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• Seed bank responses to different micro-
climates were studied in temperate for-
ests.

• Thermophilous forests showed a com-
positionally different edge vs interior
seed bank.

• Forest edges shifted the seedling com-
munity to a more light-demanding
composition.

• Soil translocation from up to lowland
favoured the emergence of generalist
plants.

• Forest fragmentation should be
prevented to conserve seed banks' for-
est specialists.
⁎ Corresponding author at: Florence University, Italy.
E-mail address: cristina.gasperini@unifi.it (C. Gasperin

https://doi.org/10.1016/j.scitotenv.2021.149373
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 May 2021
Received in revised form 27 July 2021
Accepted 27 July 2021
Available online 31 July 2021

Editor: Manuel Esteban Lucas-Borja

Keywords:
Forest
Seed bank
Climate change
Forest fragmentation
Soil translocation
Edge microclimate
Despite the crucial role of the seed bank in forest conservation and dynamics, the effects of forest edge microcli-
mate and climate warming on germination responses from the forest seed bank are still almost unknown. Here,
we investigated edge effects on the realised seed bank and seedling community in two types of European tem-
perate deciduous forest, one in the Oceanic and one in the Mediterranean climatic region. Responses in terms
of seedling density, diversity, species composition and functional type of the seed bank at the forest edge and in-
terior were examined along latitudinal, elevational and stand structural gradients by means of soil translocation
experiments. Moreover, we translocated soil samples from high to low elevation forests in the two regions, thus
performing a warming simulation. Density, species diversity and mortality of the seedlings varied with region
and elevation. Seedling density also differed between forest edge and interior position, while seedling cover
mainly depended on forest structure. Both the edge and interior forest seed bank contained a high proportion
of generalist species. In Belgium, a more homogeneous seed bank was found at the forest edge and interior,
while in Italy compositional and ecological differences were larger: at the forest edge, more light and less mois-
ture demanding seedling communities developed, with a higher proportion of generalists compared to the inte-
rior. In both regions, the upland-to-lowland translocation experiment revealed effects of warming on forest seed
banks with thermophilization of the realised communities. Moreover, edge conditions shifted the seedling
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composition towards more light-demanding communities. The establishment of more light and warm-adapted
species from the seed bank could in the long term alter the aboveground vegetation composition, with commu-
nities becoming progressively richer in light-demanding generalists and poorer in forest specialists.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Species responses often lag behind climate warming and are influ-
enced by local microclimates rather than macroclimate (De Frenne
et al., 2019; Zellweger et al., 2020). The buffering of extreme
macroclimatic conditions under tree canopies is a worldwide phenome-
non (De Frenne et al., 2019), implying that forests are likely to form tem-
porary local microclimatic refugia under globally rising temperatures
and during heat waves (Meeussen et al., in press). However, this buffer-
ing capacity is severely threatened by increasing forest fragmentation
(De Frenne et al., 2021) that creates more forest edges, whose buffering
capacity is lower compared to the forest interior (Meeussen et al., in
press). Worldwide, at least 20% of the forest area is located within 100
m of a forest edge (ca. 25% for Belgium and Italy) (Estreguil et al.,
2013; Haddad et al., 2015). Therefore, a substantial extent of these for-
ests is subject to strong edge influences (Meeussen et al., in press).

The ecological alteration caused by the formation of sudden, natural
or artificial edges of forest fragments is defined as edge effects
(Landenberger and McGraw, 2004). This effect can likely amplify the
negative consequences of climate change (Hofmeister et al., 2019). In
fact, local differences in microclimatic conditions (i.e. incoming radia-
tion, wind speed and direction, temperature and humidity) are espe-
cially pronounced near forest edges (Chen et al., 1995; Davies-Colley
et al., 2000; Meeussen et al., in press). For instance, during the summer,
temperature and light levels decreasewhereas the relative humidity in-
creases from the forest edge towards the interior (Davies-Colley et al.,
2000; Matlack, 1993; Schmidt et al., 2019). This makes forest edges
more susceptible to temperature variability, temperature extremes
and drought stress compared to interiors (Meeussen et al., in press).
Evidence from previous studies shows that magnitude and depth of
the edge effect vary with forest structure, as a more extended negative
effect in open forests (i.e. for the species richness the distance of the
edge influence (DEI) is 35.5 m in open forests and≈ 0 in dense forests)
(Aussenac, 2000; Govaert et al., 2020; Meeussen et al., in press).
Magnitude and depth of the edge effect vary also with macroclimate,
with a stronger impact in warmer climates (i.e. higher depth of edge in-
fluence in forests in warm areas) (De Frenne et al., 2019; Lembrechts
and Lenoir, 2020; Meeussen et al., in press).

The study of the soil seed bank and its dynamics is critical for under-
standing forest regeneration and conservation (Dalling et al., 1998; Lin
et al., 2006). Indeed, variation in seed bank dynamics is often reflected
in the composition, distribution and dominance of above-ground spe-
cies (Parker and Kelly, 1989; Plue et al., 2017a). The seed bank is the
sum of all viable seeds buried in the soil and functions as a memory of
current and past plant communities (Simpson et al., 1989). Many biotic
and abiotic factors influence the seed bank and elevation, forest compo-
sition and structure are considered important drivers of seed bank var-
iations (Luo et al., 2017; Zou et al., 2021). Greenhouse studies quantify
the potential size of a seed bank by making the seeds able to germinate
in unlimited light and moisture conditions. However, in natural envi-
ronments, optimal conditions for germination and growth of seedlings
happen sporadically and thus only a few viable seeds have the opportu-
nity to germinate (Panufnik-Medrzycka and Kwiatkowska-Falinska,
2014). Thewhole number of seedlings emerging in particular ecological
conditions in the field informs on the realised size of the seed bank.

The realised seed bank can produce a new cohort of plants for the re-
establishment of populations when environmental conditions are
favourable (Erfanzadeh et al., 2013; Ooi, 2012; Parker and Kelly,
1989). Its role is particularly important in relation to two of the most
2

prominent threats on forest ecosystems, i.e. habitat fragmentation
and climate change. Climate change, through changes in tempera-
ture and rainfall patterns, may indirectly, yet significantly impact
the population size and dynamics of seed banking species by
influencing the timing of germination, seed maturation, seed mass
and seed persistence in the soil (Walck et al., 2011). Forest fragmen-
tation, may impact, for instance, seed bank composition and diver-
sity (Lin et al., 2006), leading to a progressive reduction of typical
forest species (Cadenasso and Pickett, 2001; Lin et al., 2006; Olden
et al., 2004; Rooney et al., 2004). This trend can have detrimental
consequences on species diversity, as the replacement of plant spe-
cialists by generalists leads to functional homogenization (Büchi
and Vuilleumier, 2014; Clavel et al., 2011; Olden et al., 2004).

We know very little about the responses of forest species in terms of
germination behaviour in the face of these environmental changes
(Walck et al., 2011). Upland forest plants are of particular concern as
these species are more range-restricted and likely to suffer more or go
extinct with climate change (Parmesan, 2006). Although forest edge ef-
fects have been well studied over the past decade, the responses of the
realised forest seed bank to microclimate are still poorly understood.
Despite potential stronger edge effects in regions with warmer climates
(Aussenac, 2000; De Frenne et al., 2019; Lembrechts and Lenoir, 2020),
effects on southern European forests remain underexplored. Moreover,
most seed bank studies focus on the potential seed bank,meaning to ac-
count for all viable seeds in the soil (Bossuyt andHonnay, 2008), regard-
less of microclimate effects. However, potential and realised seed banks
can differ considerably, as shown, for example, by the decrease in light-
demanding species found in the seed bank realised in natural forest con-
ditions compared with that in a greenhouse (Panufnik-Medrzycka and
Kwiatkowska-Falinska, 2014).

We surveyed the seed bank (transient and persistent seed bank) and
studied edge effects on the germination responses from the seed bankof
two types of European temperate deciduous forests, mesophilous for-
ests of the Oceanic climatic region and thermophilous forests of the
Mediterranean climatic region. We particularly focused on seedling re-
sponses (herbaceous and woody species) as these are understudied so
far, but also expected to be more sensitive to environmental changes
than the adult stages (Dalgleish et al., 2010; Fay and Schultz, 2009;
Lloret et al., 2004). Accordingly, our research questions were:

i) How do the forest edge and interior (realised) soil seed bank dif-
fer from each other in terms of seedling density, diversity and
composition? (i.e. refers to edge vs. interior seed bank in their
original, non translocated position).

ii) Do edge effects cause changes in the seedling community that
develop from the seed bank of the forest interior, and vice-
versa? (i.e. refers to soil translocated from the forest edge to
the interior and from the interior to the edge).

iii) Does this effect change depending on latitude, elevation and for-
est structure?

iv) Does climate warming influence seed bank regeneration of up-
land forest understorey species?

2. Materials and methods

2.1. Study area

We set up an experiment in two European regions representative of
Mediterranean (Central Italy, 42° N) and Oceanic (Belgium, 50°
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N) climate types, respectively, Koppen-climate-classification in Beck
et al. (2018). The study was replicated at two elevations per region:
high (312-798 m) and low (21-140 m) to account for the climatic vari-
ation associated with elevation. For the sake of brevity, we define the
high elevation forests as uplands and the low elevation forests as low-
lands. Moreover, the effect of forest structure on seed bank germination
responses was evaluated by including two stand types, dense and open
(Table A1). Dense forests are vertically complex forests, with multiple
layers of trees and shrubs of different ages, with high canopy cover
(trees + shrubs >120%), high basal area (between 19 and 52 m2/ha-1)
and a well-developed shrub layer. Open forests have lower canopy
cover (trees + shrubs <100%) and basal area (8-24 m2/ha-1) with a
sparse shrub layer. Thus, in each region, four sites (Fig. 1) were selected
with always two forest structural types at both elevations. The selected
forests were mesophilous (Belgium) and thermophilous (Italy) decidu-
ous forests dominated by oak (Quercus sp.) species. A detailed site de-
scription can be found in Table A1. All the edges were bordered by
grassland or arable land and were south facing (Table A3).

2.2. Experimental design

In each regionwe set up eight experimental plots (Fig. 1): two eleva-
tion belts (high and low elevation), two forest structural types (dense
and open) and two positions (edge and interior), resulting in a total of
16 experimental plots (eight in Italy and eight in Belgium). Between
January and February 2020, soil samples were collected in two quadrats
(Q1 and Q2) at a distance of 0-2 m from the outermost line of tree
trunks (forest edge), and in two quadrats at 98-100 m perpendicularly
from the forest edge in the forest interior. The two quadrats were ca.
3.5 m from each other, and each was 2m × 2m, an area considered op-
timal for seed bank sampling (Plue et al., 2012). Soil samples collected
within each quadrat were mixed and divided into three portions in
the lowland sites and five portions in the upland sites. Each portion
was spread on the top of one box prepared as below (par. 2.3). All
boxes (96) always contained the same proportion of soil (ca. 0.9 L).
For the low elevation sites two boxes (as two replicates) always
remained in place, two were moved from the forest edge to the forest
interior (and viceversa) and two were brought to the greenhouse. For
the upland forest, two more boxes for each position (edge/interior)
and forest type (dense and open) were brought to the lowland forest
and placed in both edge and interior of the corresponding forest type.
We thus applied a multi-factorial design with a total of 48 treatments
and with two replicates of each treatment (96 boxes in total).
Fig. 1. Experimental designwithin a region: eight experimental plots (P) in total (four edge/int
the forest interior plot. a) example of an experimental plot in the upland b) example of an expe
natural seed rain, Up-ES: soil from upland edge position, Up-IS: soil from upland interior posi
lowland. This set-up was replicated twice and installed in Belgium and in Italy resulting in a t
excluding natural “seed rain” boxes).
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Soil translocation from upland to lowland areas simulated an artifi-
cial warming of 2.1-3.4 C° (soil) and 2.9-3 C° (air) for Italy, and 1.1-
2.1 C° (soil) and 1-1.6 C° (air) for Belgium. These values were calculated
as the difference of the mean soil and air temperature from upland
minus lowland, and in the dense and open forests, respectively. Values
correspond approximately to the predicted land temperature increase
by the end of 2100, that is between 2.2 and 4 °C for the Mediterranean
area (Cramer et al., 2018), and, in the best scenario (RCP4.5), between
1 and 4.5 °C for central Europe (Jacob et al., 2014). Air and soil temper-
ature data were collected frommicroclimatic sensors placed next to the
experimental plots (Meeussen et al., in press). Temperatures were re-
corded at hourly intervals (2018-2020) using a Lascar temperature log-
ger (EasyLog EL-USB-1, accuracy at −35 to +80 °C: ± 0.5 °C). Air
loggers were protected by a plastic shield and positioned at 1 m height.
Soil loggers were buried in the ground in a protective plastic tube at a
depth of 5 cm.

2.3. Soil sample collection

Within each quadrat, we randomly collected 75 and 45 soil samples,
for the high and the low elevation, respectively. The soil samples were
5 cm deep × 4 cm diameter (litter removed) resulting in a soil volume
of 9.3 and 5.6 L per plot for the upland and lowland plots, respectively.
Soil samples were pooled together per quadrat, sieved with a 4-mm
sieve and spread out in a 30 cm × 20 cm plastic box on top of a 15 cm
deep layer of sterilized potting soil such that the forest soil layer was
ca. 1 cm thick. Each box had holes at the bottomand a layer of expanded
clay to allow drainage. At each location (edge and interior), one exper-
imental plot was subsequently installed between the two quadrats.
There, the boxes with the sieved seed bank samples were placed at
the edge and forest interior in exchanged positions, as shown in Fig. 1.
A control box, with a proportion of soil from each plot (ca. 0.9 L) was
installed in a greenhouse with a natural sunlight regimemainly to facil-
itate the species identification of the seedlings. Boxeswere buried in the
forest soil such that the topwas level with the soil surface. A plastic ‘root
cloth’ was placed underneath to prevent direct contact with the forest
soil and possible contamination with seed or vegetative parts (rhizome
fragments, bulbils, parts of tubers, etc.) of other plant species in the for-
est soil. A thinmeshwas also installed over the boxes at ca. 75 cm above
the soil surface to prevent seed rain contamination. In addition, a natu-
ral “seed rain” control boxwith sterilized potting soil butwithout added
forest soil was left outside of the mesh. All plots were surrounded by a
fence against disturbance by animals.
erior sites). E = edge; I = interior; P= plot; S= soil. EP represents the forest edge plot, IP
rimental plot in the lowland. ES: soil from edge position, IS: soil from interior position, SR:
tion. Arrows show the translocation of soil in the forest edge and interior and from up to
otal of 48 treatments and with two replicates of each treatment (n = 96 boxes in total -



C. Gasperini, E. Carrari, S. Govaert et al. Science of the Total Environment 798 (2021) 149373
2.4. Field surveys

Two measurements in the experimental plots were done in April
and July 2020. Firstly, each seedling emerging from the soil was re-
corded and identified up to the species level and mapped on a grid
with 50 × 75 mm meshes laid down on the soil surface in the boxes
(Fig. A2). This allowed to measure the same individuals of each species
in the first and second survey and to determine mortality in July as the
number of missing or dead individuals compared with the April survey.
Secondly, ground coverwas estimated for each individual as percentage
of cover on one mesh of the grid. In July all surviving individuals were
collected (shoots and roots) and biomass oven-dried at 40 °C for 48 h.
The shootwas separated from the root and separatelyweighed to deter-
mine shoot and root biomass and ratios. Species nomenclature follows
Euro+Med (2006).

2.5. Data analysis

To quantify the realised soil seed bank, we calculated the seedling
density per square meter in each box considering all germinated seed-
lings separately for April and July surveys. Next, species diversity was
quantified as species richness (richness), Shannon index (shannon,
Formulae A1) and species Evenness (evenness, Formulae A2) of the
seedling community in each box, in both surveys. The percentage of
cover of the seedling community was visually estimated in each box.
Biomass was determined as the sum of all individuals' biomasses
(shoot and roots separately) in the seedling community in July. All
these response variables were calculated for each of the 48 treatments.
For statistical analyses the dataset was subdivided into three subsets:
1) edge soil in edge position vs. interior soil in interior position (32 ob-
servations), 2) edge soil in edge position vs. edge soil in interior position
(48 observations), 3) interior soil in interior position vs. interior soil in
edge position (48 observations). The first set of models (Table 1) tested
the influence of the edge vs. interior position, region, forest type and el-
evation on the seed bank and seedling community. In these models, we
considered the original edge and interior positions of the soil samples
without any position exchange. With the second set of models, we
tested the effects of 1) positioning of the forest interior seed bank at
the forest edge; 2) translocation of forest interior soil from upland to
lowland forest, in both interior and edge position. The third set of
models analysed the effects of: 1) positioning of forest edge seed bank
in the forest interior; 2) translocation of forest edge soil from upland
to lowland forest, in both interior and edge position.

Generalized linear mixed-effects models were applied using the
packages ‘lme4’ (Bates et al., 2015) and ‘MuMln’ (Barton, 2019). Poisson
distribution was used for the count data (species richness and seedling
density), while a binomial distribution was adopted for the proportion
Table 1
Summary of the results of the first set of models testing the influence of the four independent v
soil seed bank and seedling community at the forest edge and the forest interior. Two levels cat
sition), Region (Italy, Belgium), Forest type (dense and open forest), Elevation (up, low). Edge
tively. Values are parameter estimates of linear mixed models (Shannon index, evenness, co
richness, specialists and generalists). Asterisks denote the significance level (with p < 0.05⁎ p
represent the proportion of variation explained respectively by fixed factors and both random a
explanation see Table B4.

Edges vs. interiors Soil position Region Forest type Elevati

Seedling density −1.641⁎⁎ 1.798 0.03
Richness 0.095 2.288⁎⁎⁎ 0.45
Shannon −0.209 1.850⁎⁎⁎ 0.19
Evenness −0.373 0.057 0.18
Cover −0.181 1.143 0.112 0.96
Biomass shoot −0.169 0.438 −0.00
Biomass root 0.138 0.714 −0.28
Mortality 1.033⁎⁎ −0.744
Specialists 0.191 −0.580⁎ −1.44
Generalists −0.748* 0.384 0.66
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of generalists and forest specialists. To account for the nested experi-
mental design and to avoid pseudo-replication caused by the irregular
spatial distribution of the sites, a random intercept term with 8 levels,
‘site’, was used in all models (Fig. 1). The fixed structure of the model
was composed of the four design variables (i.e. soil position, region, for-
est type and elevation) including all two-way interactions containing
the soil position variable. Two-way interactions were chosen for sake
of simplicity and based on our research questions. All continuous vari-
ables were standardized (z-transformation) to compare model coeffi-
cients. The following equation represents the starting model:

Variable ~soil positionþ regionþ forest typeþ elevationþ region
� soil positionþ elevation� soil positionþ forest type
� soil positionþ 1 j siteð Þ

The starting model was the same for the three subsets of data. Only
the variable “elevation” changed in the second and third data subsets to
account for the translocation of soil from the upland to the lowland for-
est. The single best model was selected based on lower Akaike informa-
tion criterion (AIC) and Bayesian information criterion (BIC) with the
dredge-function of package MuMln (Barton, 2019). Data exploration
and model evaluation followed the protocol of Zuur et al. (2010). In all
models, residuals were evaluated for normality and homogeneity by a
visual check of the model assumptions (normality of residuals, normal-
ity of random effects, homogeneity of variance, multicollinearity).
When overdispersion occurred in count data, we proceeded with a
quasi-likelihood analysis to adjust the coefficient table by multiplying
the standard error with the square root of the dispersion factor and
recomputing the z- and p-values accordingly (Lee and Nelder, 2000).

Differences in community composition among regions were quanti-
fied with the vegdist-function of the R package ‘Vegan v2.4-7’ (Oksanen
et al., 2020) using the Raup-Crick distance and visualized with nonmet-
ric multidimensional scaling (NMDS) (metaMDS-function in vegan).
Differences were tested using PERMANOVA (adonis-function in vegan;
999 permutations with strata= region) (Anderson, 2001). Multivariate
homogeneity of dispersion was also tested using betadisper (vegan),
restricting permutations by region. Also, Raup-Crick distances were
used to quantify the average community composition between treat-
ments (Edge & interior, Edge & edge in interior, Interior & interior in
edge, Upland &Up to lowland),within each region. Differences between
treatments and regions were tested with Kruskal Wallis test with the
kruskal.test-function of ‘stats’ package followed by a Dunn's posthoc
test made with dunn.test-function in ‘dunn.test’ package.

Next, we analysed the effects on plant ecological groups and func-
tional types. For this purpose, the recorded species were assigned to
four forest guilds following the classification proposed by Heinken
et al. (2019) for the temperate and boreal European regions: species
ariables (soil position, region, forest type, elevation) on the abundance and diversity of the
egorical predictors are: Soil position (edge soil in edge position, interior soil in interior po-
position, Belgium, dense forest and up elevation are used as reference categories, respec-
ver, biomass, mortality) and generalized linear mixed models (seedling density, species
< 0.01⁎⁎ p < 0.001⁎⁎⁎). Marginal R2 and conditional R2 (Nakagawa and Schielzeth, 2013)
nd fixed factors. Positive or negative values denote the direction of the effect. For variables

on Region:
Soil position

Elevation:
Soil position

R2 marginal R2 conditional

8 1.901⁎⁎ −0.682⁎ 0.85 0.99
7⁎ −0.681⁎ 0.91 0.91
4 0.81 0.82
7 0.03 0.14
5 −0.362 0.39 0.52
8 0.05 0.11
2 0.15 0.19

−0.940 0.49 0.49
5⁎⁎⁎ 0.17 0.18
7 1.339⁎ 0.16 0.16
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which can be mainly found in closed forests (1.1); species which occur
typically along forest edges and in forest openings (1.2); species occur-
ring in both forest and open vegetation (2.1); species occurring partly
in forests,mainly in open vegetation (2.2) (Table A4); true “openhabitat”
species (O)were not observed in our study. A fewMediterranean species
were not included in Heinken et al. (2019). These were classified based
on Pignatti et al. (2017-2019) and our expert evaluation. For the purpose
of statistical analyses, specieswere grouped in only two categories, forest
specialists (guilds 1.1+1.2) and generalists (guilds 2.1+2.2). Seedlings
only determined to the genus level were excluded from this analysis (4
individuals), as well as 13 unidentified species (42 individuals).

For the functional type analysis, each seed bank specieswas assigned
to one of the following functional types: annual herbs (therophyte), pe-
rennial herbs (hemicryptophyte), graminoid (annual or perennial),
geophyte, woody species (tree or shrub). Due to non-normal distribu-
tion of the data, differences between groups were analysed with non-
parametric Kruskal Wallis test with the kruskal.test-function of ‘stats’
package. A Dunn's posthoc test was made with dunn.test-function in
‘dunn.test’ package.

Finally, we compared the ecological profiles of the seedling commu-
nities using community weighted means of the species with Ellenberg
indicator values: light, moisture and temperature (Ellenberg et al.,
1991; Pignatti et al., 2005). Differences between groups (combination
of type of soil and position) were tested with one-way ANOVA with
the aov-function of the ‘stats’ package followed by a posthoc Tukey's
HSD test with the ‘TukeyHSD’ of package ‘stats’. The hypothesis of nor-
mality of distribution was tested with Lilliefors (Kolmogorov-Smirnov)
test with the function lillie.test in package ‘nortest’. Homogeneity of var-
iances was tested with Bartlett's test with the function bartlett.test in
package ‘stats’. Letter summary of statistical similarities and differences
was visualized withmultcompLetters function of ‘multcompView’ pack-
age. All data analyses were performed in R-4.0.5 (R Core Team, 2019).

3. Results

In total, 1786 seedlings, belonging to 145 species (Table B5),
emerged from the seed bank: 113 species were found in Italy and 19
in Belgium, while 13 were detected in both regions; four seedlings
could be identified only at genus level and 13 species remained uniden-
tified (42 individuals). The most abundant species in the seed bank
were Campanula rapunculus (103 seedlings), Moehringia trinervia (92),
Erigeron canadensis (71), Prunella vulgaris (68), Inula conyzae (64),
Clinopodium vulgare (62), Luzula forsteri (58) and Rubus fruticosus
(54). Mean and standard deviation values of the analysed variables in
each region and soil type/position are given in Table B6, separately for
the two surveys (April and July). A total of 492 seedlings, belonging to
11 species, were forest specialists. The mortality rate between April
and July was high for Betula pendula (7/14), Callitriche stagnalis (13/13),
Carpinus betulus (16/25), Gnaphalium uliginosum (13/14), Moehringia
trinervia (58/93), Poa trivialis (21/26), Rubus fruticosus (27/54), Silene
gallica (9/9) and Urtica dioica (32/45).

Overall, substantial differences were detected between regions and
between both soils in their original (edge vs. interior) and exchanged
position (edge to interior and vice versa). Generally, the seed bank at
the forest edgewas significantly different from that at the forest interior
in terms of seedling density and diversity (Shannon index). However,
patterns of variation were not consistent between regions. Moreover,
species richness, Shannon index and April evenness were considerably
higher in Italy. Generally, lowland forests held more richness compared
to upland forests but with a lower proportion of forest specialists.

3.1. Seedling density

We found significant interactive effects between the forest interior
and region in terms of seedling density (p = 0.002): seedling density
at the forest interior was higher than at the forest edge in Italy but
5

lower in Belgium(Table 1). Also, a negative interaction between interior
position and low elevation was found (p = 0.02), indicating a lower
seedling density in interior vs. edge position in lowland forests. In the
interior soil moved to the edge (Table 2) we found the same contrasting
pattern: the movement of soil from the interior to the edge positively
influenced the seedling density in Belgium but negatively in Italy (p =
0.01 in both cases). Concerning the edge soil, moving it to the interior
had a negative influence on seedling density in Belgium but positive in
Italy (Table 3). Translocation of edge soil from upland to lowland
(Table 3) resulted in a decrease of seedling density (p = 0.007), while
the interior soil was not affected (Table 2). Finally, moving the interior
soil to the edge resulted in higher seedling density in Italy, but not in
Belgium (Table 2).

3.2. Diversity

In non-moved soil, the species richness of the seedling community
was significantly higher in Italy compared to Belgium (p < 0.0001)
and at low vs. high elevation (p < 0.0001) (Table 1). Species richness
was particularly lower in the interior than at the edge of lowland forests
as shown by the negative interaction between soil position and eleva-
tion (p = 0.04; Table 1). The best model for Shannon index showed
higher values (p = 0.03) at the forest interior and at low elevation
(p=0.03) (Table B1). Shannon index and evennesswere always higher
in Italy (p<0.0001, p=0.05) compared to Belgium (Table 1 and B1). In
moved soil (Tables 2 and 3), differences between Italy and Belgium in
terms of species richness (both p < 0.0001) and Shannon (p < 0.001,
p < 0.0001) were highly significant. In interior soil moved to the edge
(Table 2), the Shannon index was higher compared to non-moved soil
(p = 0.02; Table 2). The translocation of edge soil from upland to low-
land had a negative influence on species richness (p = 0.02; Table 3).

3.3. Species composition

The seed-bank in Italian and Belgian soil samples was composition-
ally very different (Fig. 2). In Belgium, a more homogeneous seedling
community was found at the forest edge and interior compared to
Italy. The difference between Belgium and Italy in the mean composi-
tional Raup-Crick distance between edges and interiors was in fact sig-
nificant (Belgium: 0.16 ± 0.19; Italy: 0.54 ± 0.18; p = 0.02). Similarly,
the mean Raup-Crick distance between edge soil in edge and interior
position was 0.10 ± 0.11 for Belgium and 0.41 ± 0.15 for Italy (p =
0.04). Also, moving the soil from upland to lowland forest resulted in
larger compositional differences of the seedling community in Italy;
the mean Raup-Crick distance was 0.17 ± 0.24 and 0.56 ± 0.11 for
Belgium and Italy, respectively (p = 0.01).

3.4. Cover and biomass

Overall, only in a few cases the total cover and biomass of the seed-
ling communitywere affected by position (edge vs. interior), forest type
and elevation. However, for the April cover, a significant interaction ef-
fect was found between soil position and forest type (p = 0.01), with
the cover being higher at the interior of open forests (Table B1) com-
pared to the interior of dense forests. In moved soil (both directions-
Tables 2 and 3), the total cover was higher in Italy compared to
Belgium (p=0.01, p=0.03). Only the root biomasswas affected by po-
sition exchange (edge soil in interior position) being lower after move-
ment to the interior (p = 0.03; Table 3).

3.5. Mortality

The mortality rate was highest at the forest interior (p = 0.008;
Table 1). In interior soil moved to the edge the mortality rate was
lower in Italy (p < 0.0001) and after movement of soil from high to
low elevation (p = 0.04; Table 2). In edge soil moved to the interior,



Table 2
Summary of the results of the second set of models testing the influence of the four independent variables (soil position, region, forest type, elevation) on the abundance and diversity of
the seed bank and seedling community at the forest interior compared to that of the interior moved to the edge. Categorical predictors are: Soil position (2 levels: interior soil in interior
position, interior soil in edge position), Region (2 levels: Italy, Belgium), Forest type (2 levels: dense and open forest), Elevation (3 levels: up, low, up to low). Interior soil in interior po-
sition, Belgiumand dense forest are used as reference categories for soil position, region and forest type, respectively. Up elevation is used as reference category for bothUp to low elevation
and Low elevation. Values are parameter estimates of linear mixed models (Shannon index, evenness, cover, biomass, mortality) and generalized linear mixedmodels (seedling density,
species richness, specialists and generalists). Asterisks denote significance level (with p < 0.05⁎ p< 0.01⁎⁎ p< 0.001⁎⁎⁎). Marginal R2 and conditional R2 (Nakagawa and Schielzeth, 2013)
represent the proportion of variation explained respectively by fixed factors and both random and fixed factors. Positive or negative values denote the direction of the effect. For variables
explanation see Table B4.

Interior vs. interior
in edge

Soil position Region Forest type Up to low elevation Low elevation Region:
Soil position

Up to low
elevation:
Soil position

Elevation:
Soil position

R2 marginal R2 conditional

Seedling density 1.076⁎ 3.420⁎⁎ −0.112 0.044 −1.063⁎ −0.107 0.043 0.96 0.99
Richness 0.754 2.889⁎⁎⁎ −0.035 −0.065 −0.575 0.91 0.93
Shannon 0.191⁎ 1.877⁎⁎⁎ −0.091 0.073 0.90 0.92
Evenness 0.179 0.504 0.507 0.15 0.27
Cover 0.120 1.412⁎ 0.408 0.403 0.324 0.61 0.63
Biomass shoot −0.121 0.701 −0.037 0.12 0.13
Biomass root −0.035 0.457 0.269 0.06 0.11
Mortality −0.162 −1.170⁎⁎⁎ −0.566⁎ −0.062 0.43 0.43
Specialists −0.138 −0.389 −1.693⁎⁎⁎ 0.14 0.14
Generalists −0.185 0.308 1.591⁎⁎⁎ 0.13 0.13
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mortality increased in Belgium (p< 0.0001) but decreased in Italy (p=
0.01; Table 3). Themortality rate of seedlings from edge soil was gener-
ally lower in Italy compared to Belgium (p = 0.002; Table 3).

3.6. Forest specialists and generalists

The proportion of forest specialist taxa varied with forest type and
elevation, being lower in open forests (p = 0.04) and lowland forests
(p < 0.0001; Table 1). The proportion of generalists was influenced by
edge/interior position and decreased from edge to interior in upland
forests (p = 0.04, Table 1), whereas it increased in lowland forests
(p=0.02; Table 1). The proportion of specialists and generalists in inte-
rior soil moved to the edge (Table 2) was only influenced by elevation:
the number of specialists was significantly lower in lowland forests (p<
0.0001), while the number of generalists was higher (p < 0.0001). The
proportion of specialists in the edge soil (Table 3) decreased after trans-
location fromupland to lowland forest (p=0.01), while the proportion
of generalists increased (p = 0.003). The proportion of both specialist
and generalist taxa in edge soil was significantly higher in lowland for-
ests (p = 0.02, p = 0.04; Table 3).

3.7. Functional types and Ellenberg indicator values

Overall, edge and interior seedling communities differed in the cover
of geophytes (p = 0.01) and graminoids (p = 0.004; Table 4). The
Table 3
Summary of the results of the third set of models testing the influence of the four independent v
seed bank and seedling community at the forest edge compared to that of the edge moved in th
soil in interior position), Region (2 levels: Italy, Belgium), Forest type (2 levels: dense and open f
forest are used as reference categories for soil position, region and forest type, respectively. Up el
are parameter estimates of linear mixedmodels (Shannon index, evenness, cover, biomass, mo
and generalists). Asterisks denote significance level (with p < 0.05⁎ p < 0.01⁎⁎ p < 0.001⁎⁎⁎). M
variation explained respectively by fixed factors and both random and fixed factors. Positive or

Edge vs. edge in
interior

Soil position Region Forest type Up to low
elevation

Low
elevation

Seedling density −0.846⁎ 2.043 −0.548⁎⁎ −0.287
Richness 2.155⁎⁎⁎ −0.335⁎ 0.194
Shannon −0.098 1.832⁎⁎ 0.216 −0.186 0.186
Evenness −0.422 0.267
Cover −0.311 1.406⁎ 0.141 0.448 0.965
Biomass shoot −0.439 0.679 0.436
Biomass root −0.499⁎ 0.557 0.674
Mortality 1.035⁎⁎⁎ −0.908⁎⁎

Specialists −0.501 −0.780⁎ 1.080⁎

Generalists −0.284 0.166 0.958⁎⁎ 0.937⁎⁎
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movement of soil from the interior to the edge position resulted in a
higher cover of shrubs and trees (p < 0.05). No significant differences
after soil position exchange were detected for the other functional
groups. The edge seedling community differed from that moved to the
interior in terms of perennial herbs (p < 0.001), annuals (p < 0.001),
graminoids (p = 0.01) and shrubs and trees (p < 0.001), since the
cover of all these plant functional types decreased significantly after
movement (Table 4). The seed bank of upland forestsmoved to lowland
produced a seedling community with a higher cover of graminoids (p <
0.0001), perennial herbs (p< 0.0001) and annuals (p< 0.001; Table 4).

Concerning Ellenberg indicator values, in the Belgian sites no differ-
ences were detected in light, moisture and temperature between the
seedling communities at the edge and interior, neither before nor after
position exchange (Fig. 3). The seedlings developed in the interior
seed bank of the Italian soil samples were instead, significantly less
light-demanding compared to the edge seedlings (p = 0.04; Fig. 3)
while after movement to the edge, higher-light demanding (p = 0.03,
Fig. 3). The edge and interior seedling communities in Italy differed
also in moisture requirements, which was higher at the forest interior
(p = 0.04). Moving the upland forest soils to lowland sites resulted in
seedling communities with higher mean light values, in both study re-
gions (Belgium p=0.001, Italy p=0.01; Fig. 4). Furthermore, the seed-
ling community was composed of more thermophilous species in
Belgium (p = 0.02) while no significant variations were detected in
moisture and temperature indicator values in Italy (Fig. 4).
ariables (soil position, region, forest type, elevation) on the abundance and diversity of the
e interior. Categorical predictors are: Soil position (2 levels: edge soil in edge position, edge
orest), Elevation (3 levels: up, low, up to low). Edge soil in edge position, Belgiumanddense
evation is used as reference category for both Up to low elevation and Low elevation. Values
rtality) and generalized linear mixed models (seedling density, species richness, specialists
arginal R2 and conditional R2 (Nakagawa and Schielzeth, 2013) represent the proportion of
negative values denote the direction of the effect. For variables explanation see Table B4.

Region:
Soil position

Up to low elevation:
Soil position

Low elevation:
Soil position

R2 marginal R2 conditional

0.890⁎ 0.75 0.99
0.89 0.91
0.72 0.85
0.52 0.52

0.324 −0.071 0.49 0.68
0.19 0.38
0.24 0.38

−0.992⁎ 0.58 0.58
0.07 0.11
0.06 0.11



Fig. 2. Non metric multidimensional scaling (NMDS) scatterplots showing species composition differences between regions (IT = Italy and BE = Belgium) in the seedling communities
developed under the various treatments: Edge& interior=edge soil in edge position vs. interior soil in interior position; Edge & edge in interior=edge soil in edge position vs. edge soil in
interior position, Interior & interior in edge = Interior soil in interior position vs. interior soil in edge position, Upland & Up to lowland= upland soil in upland forests vs. upland soil in
lowland forests. E = edge; I = interior; P = plot; S = soil.
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4. Discussion

4.1. Seedling density, composition and mortality

Variation in seedling density from the seed bank of soils at forest
edges vs. interiors was considerable. First, seedling density was gener-
ally higher at the edge of mesophilous Belgian forests (vs. interior) but
lower at the edge of Italian thermophilous forests compared to forest in-
teriors. Results for Belgium seems to support previous findings by
Cadenasso and Pickett (2001), Devlaeminck et al. (2005) and Koncz
et al. (2011) showing that seed bank density significantly decreases
Table 4
Mean± standard deviation of cover values of fivemain plant functional groups arranged by so
sition, IS-EP= interior soil in edgeposition, ES-IP=edge soil in interior position) and elevation
Lowland = lowland soil in lowland position). Superscript letters indicate statistically different

ES-EP IS-IP

Geophytes 3.92 ± 5.39a 0.33 ± 0.5
Annual herbs 5.5 ± 7.55a 6.53 ± 12
Perennial herbs (Hemycryptophytes) 4.74 ± 10.07a 4.6 ± 6.64
Graminoids 3.01 ± 5.03a 1.26 ± 1.0
Woody species 1.43 ± 1.65ab 1.82 ± 2.7

Upland

Geophytes 3.01 ± 5.27
Annual herbs 2.47 ± 5.69a

Perennial herbs (Hemycryptophytes) 3.23 ± 5.26a

Graminoids 1.42 ± 3.06a

Woody species 2.12 ± 6.01
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from the edge to the interior of the forest. These studies, however,
were finalized to determine all the seeds present in the soil in standard
conditions (potential seed bank), without taking into account the possi-
ble effects of microclimate on their germination (realised seed bank).
Lack of investigations on seed-bank of thermophilous deciduous forests
in southern Europe does not allow us to compare our findings for this
forest type, although these seem more in line with other studies
reporting no decrease in seed abundance with increasing distance
from the edge to the forest interior (Lin et al., 2006; Lin and Cao,
2009). For Italy, the forest interior conditions, i.e. a more stable
microclimate and lower soil temperature compared to the edge
il type and position (ES-EP= edge soil in edge position, IS-IP = interior soil in interior po-
(Upland=upland soil in uplandposition;Up to lowland=upland soil in lowlandposition,
groups at p < 0.05.

IS-EP ES-IP p value

8b 0.03 ± 0.04b 2.42 ± 1.70a p = 0.001
.45ac 4.02 ± 7.36bc 3.26 ± 6.20b p = 0.007
a 4.87 ± 6.65a 2.26 ± 2.90b p < 0.0001
9b 1.35 ± 1.62b 2.62 ± 6.74b p = 0.02
9b 4.17 ± 8.40a 0.77 ± 1.28c p < 0.0001

Up to lowland Lowland p value

7.49 ± 13.86 1.79 ± 0.96 ns
9.66 ± 13.32b 6.34 ± 9.72c p < 0.0001
9.52 ± 13.03b 4.34 ± 8.01b p < 0.0001
3.73 ± 5.50b 2.32 ± 4.78b p < 0.0001
4.62 ± 9.19 2.29 ± 3.43 ns



Fig. 3. Community weightedmeans of Ellenberg values with error bars for humidity, light and temperature of seedling communities from different soil types and position (ES-EP= edge
soil in edge position, ES-IP= edge soil in interior position, IS-EP= interior soil in edge position, IS-IP= interior soil in interior position), separately by regions (Belgium and Italy). Letters
indicate statistical differences between groups at p < 0.05.
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(Davies-Colley et al., 2000; Matlack, 1993; Meeussen et al., in press;
Schmidt et al., 2019), could have favoured the conservation of a higher
proportion of seeds. Indeed, there is evidence that seed survival (Davis
et al., 2005) and persistence (Pakeman et al., 1999) is lower in warmer
conditions (i.e. forest edge).

The direction of the responses to soil position exchange also
depended on climatic regions, with generally contrasting responses.
Noteworthy, edge microclimate decreased seedling density of the inte-
rior seed bank in Italy, while it had a positive effect in Belgium.
Conversely, the seedling density of the edge soil increased when
transplanted to the interior in Italy, but decreased in Belgium. Hence,
our findings provide evidence that edge microclimatic conditions can
influence germination from the seed bank in contrasting ways, largely
depending on macroclimate. Edge-to-interior microclimate gradients
Fig. 4. Community weightedmeans of Ellenberg valueswith error bars for humidity, light and t
to low elevations (Upland=upland soil in uplandposition; Up to lowland=upland soil in low
and Italy). Letters indicate statistical differences between groups at p < 0.05.
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in European forests significantly reduce temperature extremes
(Davies-Colley et al., 2000; Matlack, 1993; Schmidt et al., 2019), espe-
cially in warmer regions (De Frenne et al., 2019; Meeussen et al., in
press), which might also affect germination responses from the seed
bank. At forest edges, increased exposure to solar radiation and wind
rises the vapour pressure deficit (VPD; the difference between actual
versus potential moisture content of the air, measured as atmospheric
pressure) and reduces soil moisture (Reinmann et al., 2020; Ritter
et al., 2005; Riutta et al., 2012; Smith et al., 2018). Moisture deficit
may have negatively affected germination in warmer climates after
translocation of soil to the edge position. Conversely, the overall positive
influence of the interior position in warmer regions may indicate the
beneficial role of the interior forest microclimate in reducing drought
and heat (Matlack, 1993; Reinmann et al., 2020; Schmidt et al., 2019),
emperature of seedling communities from different elevations and in soil moved from high
land position; Lowland= lowland soil in lowland position), separately by regions (Belgium
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while in cooler climates this reduction may be less relevant (De Frenne
et al., 2019; Meeussen et al., in press) and edges, at least for some plant
groups, could provide more favourable conditions for germination than
interiors (Matlack, 1993).

Themagnitude of species composition differences between the edge
and interior was different between the two regions, again supporting
different functional seed bank responses to change of microclimatic
conditions in mesophilous and thermophilous forests. In mesophilous
forests, a more homogeneous seeding community consistently devel-
oped in all cases (edge vs. interiors, edge in edge position vs. edge in in-
terior position, and vice versa), while in thermophilous forests different
seedling communities developed depending on the microclimate to
which soil samples were exposed. This was paralleled by significant dif-
ferences between edge and interior in Ellenberg light and soil moisture
values of the seedling communities in Italy, whereas no differences
emerged in Belgium (Fig. 3). Regeneration by seed is driven by the co-
occurrence of multiple ecological drivers that regulate seed dormancy
(Walck et al., 2011) and each species has a set of environmental condi-
tions under which it will germinate and grow. Hence, our findings may
indicate that the seed bank of thermophilous forests of southern regions
is more adaptable to the environment, due to the co-existence of nu-
merous species that produce diverging seedling assemblages, depend-
ing on how variation in environmental conditions affects their
germination. In our experiment, it is likely that a lower proportion of
seeds of mesophilous species germinated after translocation from the
interior to the edge due to lower moisture (Matlack, 1993; Riutta
et al., 2012) and, conversely, that more edge seeds germinated after
translocation to the interior thanks to higher air and soil moisture in
the forest interior (Reinmann et al., 2020; Ritter et al., 2005; Smith
et al., 2018). Hence, this soil translocation experiment suggests that
moisture can act as a crucial limiting factor for seed banking species in
southern regions. The consistently lower seedling mortality in the inte-
rior position in Italy further supported this assumption. On the contrary,
mortality was higher at the interior and after change from edge to the
interior in Belgium, possibly due to decreased light availability in com-
bination with more light-demanding species being present in these
edge seed banks. In fact, in the forest understorey, seed bank species
usually emerge when light is not limiting (Naaf and Wulf, 2007; Plue
et al., 2017b; Pykälä, 2004) and competitionwith shade-tolerant peren-
nials is low (Godefroid et al., 2005). Conversely, canopy closure usually
does not favour germinations and thusmaintains or returns heliophilous
species to the seed bank (Plue et al., 2010, 2017b) reducing their compe-
tition with the shade-tolerant forest species.

4.2. Diversity

Overall, the species richness of the seedling community was not af-
fected by edge vs. interior position neither in original position nor
after position exchange, while Shannon diversity of interior soil possibly
benefited from the edgemicroclimate due to improved light conditions.
Our findings are not fully consistent with evidence from the few previ-
ous investigations of edge-to interior species variations in the forest
seed bank, which detected higher species richness at the forest edge
(Devlaeminck et al., 2005; Yan et al., 2013). However, this difference
could be due to differing methods since these investigations were
greenhouse-based, hence meeting more favourable conditions for ru-
deral species but less so for habitat specialists with complex, habitat-
specific germination requirements (Grime et al., 1981; Plue et al.,
2017b; Ten Brink et al., 2013; Vandelook et al., 2008).

4.3. Generalists and specialists

As in the study of the understorey vegetation (Govaert et al., 2020),
that included the same sites considered here, the proportion of general-
ist species was higher in the edge seed bank (non moved soil), and de-
creased in the forest interior, where it was always lower (non moved
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soil). Forest structure had a clear influence on the proportion of germi-
nated specialists and generalists: in the seed bank of open stands devel-
oped less specialists and more generalists than in dense stands. This
could both mean that less specialists were present in the seed bank of
open forest compared to dense fores, as it is in the understorey
(Govaert et al., 2020) or that, with improved light conditions,more gen-
eralists germinated at the expense of specialists. However, the first hy-
pothesis seems more likely and would support previous findings that
dense forest edges act as barriers preventing or limiting the inflow of
seeds of edges and openings that become incorporated in the forest
seed bank (Cadenasso and Pickett, 2001; Devlaeminck et al., 2005;
Didhamand Lawton, 1999; Honnay et al., 2002). Indeed, forest structure
did not influence the proportion of generalists found in the interior
moved to the edge, corroborating this evidence.

A higher proportion of specialists was found in upland forests, as
well as a higher proportion of generalists in lowland forests. This pattern
could be linked to the usually more anthropogenic and fragmented for-
est landscapes at low elevations (Bertrand et al., 2011). Forest edge vs.
interior microclimate after position exchange had a minor influence
on the proportion of generalists and specialists in the short term. Non-
forest species are mostly abundant in the seed bank (Bossuyt and
Honnay, 2008; Decocq et al., 2004; Erenler et al., 2010; Koncz et al.,
2011; Lin et al., 2006) but are not able to establish large populations
in the stress imposing forest environment (Bossuyt and Hermy, 2001).
Noteworthy, our findings support this evidence by the decreasing pro-
portion of generalists in the edge soil moved to the interior. But what
happenswhen a forest interior becomes an edge? Based on our findings,
change of position from the interior to the edge influenced neither the
proportion of specialists nor that of generalists that germinate from
the seed bank. Since specialists are more shade-tolerant than general-
ists, we would have expected a higher proportion of generalists after
movement from the interior to the edge, which was not the case.
Specialistswere able to germinate and establish in awarmer andbrighter
environment, whereas, conversely, generalists rapidly declined in the in-
terior, likely due to a shortage of light. However, there is not sufficient ev-
idence to say in the long period whether the specialists could eventually
compete with the generalists in this new environment. This opportunity
seems to be unlikely because when specialist species are maintained
below their habitat carrying capacity (such as when environmental dis-
turbances occur) generalist species are usually favoured (Brown, 1996;
Büchi and Vuilleumier, 2014). However, when specialist interspecific
competition is strong (i.e. high germination of specialists), generalist spe-
cies could be gradually eliminated (Futuyma and Moreno, 1988).

4.4. Ecological and functional types

Although relationships between disturbance, functional type and
life-form patterns of plant communities have been widely described
(Diaz and Cabido, 1997; Heinken and Weber, 2013; McIntyre et al.,
1995), no studies have focused on edge effects on the functional compo-
sition of the seed bank.We found a higher proportion of geophytes and
graminoids in the forest edge seed bank than in the interior. Moreover,
edges positively influenced the abundance of seedlings of woody spe-
cies germinating from the interior soil, while the interior position de-
creased the cover of all functional groups of the edge seed bank,
except for geophytes. Trees and shrubs usually respond positively to
higher light availability (Torras et al., 2008). Similarly, annuals generally
take advantage of disturbance associatedwith openings and higher light
availability (McIntyre et al., 1995). In our study, annuals did not increase
after movement from the interior to the edge but, instead, they de-
creased after soil movement from the edge to the interior. All functional
types, except geophytes, showed an increased cover percentage after
translocation of soil from upland to lowland forests, likely due to a
stimulation of the growth rate driven by the higher temperatures.
Generalistswere favoured bywarmer temperatures, while the response
of most forest specialists was absent or weaker.
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It is argued that shade-tolerant understorey herbs do not appear in
forest seed banks, or are present at very low densities (Bossuyt and
Hermy, 2001; Koncz et al., 2011; Mitlacher et al., 2002; Olano et al.,
2002). However, this was recently imputed by a combination of a low
surface sampling effort and poorly adapted greenhouse parameters dur-
ing greenhouse experiments that may underestimate forest specialists
presence (Plue et al., 2017a, 2012; Vandvik et al., 2016). In fact, the
emergence of specialists in disturbance gaps implies that they are not
exceptionally rare in the seed bank (Kalamees et al., 2012; Plue et al.,
2021, 2012; Vandvik et al., 2016). In Italy, we found significant differ-
ences in the community weighted means of temperature and moisture
(Pignatti et al., 2005) between the edge and the interior seedling com-
munities, showing the latter to be formed by a high proportion of
shade-tolerant species with high humidity requirements. Furthermore,
the abundance of typical understorey species of mature forests such as
Brachypodium sylvaticum, Festuca heterophylla, Euphorbia amygdaloides,
Moehringia trinervia, Poa trivialis subsp. sylvicola, Poa nemoralis and Viola
reichenbachiana (Heinken et al., 2019; Pignatti et al., 2017-2019), indi-
cated that, for some shade-tolerant plants, seed banking is a feasible
strategy to persist and spread in the forest community. Remarkably,
the translocation of soil from the interior to the edge flattened these
differences, favouring the development of more light-demanding
communities.

4.5. Effects of upland to lowland translocation experiment

Temperature influences germination rate and seedling establish-
ment, suggesting that warmingwill affect, in the long term, the compo-
sition of the aboveground vegetation and, in turn, the future seed bank
of forest communities. Moreover, seedling emergence is usually syn-
chronized with seasonal changes in the environment (Baskin and
Baskin, 2014; Fenner and Thompson, 2005;Walck et al., 2011) implying
that forecasted changes in ecological cues may preclude, delay, or en-
hance regeneration from seeds, depending on the species (Walck
et al., 2011). In our experiment, the translocation of soil from upland
(between 300 and 800 m) to lowland areas (between 0 and
150 m) negatively affected seedling density, in both interior and edge
soil. An accelerated decline of seed viability by increased soil tempera-
tures was observed by Ooi (2012), and depletion of seed banks in re-
sponse to changing rainfall patterns driven by climate change was
reported by Basto et al. (2018). Lower seedling density in our experi-
ment was likely caused by the less optimal conditions for germination,
including changed rainfall and relative air humidity patterns at lowland
sites. Interestingly, translocation of soil to lowland did not affect the di-
versity of the resulting seedling communities, except for a single case of
decreasing species richness in edge soil. Translocation to lowland sites
influenced the relative abundance of the main ecological groups:
while forest specialists decreased, generalist species significantly in-
creased likely due to the warmer climate, leading to a generally in-
creased cover (Egli et al., 2004; Rustad et al., 2001; Buermann et al.,
2018) of the seedling communities at lowland sites. Seed germination
requirements of forest specialists were therefore not fully met (i.e. ab-
sence of chilling), while generalists found suitable conditions to germi-
nate and even increased their growth and productivity as found by
Sheridan and Bickford (2011). Hence, the general decrease observed
in seedling density was likely due to the decline of forest specialists.

5. Conclusions

We found that the realised forest soil seed bank contained many
generalist plants but also a considerable number of typical forest spe-
cies. This evidence underpin the functional importance of the soil seed
bank for forest understorey species, which has often been neglected.
The proportion of forest specialists was generally higher in dense forests
than open forests suggesting that forest management affects the germi-
nation responses from the seed bank and could help or prevent the
10
conservation of forest understorey diversity. Germination from the
seed bank was influenced by edge microclimate in a contrasting way,
depending onmacroclimate. Generally, it shifted the seed bank seedling
composition towards more light-demanding communities. Also, with
simulated warming, a more light and temperature demanding commu-
nity developed from the seed bank. These changes could alter, in the
long term, the aboveground vegetation composition and dynamics,
causing a thermophilization of the forest understorey and biodiversity
loss. Remarkably, the seed bank of thermophilous forests was more
plastic, due to the co-existence of numerous species that responded dif-
ferently depending on how variation in environmental conditions af-
fected their germination. We suggest that being more diverse,
thermophilous forest seed banks could perhaps better cope with these
environmental changes. Research on seed bank responses to edge ef-
fects in the face of climate warming can improve our ability to predict
the impact of these changes and to design optimal forest management
strategies. Further research on seed banks should consider forest edge
and interior microclimates when quantifying the functional role of for-
est seed banks.
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