around the plot. We then calculated the 
shade-casting ability (SCA) and litter quality (LQ) of the tree 
layer, weighted by basal area, for each plot (cf. Van Calster et 
al. 2007, 2008, Baeten et al. 2009, Verheyen et al. 2012). The 
ordinal indices SCA and LQ describe the shade-casting abil-
ity, from 1 (low) to 6 (high), and litter quality, from 1 (slow) 
to 5 (fast litter decomposition), of tree and shrub species (see 
electronic appendix 1).
Understorey characterization – The vegetation data were 
converted to presence/absence data. We looked at the entire 
understory, i.e. herbaceous and woody species, as well as at 
the herbaceous species only to investigate whether including 
woody species regeneration affects the observed understo-
rey diversity patterns. We first calculated each plot’s species 
richness, i.e. the number of species or alpha diversity, for 
1993 and 2011. For each forest type and each year, we then 
calculated beta diversity using the multiple-site dissimilarity 
measures proposed by Baselga (2010) with the R package 
betapart (Baselga & Orme 2012, Baselga et al. 2013). Basel-
ga (2013) demonstrated that the mean of the pairwise dis-
similarities for all the plots within a site may not accurately 
reflect the site’s overall heterogeneity in species composition 
because a pairwise dissimilarity, by definition, cannot ac-
count for, e.g. species co-occurrences among more than two 
plots. Beta diversity, i.e. the variation in species composi-
tion among plots, can be the result of real species replace-
ment between plots, creating turnover patterns, and species 
loss or gain from plot to plot, creating a nestedness pattern. 
Thus, the turnover component of beta diversity accounts for 
the dissimilarity between plots that is caused by the substitu-
tion of some species in one plot by other species in another 
plot. The nestedness component accounts for the differences 
in composition between plots if no species is replaced from 
one plot to the other; the species composition of the plot with 
the lowest species richness is a subset of the plot with the 
higher species richness (see Baselga (2010) and Baeten et al. 
(2012, in press) for some hypothetical examples). We quanti-
fied beta diversity using an additive partitioning of the over-
all compositional dissimilarity, expressed by the multiple-
site analogue of the Sørensen dissimilarity index (βSOR), into 
a turnover term, i.e. the Simpson dissimilarity index (βSIM), 
and a nestedness-resultant dissimilarity term (βSNE) (Baselga 
2010). Investigating the turnover and nestedness components 
of beta diversity separately can be useful for understanding 
biodiversity patterns across multiple sites (e.g. Baselga 2010, 
Baeten et al. 2012). 

Temporal changes – To determine the changes in the tree 
layer variables, soil pH, and understorey species richness for 
the two forest types, we calculated the response ratio for each 
variable as the natural logarithm of the proportional change 
in its mean value for the new and the old survey, i.e. 

( / )In X Xnew old . As these means are based on repeated meas-
urements in the same plots, we calculated the 95% confi-
dence intervals around the response ratio accounting for the 
covariance between the measurements of the two surveys 
(Lajeunesse 2011).

We calculated the temporal turnover in plot-level com-
munity composition between 1993 and 2011 using beta 
diversity metrics and the additive partitioning of Baselga 
(2010). Since we compared only two communities, i.e. the 
same plot in the two surveys, we calculated pairwise dis-
similarities (βsor, βsim, βsne) instead of their multiple-site ana-
logues using the R package betapart (Baselga & Orme 2012, 
Baselga et al. 2013). For each forest type, we then calculated 
the mean of the pairwise dissimilarities for the plots in the 
forest type. Baeten et al. (2012) clearly showed that the parti-
tioning of beta diversity can reveal patterns of compositional 
homogenization that are masked in a standard beta diver-
sity analysis. In their study, overall beta diversity remained 
similar over time, but the variation in species composition 
among plots shifted towards a situation with reduced true 
species turnover between plots and increased nestedness, i.e. 
plots with few species became, to a larger extent, subsets of 
species-rich plots. To test the significance of the changes in 
the compositional heterogeneity of a forest type between the 
two surveys of our study, we used a resampling procedure, 
taking 100 random samples of 15 plots and computing the 
mean and standard deviation of the resulting distribution of 
the multiple-site beta measures (cf. Baselga & Orme 2012). 

We investigated the species-level patterns of change in 
the understorey following the approach of Baeten et al. (in 
press). Using species-level binomial models, we tested for 
each species whether its frequency was significantly differ-
ent in 1993 and 2011, for each of the two forest types. Spe-
cies that decrease their heterogeneity of occurrence, i.e. rare 
species that become more rare or prevalent species that be-
come more prevalent, will cause the plots to become more 
homogeneous in composition. The loss of rare species, for 
instance, causes lower compositional variation in the sense 
that most plots will lack those species. Baeten et al. (in press) 
refer to these species as ‘community-convergence species’ as 
opposed to the ‘community-divergence species’ that increase 
community heterogeneity.

We then looked for correlations between the changes in 
plot-level understorey richness and temporal turnover in beta 
diversity on the one hand and the changes in the tree layer 
and soil characteristics on the other hand. To analyse the re-
lationship between changes in diversity and the significantly 
correlated variables, we performed multiple linear regres-
sions with the gls function of the nlme library (Pinheiro et al. 
2013). Adding a spatial correlation structure did not result in 
significantly better models. 
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Figure 2 – Changes in the importance value of tree species for the two forest types in the study area between 1997 and 2010. The category 
‘other species’ contains the tree and shrub species that showed no clear changes in importance value. Solid lines represent shade-tolerant 
species; dotted lines represent light-demanding species.

RESULTS

The two forest types in the study area showed clear differ-
ences in forest floor necromass, soil pH and understorey spe-
cies richness (electronic appendix 2). In the ash forest, the 
shade-casting ability and litter quality of the tree layer were 
higher, the pH of both soil layers was higher (only margin-
ally significantly so for the 5–15 cm soil layer in 1993), and 

the number of understorey species per plot was larger. The 
necromass of the forest floor was larger in the beech forest.

The basal area increased in both forest types over the 13-
year monitoring period. The increase in stem density, most 
explicit in the ash forest, occurred mainly between 1997 and 
2005. Most of the ingrowth were shade-tolerant species such 
as Acer pseudoplatanus, Fagus sylvatica, and Corylus avel-
lana (table 1). Mortality was highest for the light-demand-
ing species, i.e. Quercus robur, mainly in the beech forest 

Figure 3 – Changes in the tree layer (1997-2010), soil (1993-2010), and understorey (1993-2011) for the two forest types in the study area. 
Response ratio, i.e. the natural logarithm of the ratio of the means for the new and old survey, with 95% confidence interval for the tree layer 
variables - basal area (BA), shade-casting ability (SCA), and litter quality (LQ); the soil variables - pH KCl topsoil layer, i.e. 0–5 cm (pH0–5), 
and soil layer at 5–15 cm depth (pH5–15); the understorey variables - number of herbaceous as well as woody species (αhw) and number of 
herbaceous species only (αh) 
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γ α
forest type 1993 2011 1993 2011 p

herbaceous + woody
alluvial ash 35 44 13.5 (4.3) 17.2 (4.9) < 0.001
acidophilous beech 16 26 5.3 (1.8) 9.5 (3.1) < 0.001

herbaceous 
alluvial ash 26 30 9.4 (4.0) 12.6 (4.7) < 0.001
acidophilous beech 9 14 2.6 (1.2) 4.3 (2.4) 0.003

Table 2 – Overall species richness (γ) and mean species richness per plot (α) for the two forest types in the study area in 1993 and 
2011.
Values are shown for the entire understorey, i.e. herbaceous as well as woody species, and for the herbaceous species only. Standard deviations 
are given between brackets. P values represent the significance of the difference in species richness between both years (Wilcoxon signed-
rank test).

Figure 4 – The changes in relative frequency of the understorey species between 1993 and 2011 for the two forest types in the study area. 
The species whose frequency did not change significantly are scattered around the 1:1 line of no change. The species names are given for the 
community-divergence species, the species that showed a significant change in frequency. Except for Fraxinus excelsior, these species were 
relatively rare (or absent) in 1993 and increased between the two surveys.

(table 1). The importance values also showed an increase in 
importance of shade-tolerant species and a decrease of light-
demanding species (fig. 2). The increase in shade-casting 
ability was larger in the beech forest than in the ash forest 
(fig. 3).

The litter quality index of the tree layer increased in the 
beech forest (fig. 3) because of changes in the proportion of 
species with slowly-decomposing litter (Quercus, Fagus) 
and faster-decomposing litter (Acer, Corylus) in the overall 
basal area. In the ash forest, the litter quality indices of the 
plots decreased (fig. 3) due to a decrease in the contribu-
tion of Fraxinus to the overall plot basal area. The opposite 
changes in the tree layer litter quality index for the two for-
est types mirrored the changes in soil pH (fig. 3). In the ash 
forest, the pH of the topsoil layer increased between 1993 
(mean pH = 3.39) and 2010 (3.53), and the pH of the soil 
at 5–15 cm depth dropped only a little (3.43 to 3.38). In the 
beech forest, the pH decreased in both soil layers (0–5 cm: 
3.19 to 2.98, 5–15 cm: 3.33 to 3.14).

The species richness of the understorey increased con-
siderably in both forest types between 1993 and 2011 (table 
2, fig. 3). The species pool and mean species richness per 
plot were larger in the ash forest (table 2), but the relative 
increase in species richness was larger in the beech forest 
(fig. 3). Ten species were new in the 2011 survey, i.e. in de-
creasing order of frequency (see appendix 3), Quercus robur, 
Castanea sativa, Ilex aquifolium, Carex sylvatica, Crataegus 
monogyna, Luzula pilosa, Athyrium filix-femina, Quercus ru-
bra, and Stachys sylvatica. Only three species, with a low 
frequency in 1993, were no longer present in 2011, i.e. Car-
damine flexuosa, Rumex obtusifolius, and Maianthemum bi-
folium. Mainly woody species showed a significant increase 
in frequency between the two surveys, in the beech forest 
in particular (fig. 4, electronic appendix 3). In addition, the 
prevalence of Dryopteris spp. significantly increased in the 
two forest types; Arum maculatum and Geum urbanum in-
creased in the ash forest; and Hedera helix increased in the 
beech forest. Fraxinus excelsior was the only species that 
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showed a significant decrease in frequency. The changes in 
species richness were positively correlated with the change 
in the topsoil pH and negatively correlated – in the beech 
forest – with the change in basal area (table 3).

For the herbaceous species, in c. half of the plots, there 
was no species replacement (βsim = 0), only species loss 
or gain (βsne > 0) between the two inventories (results not 
shown). For the entire understorey in the ash forest, species 
replacement (βsim) contributed more to the overall temporal 
turnover than species loss or gain (βsne, table 4). We found 
no significant correlations between the temporal turnover in 
beta diversity and any of the tree layer or soil characteristics. 
In both survey years, the multiple-site dissimilarity (βSOR, 
fig. 5) mostly resulted from species replacement between 
plots (spatial turnover, βSIM). The overall heterogeneity in 
the pool of plots was larger (mean ± sd for 2011, herbs = 
h, herbs+woody = hw) in the beech forest (βSOR-h: 0.810 ± 
0.011; βSOR-hw: 0.788 ± 0.007) than in the ash forest (βSOR-h: 
0.754 ± 0.011; βSOR-hw: 0.773 ± 0.010). Looking at the entire 
understorey, the multiple-site dissimilarity measures showed 
no changes between the surveys in the beech forest, but in 
the ash forest, the nestedness component (βSNE) contributed 
more to the overall beta diversity in 1993 than in 2011 (fig. 
5). Looking at the herbaceous species only, clear changes 
were only apparent for the beech forest: βSNE contributed 
more to the overall heterogeneity in herbaceous species com-
position in 2011 than in 1993 (fig. 5). 

DISCUSSION

The study area was fenced in 1993 and has not been man-
aged since 1995. Thus, the study period (1993–2011) repre-
sents a period of rather undisturbed forest development. The 
observed increase in basal area and the ingrowth of shade-
casting, late-successional species such as Acer pseudopla-
tanus and Fagus sylvatica match the observations in many 
studies in temperate deciduous forests in Europe (see Ver-
heyen et al. 2012). The general increase in litter quality over 
time observed by Verheyen et al. (2012) was only apparent in 
the beech forest in our study. Yet, the forest floor necromass 
in the beech forest remained much higher than in the ash for-
est. De Schrijver et al. (2012) also saw no buildup of forest 
floor necromass under Fraxinus excelsior vs. a clear forest 
floor buildup under Quercus robur after 35 years of post-
agricultural forest development. The accumulation of slowly 
decomposing litter in a forest floor will lead to soil acidifica-
tion (Nilsson et al. 1982), and, indeed, the soil became more 
acid in the beech forest part of our study area, similar to the 
findings of other resurvey studies in temperate forests (e.g. 
Van Calster et al. 2007, Baeten et al. 2009).

Litter accumulation and soil acidification are natural 
consequences of tree growth and forest maturation (Nilsson 
et al. 1982), but nitrogen accumulation due to atmospheric 
nitrogen deposition can reinforce both processes (Bobbink 
et al. 2010). Yet, the tree species can influence the degree 
to which nitrogen deposition induces soil acidification (De 
Schrijver et al. 2012). De Schrijver et al. (2012), for instance, 

herbaceous + woody herbaceous
variable value SE p value SE p
intercept 2.20 1.37 0.115 2.14 1.06 0.050
D pH0-5 4.82 1.81 0.012 4.23 1.40 0.005
D BA 7.28 11.04 0.514 4.42 8.53 0.607
forest type 5.00 1.84 0.010 2.24 1.42 0.123
D BA : forest type -30.74 14.51 0.041 -25.57 11.21 0.029
R²adj 0.19 0.34
p 0.02 < 0.001

Table 3 – Linear regression models of the change in understorey species richness.
Changes in understorey species richness are modelled in function of the changes in topsoil pH (Δ pH0–5) and basal area (Δ BA), and the forest 
type in the study area (ash vs. beech). The parameter values, their standard error (SE), and p value (p) are reported for the models with the 
largest goodness of fit, for the entire understorey, i.e. herbaceous as well as woody species, and for the herbaceous species only. 

Table 4 – Temporal turnover (1993–2011) of the understorey for the two forest types in the study area.
Mean of the pairwise dissimilarity between the old and new survey (βsor) and its turnover (βsim) and nestedness components (βsne) for each 
plot; standard deviation between brackets. Values are shown for the entire understorey, i.e. herbaceous as well as woody species, and for the 
herbaceous species only.

forest type `βsor `βsim `βsne

herbaceous + woody
alluvial ash 0.291 (0.109) 0.186 (0.123) 0.105 (0.062)
acidophilous beech 0.446 (0.118) 0.224 (0.125) 0.222 (0.140)

herbaceous 
alluvial ash 0.262 (0.127) 0.124 (0.132) 0.139 (0.094)
acidophilous beech 0.442 (0.252) 0.200 (0.335) 0.242 (0.173)
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found a much lower topsoil pH below Quercus robur than 
below Fraxinus excelsior after 35 years of forest develop-
ment in stands receiving similar nitrogen deposition levels. 
In our study, the topsoil pH below ash even increased over 
time. This increase in soil pH probably indicates a first step 
towards recovery from acidification following the decrease 
in atmospheric deposition at the study site (see next para-
graph). Similarly, Vanguelova et al. (2010) and Akselsson et 
al. (2013) also saw an increase in soil solution pH, but at 50 
cm depth, in some of the forests they investigated in the UK 
and southern Sweden. As a result of the increase in soil pH, 
13 out of the 20 plots in the ash zone appeared to be in the 
cation exchange buffer range, i.e. pH H2O of the soil > 4.2 
(sensu Ulrich 1991), in 2010, as opposed to 7 out of 20 in 
1993. All the plots in the beech forest were in the aluminium 
buffer range, i.e. with pH H2O < 4.2. The mean pH H2O val-
ues in 2010 were 4.5 (0–5 cm) and 4.3 (5–15 cm) in the ash 
forest and 3.8 (0–5 cm) and 3.9 (5–15 cm) in the beech for-
est. The 4.2 pH threshold is considered critical for the suc-
cessful establishment and growth of herbaceous understorey 
species of deciduous forests (Falkengren-Grerup & Tyler 
1993). Acid-intolerant species such as Arum maculatum and 
Primula elatior (cf. Thomaes et al. 2012), present in the ash 
forest of the study area, will most likely benefit from the re-
covery of soil acidification.

Bulk nitrogen deposition, measured close to the study 
area, decreased between 1993 and 2011, i.e. from 25.0 to 
10.0 kg ha-1 yr-1. Similarly, the stand nitrogen deposition in 
the level II plot in the study area decreased, from 33.7 kg 
ha-1 yr-1 in 1993 to 15.0 kg ha-1 yr-1 in 2011 (A. Verstraeten, 
pers. comm.). Notwithstanding the decrease, the nitrogen de-
position in the study area was still high and within the range 
of the critical loads reported by Bobbink et al. (2010), who 
stated that nitrogen deposition can cause loss of understorey 
species diversity and alter the species composition of forest 
understoreys if the deposition exceeds 20, or even 10–15, kg 
ha-1 yr-1. Yet, we did see an overall increase in species rich-
ness between the old and new survey. Other resurvey studies 
have found increases as well as decreases in species rich-

ness. Of the 23 studies included in Verheyen et al. (2012), 
for instance, 9 showed an increase and 8 a decrease in spe-
cies richness. In our study, the increase in species richness 
was largest in plots in which the soil pH increased most, and, 
below beech, in the plots with the smallest increase in basal 
area. Baeten et al. (2009) also identified changes in basal 
area and soil acidity as the main driving forces for changes 
in herb layer composition, and Kirby & Thomas (2000) also 
found a clear correlation between the change in understorey 
species number and the change in tree layer cover.

Understorey resurvey studies have included (e.g. Verhe-
yen et al. 2012, Jantsch et al. 2013, Verstraeten et al. 2013a, 
2013b) or excluded (e.g. Kirby & Thomas 2000, Van Calster 
et al. 2008, Baeten et al. 2009, Naaf & Wulf 2010) the regen-
eration of tree and shrub species in their analysis of temporal 
change. For instance, Van Calster et al. (2008) and Baeten 
et al. (2009) excluded the woody seedlings to keep irregular 
mast events from clouding long-term trends in the vegeta-
tion composition. Yet, mast years might become more fre-
quent under global change (see, e.g. Övergaard et al. 2007 
for beech in Sweden), which may result in woody seedlings 
being present more frequently. In the study area, good seed 
years or mast years for oak and beech occurred each 2–3 
years between 1999 and 2011 (Verstraeten et al. 2012b). 
Similar to our observations, many resurvey studies did find 
an increase in woody species presence (e.g. Thimonier et al. 
1992, Verheyen et al. 2012, Jantsch et al. 2013).

Excluding vs. including the woody species in our under-
storey dataset lead to differing results. For instance, the tem-
poral turnover in beta diversity for the herbaceous species 
was the result of species losses or gains between the old and 
new survey for many plots, similar to the findings of Kirby 
& Thomas (2000). Plots lost or gained, mainly gained, her-
baceous species over time. When looking at the herbaceous 
+ woody species, the temporal turnover of almost all plots 
was the result of species losses or gains as well as species 
replacement. These contrasting findings suggest that the 
presence of a certain woody species in the understorey can 
be ephemeral. Capturing the seedling dynamics in a forest 

Figure 5 – Overall heterogeneity in the understorey of the plots (βSOR) and its turnover (βSIM) and nestedness components (βSNE) for the two 
forest types in the study area in 1993 and 2011. Mean and standard deviation of the multiple-site dissimilarity values based on resampling 
(n = 100) of the plots (n = 15) in each forest type. Values are shown for the entire understorey, i.e. herbaceous as well as woody species, and 
for the herbaceous species only.
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understorey will thus require more frequent vegetation sur-
veys. The multiple-site dissimilarity measures also tell a dif-
ferent story for the two datasets. Looking at the herbaceous 
species only, the overall heterogeneity decreased in both for-
est types, and the species composition pattern of the plots 
became more nested in the beech forest, i.e. plots were to 
a larger extent subsets of each other in 2011 (βNES 0.104 ± 
0.017 in 1993, 0.191 ± 0.040 in 2011). In the beech forest, 
no changes were observed for the herbaceous + woody spe-
cies. By contrast, in the ash forest, there was a clear decrease 
in the nestedness measure (βNES), a clear increase in the spe-
cies replacement measure (βSIM), and a slight increase in the 
overall diversity measure (βSOR) for the herbaceous + woody 
species. Thus, the heterogeneity of the plots in the ash for-
est became larger, looking at the entire understorey, because 
of a higher amount of true species turnover between plots. 
The higher heterogeneity among plots in the ash forest in the 
recent survey was probably caused by the beginning of gap 
dynamics in this part of the study area, resulting from the 
formation of the first canopy gaps through windfall or die-
back of canopy trees. 

Our resurvey spanned a relatively short time period and 
compared only two moments in time, yet yielded some re-
markable results. Seeing the permanent nature of the plots, 
long-term repeated monitoring is certainly feasible, and it 
will be highly interesting to examine whether the observed 
changes will be confirmed over time. Verheyen et al. (2012) 
and Baeten et al. (in press), for instance, found that the time 
interval between surveys is related to the degree of change 
in understorey species richness and composition. Besides, 
the gradual transition to an old growth stage characterized 
by the emergence of canopy gaps - the onset of which is al-
ready apparent in the ash forest - will initiate new understo-
rey dynamics in the study area. The continuous monitoring 
of the atmospheric nitrogen deposition in the Level II plot in 
the study area represents an extra asset for the monitoring of 
future understorey changes and makes the study area most 
suitable to monitor the trajectory of ecosystem recovery after 
a period of very high atmospheric deposition. The different 
forest ecosystem components will probably change in differ-
ent ways and at different rates. 

SUPPLEMENTARY DATA

Supplementary data are available in pdf at Plant Ecology and 
Evolution, Supplementary Data Site (http://www.ingentacon-
nect.com/content/botbel/plecevo/supp-data), and consist of: 
(1) litter quality and shade-casting ability indices used for 
calculating the litter quality and shade-casting ability of the 
tree layer; (2) comparison of the tree layer, forest floor, soil, 
and understorey characteristics for the two forest types in the 
study area in the old and recent survey; and (3) frequency of 
the understorey species in the 10 × 10 m plots for the two 
forest types in the study area in 1993 and 2011.
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