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Abstract

o In mixed-species forest stands, large losses in tree species diversity often occur during the regen-
eration phase. In a former coppice-with-standards, we investigated whether the limiting stage in the
recruitment process of advance regeneration is the immediate seedling response to canopy release.
Experimental canopy gaps were opened and the survival and growth of advance seedlings (Fagus syl-
vatica, Acer pseudoplatanus, Acer campestre, Acer platanoides) growing in the gaps or under closed
canopy were monitored for three years.

o All species responded positively and rapidly to canopy release. Survival was not affected by gap
opening. Diameter increment after gap opening was similar across species, and height increment was
greater for Acer platanoides and for Acer pseudoplatanus. Post-release diameter and height growth
were mainly determined by pre-release seedling size. Competition from neighbouring seedlings did
not affect growth in the three years following canopy opening.

e In the recruitment process of F. sylvatica and Acer sp. advance regeneration, the recovery from
canopy release did not appear as a limiting step that would filter against some species. Pre-release
size was the main factor accounting for post-release growth and is probably a major determinant of
long-term seedling dominance.

Résumé — La réponse a I’ouverture du couvert ne filtre pas les semis préexistants de Fagus syl-
vatica et Acer sp. dans une forét mélangée tempérée.

e Dans les peuplements mélangés, une forte réduction de la diversité spécifique a lieu au cours de la
phase de régénération. Nous avons examiné dans un ancien taillis-sous-futaie dans quelle mesure la
réponse immédiate des semis a I’ouverture du couvert adulte pouvait limiter le recrutement de semis
préexistants. Des trouées ont été ouvertes dans le couvert, et la survie et la croissance de semis pré-
existants (Fagus sylvatica, Acer pseudoplatanus, Acer campestre, Acer platanoides), situés dans les
trouées ou bien sous couvert fermé, ont été suivies pendant trois années.

e Les quatre especes ont répondu positivement et rapidement a I’ouverture du couvert. La survie n’a
pas été affectée par ’ouverture. Pour les semis dans les trouées, I’accroissement en diametre était
similaire pour les quatre especes et 1’accroissement en hauteur était plus important pour Acer pla-
tanoides et Acer pseudoplatanus. La croissance en hauteur et en diametre apres ouverture étaient
principalement déterminées par les dimensions des semis avant ouverture. La compétition exercée
par les semis voisins n’a pas affecté significativement la croissance dans les trois années qui ont suivi
I’ouverture.

e La période d’acclimatation des semis aux nouvelles conditions aprés ouverture de la canopée
n’est pas apparue comme un stade limitant le recrutement des semis préexistants de Fagus sylva-
tica, Acer sp., ni comme un filtre vis-a-vis de 1'une des quatre especes. Les dimensions initiales des
semis constituaient le facteur principal expliquant la croissance apres ouverture, et probablement un
facteur explicatif important pour la dominance future des semis vis-a-vis de leurs voisins.

Article published by EDP Sciences
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1. INTRODUCTION

Paradigms in forest management practice have shifted in
recent decades towards the development of silvicultural sce-
narios that aim at preserving or promoting species diversity
during the regeneration process. In such scenarios, the main
difficulty is usually to maintain existing high species diversity
throughout the regeneration phase (Puettmann and Ammer,
2007). As pointed out by Peet and Christensen (1987), most
trees die during the early stages of forest development. In
most forests, the regeneration phase is characterised by exten-
sive seedling establishment and high mortality rates, and the
sharpest decrease in tree number and species diversity occurs
during this phase (Clark et al., 1999; Nakashizuka, 2001).

Among the different theories proposed to explain species
coexistence (Silvertown, 2004), two are particularly meaning-
ful for the design of management practices aimed at promoting
species diversity during regeneration:

(1) Niche differentiation along spatial gradients of resource
availability, long recognised as a potential mechanism for
the coexistence of species in plant communities (Grubb,
1977), has been widely implemented by forest managers.
Silvicultural scenarios have been developed in many types
of forests where large gradients of resource availability are
created over short spatial scales by opening canopy gaps
of different sizes and shapes. Tree species with different
requirements may regenerate and establish along these gra-
dients (Dalling et al., 1998; Pearson et al., 2003).

(2) Storage effect is a mechanism involved in the temporal
niche differentiation process. It occurs when tree species
have the ability to recover from long periods of low re-
cruitment after having been “stored” in the seed bank or in
the population of established recruits that survive over the
long term (Chesson et al., 2001). Although many theoret-
ical (Kelly and Bowler, 2002; Takenaka, 2006) and field
studies (Bourgeois et al., 2004; Parish and Antos, 2005)
have shown that storage effect may enhance species diver-
sity or may ensure successful regeneration of some tree
species, only a few silvicultural scenarios have been devel-
oped based on the use of persistent seedlings (also known
as advance seedlings) to promote species diversity, at least
in Europe.

Designing silvicultural scenarios that use advance regenera-
tion requires a clear understanding of the factors affecting the
successive steps of the recruitment process of advance regen-
eration. Three steps and their associated processes are usu-
ally considered (Parish and Antos, 2005): (i) survival of the
persistent seedling bank in the pre-harvest forest; (ii) immedi-
ate response of the advance seedlings to canopy opening; and
(iii) long-term survival and growth in the openings, in com-
petition with other seedlings. The relative importance of each
of the three steps in limiting the overall recruitment may vary
with site conditions, stand composition and structure, and cli-
mate (Silvertown, 2004). It is important to identify the most
limiting step with the greatest consequence for the final out-
come, and the main factors that filter against seedling sur-
vival and growth during these limiting steps. Adequate silvi-
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cultural treatments designed to overcome these limitations and
to favour the desired tree species may then be established.

The general objective of the present study was to identify
the limiting steps in the recruitment of advance regeneration in
a former coppice-with-standards. Coppice-with-standards are
typical formations of western Europe, usually characterised
by high species diversity in the canopy and in the under-
storey (Decocq et al., 2005; Gonzalez et al., 2008). In a former
coppice-with-standards in north-eastern France, Collet et al.
(2008) observed that despite a large tree species diversity (up
to 12 species) in the overstorey, the new tree population at the
end of the regeneration phase was strictly dominated by two
species (Fagus sylvatica L. and Acer pseudoplatanus L.), and
that creating canopy gaps of different sizes did not result in a
more diverse regeneration. In these forests, dominant F. syl-
vatica and A. pseudoplatanus seedlings mainly originate from
advance regeneration that persisted under the closed canopy in
the pre-harvest stand. Two additional species, Acer campestre
L. and A. platanoides L., are present in high numbers in the
persistent seedling bank, but are totally absent at the end of the
regeneration phase. Two features may possibly filter against
the two latter species: (1) an inability to positively and rapidly
respond to canopy opening; and (2) an inability to compete
with F. sylvatica and A. pseudoplatanus after canopy open-
ing. Additionally, these two features may be modulated by
the social status and the size of individuals within the persis-
tent seedling bank (Grogan et al., 2005; Krasowski and Wang,
2003).

Our study was designed to examine the immediate response
of advance F. sylvatica, A. pseudoplatanus, A. campestre and
A. platanoides to canopy release. We opened experimental
canopy gaps and monitored the survival and growth of advance
seedlings in gaps or under a closed canopy for four years.
We analysed the combined effects of competition from neigh-
bours, light availability and initial size on seedling survival and
growth. Our specific objectives were: (1) to assess whether the
limiting stage in the recruitment process of A. campestre and
A. platanoides is the recovery from gap creation, i.e., whether
the absence of seedlings at the end of the regeneration phase
may be ascribed to a negative immediate response (mortal-
ity or lack of rapid post-release growth) to canopy opening;
(2) to assess the extent to which the immediate response of
individual seedlings was related to their initial size; (3) to dis-
cuss implications for silvicultural scenarios aimed at promot-
ing species diversity in former coppice-with-standards.

2. MATERIAL AND METHODS
2.1. Study site

The study site was located in the Graoully forest
(49° 04" 40” N, 6° 01’ 02” E), close to Metz in Lorraine,
north-eastern France, on a limestone plateau at approximately
300 m asl. Soil characteristics (a 40- to 60-cm-deep calcisol)
were homogeneous over the whole site (Piboule et al., 2005).
Annual average temperature and precipitation were 10.1 °C
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Table I. Characteristics of the four regeneration patches under canopy (C) and in gaps (G) in the two plots, assessed during spring and summer
2005: range of relative irradiance values (RI), patch size, average seedling density, seedling height and diameter (mean +SE) for each species.

Plot 1 Plot 2
C G C G
RI (min-max %) 4.3-6.8 24.0-36.8 3.0-7.2 35.9-49.9
Patch size (m?) 58.9 66.6 65.9 79.9
Average seedling density (m™2) 4.7 6.9 12.5 18.9
Diameter (mm)
A. pseudoplatanus 2.65 + 1.55 4.46 + 1.58 2.86 + 1.37 2.68 = 1.30
A. campestre 1.6 £0.93 321 +1.18 1.84 + 0.94 1.62 +0.65
A. platanoides 2.16 = 1.39 441 +1.57 2.00 = 0.93 2.16 £ 1.20
F sylvatica 4.86 +2.32 5.57 £2.36 5.89 £3.97 4.86 +2.59
Height (cm)
A. pseudoplatanus 433 +£19.0 447+21.9 21.5+10.5 185+ 11.2
A. campestre 17.6 £ 8.2 26.8 +13.9 13.1 +6.7 11.3+4.7
A. platanoides 26.7 +17.7 34.£17.6 132+72 13.5+8.1
F sylvatica 66.4 +32.0 71.2+35.3 61.7 £40.9 51.4 +26.8

and 745 mm, respectively. The stand had been managed un-
der a coppice-with-standards regime until the beginning of the
1960s, when the conversion into high forest began. As of that
date, harvesting of the coppice stopped and only a few sani-
tary thinnings were performed. In 2003, the stand was domi-
nated by F. sylvatica L. and Carpinus betulus L., on a basal
area basis. Stand basal area was 25.6 m?ha™' and density
was 550 stems ha~!. Dominant trees (former standards) were
mainly F sylvatica, Quercus petraea (Matt.) Liebl., Q. robur
L., A. pseudoplatanus, A. platanoides, Fraxinus excelsior L.,
and some scattered Sorbus torminalis (L.) Crantz.. Coppice
was mainly composed of C. betulus, A. campestre, Tilia cor-
data Mill., T. platyphyllos Scop. and S. aria (L.) Crantz.. An
abundant natural regeneration was present below the canopy
in most of the stand.

In June 2004, two distinct plots, 300 m apart, containing
a mixed advance regeneration of F. sylvatica, A. pseudopla-
tanus, A. campestre and A. platanoides growing in an inti-
mate mixture, were selected within the site. Each plot was split
into two subplots, 50 m apart. The plots and subplots were se-
lected in order to ensure similar pairs of subplots in terms of
average species composition, density and seedling height. A
felling was carried out during January 2005 above one sub-
plot of each plot, resulting in increased irradiance (gap treat-
ment: G), while the full canopy was maintained in the other
subplot (canopy treatment: C). In each of the four subplots
(in gaps or under canopy), the boundaries of a regeneration
patch with irregularly clumped seedlings were determined.
Patch size, average seedling density, average seedling size and
species composition in the selected patches are indicated in
Table I. A total number of 225, 1830, 664 and 293 seedlings
were selected for F. sylvatica, A. pseudoplatanus,A. campestre
and A. platanoides, respectively. A companion study (Caquet,
2008) performed on F. sylvatica and A. pseudoplatanus in
the same stand showed that small seedlings with a diameter
of up to 3—4 mm were generally less than 10 years old. For
larger seedlings (diameter > 4 mm), age was more variable
and ranged between 10 and 35 y. Similar information was not
available for A. campestre and A. platanoides.

At the beginning of the experiment, a few other woody
or herbaceous species were scattered in the selected patches
and were manually removed in order to avoid any competition
from other species. However, creeping Hedera helix L. was
not removed to avoid seedling uprooting. Manual vegetation
control was performed twice a year throughout the duration of
the experiment to prevent the establishment of new seedlings
or neighbouring vegetation. The plots were fenced to prevent
browsing by deer.

2.2. Measurements

During March 2005, all seedlings in the studied plots were
labelled and mapped. During March 2005 and December
2005, 2006 and 2007, the status (dead or alive), total height
(stretched length) and basal diameter (5 cm above ground)
were measured for each seedling.

In summer 2005, hemispherical photographs were taken
with a digital camera (Coolpix 5000 with a FC-E8 fish-eye
lens, Nikon Corporation, Tokyo, Japan) at a height of 1.50 m
on a2 m X 2 m grid in each regeneration patch. Photographs
were manually thresholded to black and white, and rela-
tive irradiance (RI) was calculated for each photograph us-
ing HemIMAGE software (Brunner, 1998). The RI above each
seedling was then calculated by linear interpolation between
the RI measurement points, located on the grid. The range
of RI values calculated in each regeneration patch in summer
2005 is reported in Table 1.

2.3. Analytical approach

The general objective was to analyse the combined effects
of competition from neighbours, light availability and initial
seedling size on seedling height and diameter increment for
each of the four species, using ordinary least-square regression
models. All data treatments and statistical analyses were per-
formed with R version 2.6.1 software (R Development Core
Team, 2007).
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2.3.1. Selection of independent variables

The degree of competition induced by neighbouring tree
seedlings on each seedling was quantified using competition
indices (CI). We compared different CIs that accounted for the
number, the size and/or the distance of neighbouring seedlings.
In a preliminary analysis, we also tested the effect of neigh-
bour species identity on the growth of the target seedlings. No
statistically significant effect of neighbour species identity was
found and neighbour species was therefore not introduced into
the selected CIs. A series of circular neighbourhoods centred
on the target seedling with radii ranging from 10 to 200 cm
was tested.

All CIs were of the following general form:

size;
Cl, =
" Z weigh j;

where CI;, is the CI around target seedling i taking
all seedlings within a neighbourhood with radius r =
{10, 20, 30, .. ., 200 cm} into account, size; is the size of neigh-
bouring seedling j (size; = height;, or size; = BA;, where
height; and BA; are the height and basal area of seedling j,
respectively, or size; = 1), and weigh; is a weighing coeffi-
cient for seedling j (weight;; = dist;;, where dist;; is the dis-
tance between target seedling 7 and neighbouring seedling j, or
Weightﬁ = (l—distji)z, or Weightﬁ = 1) (Collet and Chenost,
2006; Silander and Pacala, 1985).

The different CIs calculated over the different neighbour-
hoods were compared. However, in the final analysis, the ef-
fects of CI on seedling growth were not statistically signifi-
cant (see results). Therefore, for reasons of brevity, we have
presented only the CI that performed the best, which was de-
fined as the sum of the basal area of all neighbouring seedlings
located in a 70-cm-radius circular neighbourhood centred on
the target seedling (in the above equation: size; = BA; and
weightﬁ = 1, with » = 70 cm). Since this CI could not be cal-
culated for target seedlings located at less than 70 cm from the
plot boundary, only the seedlings located at more than 70 cm
of the plot boundary were considered in models that included
CI (2926 seedlings out of 3 074 seedlings).

In a first analysis, the effects of relative irradiance on
seedling height and diameter growth were modelled using al-
ternative growth-irradiance functions, which expressed growth
as: (i) a constant effect within each treatment; (ii) as a linear
function of the interpolated R/ values above each seedling;
or (iii) as a combination of a linear function of R/ above
each seedling and a treatment effect. These different functions
were introduced into models that expressed height or diam-
eter growth as a function of competition, R/ and initial size,
and then compared. The differences among the resulting mod-
els were small: pairwise model comparison indicated signifi-
cant differences between models (p — value < 0.05) only for
A. pseudoplatanus and A. platanoides (for both height and di-
ameter growth) and the differences in adjusted-r> among the
best and the worst of the three models was always less than
0.045 for all species (data not shown). Therefore, the sim-
plest form expressing the effect of R/ as a constant effect
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within each treatment was selected in all subsequent models
(treatment = G or C).

Initial seedling size was introduced into the models in the
form of stem diameter or height at the beginning of the growth
period. At the beginning of the experiment (2005), no correla-
tion was detected between the three independent variables (CI,
treatment, initial size).

2.3.2. Model development

Model development involved two steps.

Step 1. Identifying the best set of independent variables to ex-
plain height and diameter increments over the three years, in
a model form that could fit all four species. The choice of the
best model form was based on:

(1) Comparison of different transformations (logarithm,
square root) of both independent or dependent quantita-
tive variables using distribution of residuals, constancy of
variance and adjusted-r2. Following this analysis, models
including the logarithm of growth, the logarithm of ini-
tial size and untransformed values of CI were chosen. The
models including the other transformations of variables are
not presented.

(2) Comparison of full models that contained all indepen-
dent variables (initial size, treatment and CI) and their
interactions to the highest order, and restricted models
(containing only a subset of the independent variables),
using ANOVAs to test the inclusion of the different
independent variables.

Step 2. Using the selected model to analyse the effects of
competition, treatment and initial size on height and on
diameter growth, for each year and for each of the four species
separately.

Some negative increment values were found as a result of
height or diameter measurement errors or stem dieback. When
fitting the models, these negative values were kept in order not
to introduce any bias. When using log or square root transfor-
mations, a constant value (k, lower than the smallest negative
value) was added to all individual increment values in order to
allow calculation.

3. RESULTS
3.1. Model selection

Full models containing all independent variables (com-
petition index-CI, initial size, relative irradiance treatment
“Canopy-C” or “Gap-G”) and their interactions were com-
pared to models where one of the three independent variables
was removed, for each species and for height and diameter in-
crements over the three years. The ANOVAs showed that the
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Figure 1. Basal diameter of canopy and gap seedlings of the four species (mean + SEM) as a function of year after gap opening.

effects of initial size and treatment were statistically signifi-
cant in all models (p < 0.001 for all species). On the contrary,
CI appeared to have a significant effect only for height incre-
ment of A. pseudoplatanus (p < 0.01). For all other species, its
effect was never statistically significant (p > 0.05), indicating
that at this stage, seedlings were probably too small to sig-
nificantly affect their neighbours. The competition index was
therefore removed from all subsequent models.

The model finally selected to compare the response of the
four species to canopy opening was:

log(growth + k) =
log(initial size) + treat + log(initial size) - treat

where growth refers to individual seedling diameter or height
increment over a given period, initial size to seedling diam-
eter or height at the beginning of the growth period, freat to
seedling treatment (treat = 0 for seedlings in G and treat = 1
for seedlings in C), and k to a constant to avoid negative values
of growth.

3.2. Mortality, diameter and height growth

Mortality over the three years of the experiment was 5, 9,
5 and 10% for F. sylvatica, A. pseudoplatanus, A. platanoides
and A. campestre, respectively. For each of the four species,
chi-square tests did not detect significant differences between
C and G, or among the three years.

At the beginning of the experiment, average diameter and
height were similar in C and G for the four species. Irrespec-
tive of treatment, F. sylvatica seedlings were on average larger
and taller, and A. campestre seedlings smaller than the other

species (Tab. I). Three years after canopy opening, seedlings
in the gaps displayed significantly greater diameter and height
than those under canopy in all species (p < 0.001, Figs. 1
and 2).

One year after gap opening, mean diameter was signifi-
cantly larger in G than in C for all four species (p < 0.05).
For A. platanoides, height growth response to canopy open-
ing was immediate and mean total seedling height was signif-
icantly greater in G than in C the first year after gap creation
(p = 0.002). For the three other species, height growth re-
sponse to canopy opening showed a one-year time lag and sig-
nificant differences appeared between the two treatments only
two years after canopy opening (p < 0.01 for A. pseudopla-
tanus and A. campestre and p < 0.02 for F. sylvatica). For all
species, these differences increased later on.

Diameter growth models for F. sylvatica and A. pseudopla-
tanus generally had a greater predictive ability (adjusted-r?)
than height growth models (Tab. II). The opposite trend was
observed with A. platanoides, and the higher predictability
for height growth was attributed to a stronger effect of initial
seedling size in treatment G for this species.

For the three Acer species, diameter and height increment
increased with initial size in G and remained constant, irre-
spective of initial size in C (Figs. 3 and 4, Tab. II). For F. syl-
vatica, diameter growth increased with initial size, whereas
height growth did not depend on initial size in either treatment.

Three years after gap opening, large differences occurred
in average seedling diameter among the four species in G
(Fig. 1). However, most of the interspecific differences were
absorbed by taking the initial size into account (Fig. 5).
Similarly, in C, all species had similar diameter increments
once initial size had been considered. A different pattern was
observed for height increment in G. Three years after gap
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Figure 2. Height of canopy and gap seedlings of the four species (mean = SEM) as a function of year after gap opening.

creation, large differences in average seedling height also ex-
isted among the four species in G (Fig. 2). However, consid-
ering initial size did not remove all the differences in height
in 2007 among the four species (Fig. 5). For initially small
seedlings (initial height in 2004 < 30 cm), height increment
was similar for all species. However, for taller seedlings (ini-
tial height in 2004 > 30 cm), A. platanoides seedlings showed
a larger increment for a given initial height, A. pseudopla-
tanus had an intermediate height increment and F. sylvatica
had the lowest increment. Very few A. campestre seedlings
were initially taller than 30 cm, precluding the comparison in
this range of initial height for this species.

4. DISCUSSION
4.1. Seedling response to canopy opening

All four species displayed a rapid growth increase af-
ter canopy opening. As previously shown for F. sylvatica
(Collet and Chenost, 2006) and other species (Aussenac, 2000;
Kneeshaw et al., 2002), the response of F. sylvatica and the
three Acer species to sudden canopy opening involved a rapid
increase of diameter increment and a slightly delayed increase
of height increment. In addition to the rapid growth response,
seedling mortality was not significantly altered by gap cre-
ation, in contradiction with the few studies where post-release
mortality of advance regeneration was recorded (Orlander and
Karlsson, 2000; Parish and Antos, 2005). In the present study,
the development of all non-tree vegetation was strictly con-
trolled throughout the duration of the experiment, which may
explain some of the differences observed with other studies
conducted under natural conditions. Herbaceous vegetation

usually shows a rapid establishment and growth immediately
after canopy release and, if not controlled, may strongly re-
duce seedling growth and survival (Balandier et al., 2006).
Differences among species in the magnitude of response
to canopy opening have been repeatedly reported (Kneeshaw
et al.,, 2002; Wright et al., 2000). Our first objective was
therefore to test whether differences in the response to gap
opening occurred among Fagus and the three Acer species,
which could filter against A. platanoides and A. campestre
and explain their absence at later stages of the regeneration
phase. The four species displayed similar patterns of diam-
eter growth after canopy opening. On the contrary, height
growth dynamics differed among species and when compar-
ing height growth for a given initial height, the species were
ordered as follows (from largest to smallest increment): A. pla-
tanoides, A. pseudoplatanus, and F. sylvatica. Due to smaller
size, it was more difficult to compare A. campestre to the other
species, but over the size range common to all species, no ev-
idence of a poorer height growth response could be observed
for A. campestre. The ability to survive and to recover active
growth immediately after canopy opening was therefore not a
process that filtered against A. platanoides and A. campestre.
Within each of the four species, growth after canopy open-
ing was mainly controlled by pre-release seedling size. Be-
fore canopy opening, F. sylvatica seedlings were taller and dis-
played larger basal diameter than Acer seedlings and, among
the Acer species, A. pseudoplatanus seedlings were the largest
and A. campestre the smallest. A survey of the persistent
seedling bank under closed canopy performed at stand scale
(Collet et al., 2008) showed an identical ranking of the four
species when comparing seedling height and diameter. This
ranking is consistent with the composition of the regenera-
tion at the end of the regeneration phase, which is strictly
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Table II. Predicting individual seedling height and diameter growth for the four species and for four growth periods: model predictive ability

(adj-R?) and coefficient estimates.

Model coefficients

Increment Species Growth k& value n Adj-R? Intercept  Initial size ~ Treatment Initial size
period X treatment
Diameter  A. pseudoplatanus ~ 04-07 1 1668 0.53 051 0.75 -0.032 n.s. -0.68
04-05 2 1806 0.20 0.85 0.14 —0.046 n.s. -0.13
05-06 2 1712 0.41 0.42 0.46 0.46 n.s. -0.47
06-07 2 1668 0.54 0.59 0.42 0.18 -0.41
A. platanoides 04-07 1 280 0.36 0.97 0.61 -0.13 n.s. -0.56
04-05 2 292 0.24 1.01 0.14 -0.10 -0.17
05-06 2 287 0.20 0.43 0.53 0.56 -0.55
06-07 2 280 0.47 0.64 0.46 0.18 -0.44
A. campestre 04-07 1 586 0.33 0.93 0.31 -0.21 -0.42
04-05 2 641 0.14 0.96 0.034 n.s. —-0.096 0.071
05-06 2 596 0.09 0.66 0.24 0.29 -0.32
06-07 2 586 0.39 0.91 0.16 -0.12 -0.17
F sylvatica 04-07 1 215 0.78 1.29 0.50 -0.88 —0.11 n.s.
04-05 2 223 0.55 1.03 0.18 -0.28 —-0.072 n.s.
05-06 2 216 0.52 0.72 0.36 0.10 n.s. -0.28
06-07 2 215 0.64 0.55 0.49 0.064 n.s. -0.30
Height A. pseudoplatanus 0407 37 1668 0.44 2.89 0.38 0.63 -0.32
04-05 51 1806 0.01 3.93 0.0097 -0.024 n.s.  0.0028 n.s.
05-06 40 1712 0.20 3.43 0.13 0.28 -0.13
06-07 37 1668 0.62 2.68 0.37 0.86 -0.34
A. platanoides 04-07 37 280 0.670 2.58 0.64 1.07 -0.59
04-05 51 292 0.45 3.70 0.12 0.25 -0.13
05-06 40 287 0.70 2.99 0.34 0.70 -0.32
06-07 37 280 0.78 2.71 0.40 0.78 -0.32
A. campestre 04-07 37 586 0.34 3.33 0.26 0.33 -0.22
04-05 51 641 0.04 4.04 -0.038 -0.11 0.043
05-06 40 596 0.27 3.47 0.14 0.24 -0.13
06-07 37 586 0.57 3.06 0.27 0.49 -0.22
F. sylvatica 04-07 37 215 0.21 4.15 0.047 n.s. —0.57 n.s. 0.017 n.s.
04-05 51 223 0.01 4.01 -0.016 n.s.  —0.28 n.s. 0.073 n.s.
05-06 40 216 0.30 3.72 0.064 -0.064 n.s.  —0.029 ns.
06-07 37 215 0.53 3.57 0.13 -0.027 n.s.  —0.090 n.s.

Tested model: log(growth + k) = log(initialsize) + treat + log(initialsize) - treat where growth refers to diameter or height growth over the growth period,
initial size to diameter or height at the beginning of the growth period, freat to treatment (treat = 0 for G and treat = 1 for C). All models presented are
statistically significant (p < 0.05). All coefficient estimates presented are significantly different from O (p < 0.05), unless otherwise specified (n.s.).

dominated by F. sylvatica and A. pseudoplatanus, suggesting
a possible causal relationship. Similarly, Beaudet et al. (2007)
suggested that in the case of two other shade tolerant species
(Fagus grandifolia and Acer saccharum), when the canopy
is opened, competition for light in gaps tends to maintain or
reinforce a pre-existing hierarchy between species instead of
reversing it, especially when interspecific differences in post-
disturbance growth are small.

At the end of the three years, seedlings of A. platanoides
and A. campestre were still present in the seedling bank and

displayed the same vitality than the other species, as suggested
by large height and diameter increments. The filter against
A. platanoides and A. campestre is therefore expected to occur
during the next steps of the regeneration process, most prob-
ably in relation to increasing competition among seedlings.
Intra- and interspecific competition among tree seedlings did
not play a significant role during the acclimation period. How-
ever, since seedling density was high, competition among
seedlings is expected to become more intense during the fol-
lowing years as the seedlings grow and preempt more available
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Figure 3. Relationships between initial diameter (D04, measured in 2004) and diameter increment over the whole growth period (D07-D04)
for Canopy and Gap seedlings of the four species. Data are represented on a log-log scale.
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Figure 4. Relationships between initial height (H04, measured in 2004) and height increment over the whole growth period (HO7-H04) for
Canopy and Gap seedlings of the four species. Data are represented on a log-log scale.
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Figure 5. Relationship between initial diameter or height (D04, HO4) and diameter or height reached three years after canopy opening (D07,
HO7) for canopy and gap seedlings, for each of the four species. Vertical bars represent the pointwise 95% confidence interval for the predictor.

resources. Under the irradiance levels prevailing at the study
site (RI < 50%), F. sylvatica seedlings are known to be
very competitive towards other species (Stancioiu and O’Hara,
2006). Data about the competitivity of the three Acer species
at these stages would be needed to estimate the effect of inter-
seedling competition on the survival and growth of the four
species, but are still lacking.

Irrespective of the effective competitive ability of A. pla-
tanoides and A. campestre seedlings towards other tree
species, their small size constituted a major disadvantage,
compared to F. sylvatica and A. pseudoplatanus seedlings
(Bohn and Nyland, 2003). This handicap already existed at
the beginning of the study when the gaps were created and in-
creased during the three years after gap opening, even in the
absence of significant competition among seedlings, as a re-
sult of the positive relationship between seedling growth and
size. In addition, this disadvantage should become more pro-
nounced with the probable onset of a significant inter-seedling
competition (Ammer et al., 2008) and should eventually lead
to the death of A. platanoides and A. campestre seedlings.

4.2. Dynamics of the persistent seedling bank

Since seedling size before canopy opening was the main
factor explaining post-release growth and is probably also a

major determinant of long-term seedling dominance, ques-
tions arise as to the formation of the seedling bank under
closed canopy and the development of size hierarchies within
the seedling bank.

Coppice-with-standards are characterised by regular and
frequent thinnings that create suitable conditions for light-
demanding species (Van Calster et al., 2008). Until the
1960’s, the study forest was managed according to these
principles and many light-demanding species could estab-
lish. Tt was then converted into high forest and, as of that
date, only a few low-intensity thinnings were performed,
creating small canopy gaps that rapidly closed again. The
seedling bank observed at the beginning of the experiment in
the undisturbed stand had established under such a canopy
disturbance regime. These regimes, where intermediate and
transient canopy disturbance events prevail, are typical of
F. sylvatica-dominated high forests of central and western Eu-
rope (Nagel and Diaci, 2006). These perturbation regimes
were recognised as favouring shade-tolerant species that form
advance regeneration under closed canopy and that are able to
take advantage of small ephemeral canopy openings (Webster
and Lorimer, 2005), where successful trees often undergo mul-
tiple suppression-and-release episodes prior to reaching the
upper canopy (Canham, 1988; Wright et al., 2000). F sylvat-
ica has been described as having a stop-and-grow behaviour
(Hahn, 2007), therefore making it well adapted to canopy
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opening regimes where small gaps are created. Similar data
are not available for the three Acer species at this time.

In the present experiment, low mortality and continuous
height and radial growth under closed canopy conditions were
observed for all four species, supporting previous studies
that reported a high shade tolerance for F. sylvatica (Madsen
and Hahn, 2008; Stancioiu and O’Hara, 2006), A. pseudo-
platanus (Hein et al., 2009; Petritan et al., 2009), A. pla-
tanoides (Webster et al., 2005) and A. campestre (Modry et al.,
2004). Under a closed canopy, the four species had very simi-
lar growth-size relationships, showing that the differences ob-
served in their social status within the persistent seedling bank
do not originate from interspecific differences in height or di-
ameter growth under low light conditions. Many studies have
suggested that the differences observed in the social status of
the four species may have originated in inter-specific differ-
ences in survival rates under closed canopy (Tanaka et al.,
2008) and, more specifically, in differences in the relation-
ship between survival rate and seedling size. This relation-
ship may strongly vary among species, leading to interspecific
differences in maximum seedling height observed under low
light conditions (Kubota et al., 1994; Messier et al., 1999).
However, the present study did not allow to accurately esti-
mate seedling mortality rates because of the short duration of
the study and the small size of selected regeneration patches
with respect to the high temporal and spatial stochasticity of
mortality occurrence.

4.3. Implications for forest management

Former coppice-with-standards growing on limestone sites
in Western Europe are usually characterised by a highly di-
versified overstorey. These stands typically include a mixture
of shade-tolerant, intermediate and intolerant species, and the
species diversity may be difficult to maintain when regenerat-
ing the stand using traditional silvicultural methods. Several
studies have shown the difficulty of sustaining the future of
some particular species in these stands despite their presence
in the canopy and have highlighted the need for adapted re-
generation methods (Butler Manning, 2007; Van Calster et al.,
2008). An earlier study (Collet et al., 2008) showed that in sit-
uations where advance regeneration is well established, meth-
ods based on the creation of gaps of different sizes may not
lead to a higher species diversity and suggested that additional
silvicultural treatments would be needed to obtain a more di-
verse regeneration. Otherwise, the high diversity existing in
the mature stand might be lost in a single generation.

The present study focused on the recruitment of advance
seedlings persisting under a closed canopy (F. sylvatica,
A. pseudoplatanus, A. platanoides and A. campestre) and
showed that the period of acclimation to sudden exposure to
open canopy conditions was not a limiting step in the recruit-
ment process of the seedlings. These observations imply that
silvicultural treatments using more gradual canopy opening in
order to alleviate post-release shock as proposed by Messier
et al. (1999) or by Krazowski and Wang (2003) would not help
in maintaining existing species diversity in this type of stands.

B. Caquet et al.

On the contrary, all four species respond positively to canopy
opening, and subsequent competition with other tree species is
most probably the process that limits the recruitment of A. pla-
tanoides and A. campestre, suggesting that tending treatments
controlling the development of the competing advance F. syl-
vatica and A. pseudoplatanus seedlings before or immediately
after canopy opening should be recommended in order to en-
hance A. platanoides and A. campestre recruitment.
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