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† Background and Aims The coexistence of forest tree species has often been linked to differences among species in
terms of their response to light availability during the regeneration stage. From this perspective, species coexistence
results from growth–growth or mortality–growth trade-offs along spatial light gradients. Experimental evidence of
growth–growth trade-offs in natural conditions is sparse due to various confounding factors that potentially hinder
the relationship. This studyexamined growth hierarchies along light gradients between two tree species with contrast-
ing shade tolerance by controlling potential confounding factors such as seedling size, seedling status, seedling
density and species composition.
† Methods Natural regenerated shade-tolerant Fagus sylvatica and shade-intermediate Quercus petraea seedlings
were used, and growth rankings over a 4-year period were compared in 8- to 10-year-old tree seedlings.
† Key results No rank reversal occurs between the two species along the light gradient, oralong the density, mixture or
seedling size gradients. The shade-tolerant species was alwaysthe more competitive of the two. Pronounced effects of
initial size on seedling growth were observed, whereas the effects of light and competition by neighbours were of
secondary importance. The paramount effect of size, which results from the asymmetric nature of interseedling com-
petition, gives a strong advantage to tall seedlings over the long term.
† Conclusions This studyextendspreviousefforts to identifypotentialdriversof rankreversals in young tree mixtures. It
does not support the classical assumption that spatial heterogeneity in canopy opening explains the coexistence of the
two species studied. It suggests that spatial variation in local size hierarchies among seedlings that may be caused by
seedling emergence time or seedling initial performance is the main driver of the dynamics of these mixed stands.

Key words: Rank reversal, seedling growth, density, mixture, niche differentiation, forest dynamics, succession,
competition gradient, plant–plant interactions, Fagus sylvatica, Quercus petraea.

INTRODUCTION

In temperate forests, light competition among trees is traditionally
seen as a major process underlying stand dynamics (Oliver and
Larson, 1996). On the basis of this assumption, differences
in species response to light availability largely determine species
coexistence and, eventually, forest community composition and
structure (Denslow, 1987; Canham et al., 1994; Silvertown,
2004). During the regeneration phase, these differences lead to dis-
tinct regenerationnichesalongspatialgradientsof lightavailability
(Grubb, 1977). According to this theory, canopy gaps play a key
role in the maintenance of tree species diversity (Runkle, 1981),
guaranteeing species establishment with different light require-
ments (Gravel et al., 2010). Shade-tolerant species that experience
high survival rates under low light and moderate growth response
to canopy openings grow in closed canopy conditions. At the other
extreme, shade-intolerant species with high mortality under low
light and strong growth response to canopy openings dominate in
open canopy conditions (Kobe et al., 1995; Kobe, 1997). These
contrasting strategies can lead to changes in growth hierarchies
along a light gradient.

Two models of changes in growth hierarchies along light avail-
ability gradients have beenproposedfor youngmixed forest stands

comprising tree species with contrasting shade tolerance (Sack
and Grubb, 2001). According to the first model, light-demanding
species grow faster than shade species at high light levels, whereas
the opposite occurs at low light levels, inducing rank reversals in
growth rates among species along the light gradient (Thomas
and Bazzaz, 1999). Alternatively, other studies (Kitajima, 1994;
Poorter, 1999; Rüger et al., 2011) reported that light-demanding
species grow faster than shade species at all light levels and did
not observe any growth rate crossover along the light gradient.
Beyond the idiosyncrasy of each plant community, such disparate
results may be produced by variations in factors affecting inter-
tree competition such as tree size, population density and specific
composition (Sack and Grubb, 2001; Boyden et al., 2009).

First, initial seedling size needs to be considered. Small differ-
ences in seedling size, whether they are caused by individual vari-
ability or by environmental microheterogeneity, are often
magnified over time (Cannell et al., 1984; D’amato and
Puettmann, 2004) The non-linear relationship between growth
rate and initial size commonly observed in many plant
species provides an advantage for larger individuals compared
with smaller individuals, even in the absence of competition
(Schwinning and Weiner, 1998). Resource competition,
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particularly for light, amplifies this growth advantage. Larger in-
dividuals are then able to pre-empt a disproportionate share
of available resources and to outgrow smaller individuals
rapidly (Sánchez-Gomez et al., 2008; Caquet et al., 2010;
Gómez-Aparicio et al., 2011). This framework implies that both
absolute seedling size and relative size within the population
(i.e. social status) should be taken into account when analysing
the growth dynamics of seedlings competing for light (D’amato
and Puettmann, 2004).

A second factor is local seedling competition. Local plot density
andspeciescompositiondetermine the make-upof thecompetitive
neighbourhood of individual seedlings. They are widely used as
explanatory variables in studies of competitive interactions in
young mixed tree populations (e.g. Boyden et al. 2009; Caquet
et al., 2010). Surprisingly, to our knowledge, no study has yet ana-
lysed the influence of local competition on the occurrence of rank
reversals among tree seedlings along light gradients. Many studies
involve isolated plants (Baraloto et al., 2005; Baltzer and Thomas,
2007; Seiwa, 2007), and most other studies do not describe the
competitive environment of measured seedlings (Poorter and
Arets, 2003; Kunstler et al., 2005; Beaudet et al., 2007; Lilles
and Astrup, 2012). As seedling density increases, competition
becomes more intense and available light more depleted, leading
to reduced average individual growth, increased size variability
among seedlings and, eventually, magnified differences in
species performances (Hara and Wyszomirski, 1994;
Schwinning and Weiner, 1998; Boyden et al., 2009). Boyden
et al. (2009) showed that in full light conditions, shade-intolerant
species, which achieve early size dominance, increase their advan-
tage over more shade-tolerant species when plot density is higher,
whereas at low plot density, their advantage over shade-tolerant
species is reduced. In contrast, in low light conditions, shade-
tolerant species may be expected to be less affected than intolerant
species by neighbour competition due to the further reduced
amount of available light. In such a scheme, crossover among
species along light gradients should occur more frequently at
higher density. Similarly, species composition within a mixture
is known to affect relative species performances due to species-
dependent resource capture strategies (Grime, 1979; Tilman,
1982, 1988). Changes in the nature of interspecific and intraspecif-
ic interactionsalongdensitygradients influence theoverallproduc-
tion, and it is theorized that mixed stands might achieve greater
overall productivity than monocultures of one species (Tilman,
1982). However, interactions between plant density, species com-
position and resource availabilityare of acomplex nature, and little
knowledge is presented in today’s literature.

In the present study, we examined growth variations in young
natural mixtures of oak (Quercus petraea) and beech (Fagus syl-
vatica) along light gradients and examined how they are affected
by seedling size, seedling density and species composition. The
two broadleaf species play critical roles in the mid and late succes-
sion dynamics of western and central European forests. They were
chosen to represent contrasting growth strategies. Beech is classi-
fied asveryshade tolerant,withgrowth approaching an asymptotic
value at around 30 % light during the seedling stage (von Lüpke
and Hauskeller-Bullerjahn, 2004; Petritan et al., 2007). Oak has
a low shade tolerance and experiences maximal growth in full
light conditions (Landolt, 1977; Ellenberg et al., 1992).
Contradictory results have been reported on the relative perform-
ance of the two species along light gradients. In a greenhouse pot

experiment, Dreyer et al. (2005) showed that 2-year-old oak seed-
lings had superior growth over beech seedlings at all light levels
along a wide gradient of light availability. In a plantation experi-
ment, von Lüpke and Hauskeller-Bullerjahn (2004) observed
rank reversals in height growth between the two species at relative
light intensity levels around 40 %, with beech being more com-
petitive below the threshold light values and oak being more com-
petitive above the thresholds. In different contexts, silvicultural
field experiments extended the superior competitive performance
of beech seedlings towards oak among all the light gradient (e.g.
Quercus robur and Quercus petraea) (von Lüpke, 1998;
Kunstler et al., 2005; Wagner et al., 2010). The conflict among
these observations may arise from a variety of factors, including
tree developmental stage and population structure (density, com-
position and dominance), a series of factors that are usually found
to be highly correlated in natural conditions.The main objective of
the present study is to analyse how these factors may influence po-
tential rank reversals along light gradients between oak and beech
seedlings.

Throughout western and central Europe, oak regenerates with
difficulty when mixed with beech in both managed and unman-
aged forests (von Lüpke, 1998). For conservation and for produc-
tion purposes, forest managers often attempt to maintain or even
to favour oak over beech (Geßler et al., 2007) and require silvi-
cultural methods to enhance the performance of oak seedlings.
A secondary objective of this study is to identify the factors
(light availability, seedling population structure) on which silvi-
cultural operations should focus during the regeneration stage in
order to favour oak over beech.

The following hypotheses were tested: (1) oak and beech show
growth rank reversal along light gradients found in semi-natural
forests, beech being superior to oak at low light levels and infer-
ior at high light levels; (2) when density increases, differences in
species performances increase and potential rank reversals
become more pronounced; (3) seedling size strongly affects
seedling growth and must be taken into account to test the first
two hypotheses; and (4) beech seedlings are strongercompetitors
than oak seedlings for neighbouring oak seedlings at all light
levels. Finally, since the explanatory variables chosen corres-
pond to factors that are dealt with through standard silvicultural
operations (canopy opening, tending operations, control of
species composition), practical recommendations to manage
mixed oak and beech regenerations will be proposed.

In a mixed oak and beech stand undergoing natural regener-
ation, we selected plots along gradients of light availability,
local competition and seedling size. We quantified these factors
along with recent seedling radial and axial growth history. These
variables were then used to model relative species performances.
A stronger focus was placed on oak in order to identify which
factors should be emphasized to enhance oak performance.

MATERIALS AND METHODS

Site description

The study area is located in the community forest of Epinal in
the Lorraine region of France. The climate is characterized as
continental with oceanic influences, with a mean annual winter
temperature of 1 8C and a mean annual summer temperature of
17 8C. Precipitation is evenly distributed throughout the year,
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with a mean of 96 cm (Bénichou and Le Breton, 1987). The study
site is located at 6.5 8E and 48.18 8N, on a plateau with an eleva-
tion of 415 m a.s.l. Soils are uniform within the study area and
consist of a hemimoder humus on top (Baize et al., 2009) and
two main horizons on a sandstone substrate: the first horizon
is 4 cm deep with a loamy–clayey texture (pHwater ¼ 4.5 and
C/N ¼ 18), and the second horizon is 50 cm deep with a
loamy–clayey texture. Hydromorphic traces appear at a soil
depth of 47 cm.

The site was a 17 ha managed uneven-aged mixed oak–beech
stand (Quercus petraea–Fagus sylvatica), with 90- to
170-year-old overstorey trees. In December 1999, the storms,
Lothar and Martin, which caused widespread damage in the
region, created gaps of different sizes – many small gaps
(approx. 0.1 ha) and three large gaps (59, 155 and 255 ha).
Fallen logs were harvested immediately after the storms and no
other silvicultural operation was performed in the stand in the fol-
lowing years. In 2005, the basal area of overstorey trees (oak and
beech) was 24 m2 ha21. In autumn 1999, mast seeding occurred
for beech and oak, producing a large crop the following year that
added to the number of previously established seedlings.

Study design

In July 2008, natural regeneration was abundant and ranged
between 0.3 and 6 m high. Regeneration was dominated by
beech and oak. A total of 169 circular plots of 2 m2, centred on
an oak seedling (the target seedling), were established.

In order to reduce potential correlation among explanatory vari-
ables in the analysis, a stratified sampling procedure to select the
study plots was established as follows. Three main gradients
were considered, each one divided into three classes: (1)
canopy closure intensity above the plot, which was visually esti-
mated and classified as closed (i.e. outside gaps), intermediate
(i.e. in small gaps or at the edge of large gaps) and open (i.e. in
large gaps); (2) regeneration mixture in the plot, which was clas-
sified as an oak-dominated mixture (more oak than beech seed-
lings), oak–beech equivalent mixture or beech-dominated
mixture (more beech than oak seedlings); and (3) status of the
central target oak seedling within the plot, which was estimated
from the oak seedling height relative to the height of all the neigh-
bours within the plot and expressed as dominant, co-dominant or
dominated. The three gradients were crossed, creating a 3 × 3 × 3
contingency table (see Supplementary Data Table S1), and
the objective was to establish approximately six plots in each
of the nine cells of the contingency table in order to obtain a
balanced sampling design. However, some combinations were
difficult to find (e.g. dominant seedling in a beech-dominated
mixture in closed canopy conditions), and the number of plots
sampled in each of the nine cells finally ranged between zero
and nine, with an average of 6.2 plots per cell. The stratification
into 3 × 3 × 3 levels was used only for selecting the study plots
and, in further analyses, quantitative variables reflecting the
three gradients were used instead of the initial classes established
for sampling. This approach made it possible to sample very
wide gradients ranging between extreme values and largely
encompassing values usually found in oak–beech natural regen-
eration. Crossing the three gradients made it possible to control

the correlation among the explanatory variables and, therefore,
to perform an independent evaluation of their impact on seedling
growth.

Plots were only selected if they had high seedling density, no
species presence other than beech and oak, no herbaceous vege-
tation, no adult trees (diameter at breast height: .7 cm) and no
visible damage (browsing, frost, fungi, etc.) of any tree seedling.
A minimum distance of 2 m between neighbouring plots was
established. All selected plots were located on a site map. The
target seedling of each plot was labelled.

Data collection

After the plots had been selected, the relative light intensity
above each plot was estimated using hemispherical photog-
raphy. A Nikon Coolpix 5000 digital camera with a FC-E8
Fisheye Converter Lens was used. The camera was positioned
2 m above the ground at the centre of each plot, except for eight
plots where regeneration was higher than 2 m and where pic-
tures were taken at 4 m above the ground. Photographs were
captured under uniform cloud cover conditions during the
day in July and August 2008, on a ‘high speed’ setting to in-
crease the distinction between sky and foliage. Photographs
were manually thresholded to black and white, and the relative
light intensity (percentage total radiation – direct and diffuse
– penetrating through the canopy) was calculated for each
photograph using HemIMAGE software (Brunner, 1998). In
the plots studied, relative light intensity ranged between 0.1
and 88 % (Table 1).

All seedlings within the plots were assessed in autumn 2008:
species (oak or beech), basal diameter (5 cm above ground), total
height (stretched length) and distance to the target oak were mea-
sured for each seedling, except for seedlings smaller than 30 cm.
Measurements on small seedlings (,30 cm height) included
only the number of seedlings per species.

One or two stems were collected in each plot for detailed
growth measurements. In each plot, the target oak seedling was
selected and, in plots containing beech taller than the target
oak, the tallest beech was also selected. The 169 collected
target oaks and the 105 tallest beech seedlings were brought to
the lab for annual height and radial growth measurements. In
all seedlings, the last four annual height growth units (2005–
2008) were identified by examining the scars left by the winter
buds, and the length (cm) of each growth unit was measured. A
section was cut at the seedling base, and seedling age was esti-
mated based on annual ring counts. The width of all annual
rings was estimated from the measurement of ring width on
four opposite radii with a microscope (precision of 1/100 mm).
The detailed measurements were classified into three groups
for further analysis: the 169 target oak seedlings; the 93 tallest
oak seedlings corresponding to a sub-group of target oaks with
a dominating and co-dominating status; and the 105 tallest
beech seedlings.

Analytical approach

Models were used to analyse the combined effects of
light availability, initial seedling size and competition from
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neighbours on seedling height and radial growth for oak and
beech seedlings. The following general model was withheld:

Growth = Light + Size + Competition (1)

where Growth refers to height or radial growth, expressed as the
increment over the last four growing seasons (2005–2008) of the
target seedling (oak) or of the dominant seedling (beech or oak)
of each plot, Size is initial seedling size, and Light and
Competition are calculated from individual plot conditions.

Explanatory variables. Light was expressed by three relative light
intensity variables: diffuse light, direct light and total light, esti-
mated from the 2008 measurements. Different growth–light
functions to describe the relationship between seedling growth
and its light environment were tested: logistic with two para-
meters, potencyand inverse exponential; logistic with three para-
meters; Gompertz and cubic functions (Lebreton and Millier,
1982; Brown and Rothery, 1993).

Initial seedling size was either stem diameter or stem height at
the beginning of the growth period (i.e. end of 2004) and was
computed for each individual as seedling size measured in
2008 minus the increment over the last 4 years.

Intra- and interspecific competition from neighbouring seed-
lings in the plot was described with two alternative approaches:
(1) competition was expressed in the model by three different
factors classically used in forestry: density per plot (either the
total number of seedlings in the plot or the number of seedlings
higher than 30 cm in the plot, divided by plot surface area),
mixture (proportion of oak seedlings in the plot among seedlings
higher than 30 cm), and the status of the individual seedling
(dominant, co-dominant or dominated); or (2) competition was
expressed using competition indices accounting for the species
(oak or beech), the absolute or relative size of each neighbouring
seedling in the plot and its distance to the target seedling
(Silander and Pacala, 1985; Collet and Chenost, 2006).
Different models were tested for each approach and their

performances compared. Finally, the best approach was then
chosen, as explained below.

Disparities among variables according to the date at which
they were estimated could be observed. The response variable
was based on growth over the 2005–2008 period, and initial
size was estimated at the end of 2004. Plot characteristics
(competition and light) were estimated from 2008 measure-
ments. However, successive estimations of light or seedling
competition in natural regeneration are usually highly corre-
lated over short periods (4 years) and the 2008 values may be
considered as good estimates of the factors over the growth
period considered.

Model development. Model development involved two succes-
sive steps. The first step included the identification of the best
set of variables explaining the growth of the target oak seedlings.
The second step included the analysis of the growth response of
the tallest oak and beech seedlings, using the variables selected in
the first step.

Step 1. The best set of explanatory variables and equations to
explain height and diameter growth was identified using the
target oak seedlings from the 169 plots. Different growth
models containing initial size, one expression of light and one ex-
pression of competition were fitted. The choice of best model was
made according to: (1) the Akaike information criterion (AIC)
where models with higher AIC were penalized; (2) correlation
among explanatory variables where models with the lowest
correlation were preferable; and (3) residual analysis where
models with trended residual distribution or heterogeneous vari-
ance were eliminated. Once the best set of explanatory variables
and functions had been selected, a stepwise backward selection
procedurewasapplied to test thesignificance ofeachselectedvari-
able and their interactions using analysis of variance (ANOVA)
tests and excluding all variables with a P-value .0.05. In both
models (e.g. diameter growth model and height growth model),
first-order interactions were never significant and were therefore

TABLE 1. Individual plot characteristics (a total of 169 plots)

Year Variable Dec10 Median Dec90

2008 Relative light intensity: diffuse light (%) 5 16 34
Relative light intensity: direct light (%) 3 20 59
Seedling density: total (no. of stems per 2 m2 plot) 26 74 150
Large (H .30 cm) seedlings (no. of stems per 2 m2 plot) 22 49 87
Percentage of oak, among large (H .30 cm) seedlings (%) 13 40 74
Mean seedling height (cm) 50 85 170

2004 Target oak seedling
Age (years) 3 5 10
Initial height (cm) 19 34 98
Initial diameter (cm) 26 52 94
Tallest oak seedling
Age (years) 3 5 6
Initial height (cm) 21 35 102
Initial diameter (cm) 3.1 6.3 12.1
Tallest beech seedling
Age (years) 5 7 9
Initial height (cm) 56 102 180
Initial diameter (cm) 9.3 14.3 23.6

For each variable estimated in 2004 or in 2008, the first decile (Dec10), median (Median) and last decile (Dec90) are indicated.
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excluded. Finally, the following non-linear model was selected
and used in all subsequent analyses on target oak seedlings:

Growth = a0/[1 + exp(−a1Light)]
+ bSize + cDensity + dMixture + eiStatus

(2)

where Growth refers to individual seedling height or diameter in-
crement over 4 years (cm), Light to diffuse radiation percentage
(%), Size to initial seedling height or diameter (cm), Density to
the number of seedlings higher than 30 cm within the plot,
Mixture to the percentage of oak seedlings higher than 30 cm
within the plot (%), Status to seedling status within the plot, and
a0, a1, b, c, d and ei to the model coefficients. The Status variable
is the only categorical variable within the model, presenting three
levels (i¼ 0, seedling is dominated; i ¼ 1, seedling is
co-dominant; or i ¼ 2. seedling is dominant).

None of the three components of competition (Density,
Mixture, Status) showed significant correlation with Light or
with Size, except for Size × Status correlation when considering
diameter growth. In contrast, Light and Size were highly corre-
lated (Spearman rank coefficient approx. 0.5), a correlation
that was taken into account when interpreting the results.

The fitted model was used to quantify the importance of
the effects of the different explanatory variables on seedling
growth. For each variable, a response range was computed: pre-
dicted values of seedling growth were computed by setting the
variable to the first and to the ninth decile (10 and 90 %) of its
gradient and by setting all other variables to their median
value. The response range was then estimated as the difference
between the two predicted values. These response ranges were
computed for each explanatory variable and were used to
compare the quantitative effects of the different variables.

Step 2. The model established in Step 1 was adapted, to
compare the effects of light, initial size and competition on
the diameter and height growth of the tallest oak and beech
seedlings. For oak, 93 target seedlings that were classified
as dominant or co-dominant were used. For beech, the 105
tallest seedlings were considered. Since only dominant and

co-dominant seedlings were used in the analysis, seedling
status was removed from the model eqn (2). The following non-
linear model was selected and used in all subsequent analyses on
the tallest oak and the tallest beech seedlings:

Growth = a0/[1 + exp(−a1Light)]
+ bSize + cDensity + dMixture

(3)

where Growth refers to individual seedling height or diameter in-
crement over 4 years (cm), Light to diffuse radiation percentage
(%), Size to initial seedling height or diameter (cm), Density to
the number of seedlings higher than 30 cm within the plot,
Mixture to the percentage of oak seedlings higher than 30 cm
within the plot (%) and a0, a1, b, c and d to the model coefficients.

Separate models were fitted for each species and for each
growth type (diameter and height), which resulted in four
models. A stepwise backward selection procedure was applied
to test parameter significance for each model.

All models were fitted using the non-linear least squares statis-
tics of the R open source software, version 2.14.0 (R Development
Core Team, 2011).

RESULTS

Plot regeneration

A total of 13 784 seedlings were counted in all 169 plots. The
minimum and maximum number of seedlings per plot were
four and 248 seedlings (i.e. two and 123 seedlings per m2), re-
spectively (Table 1). Half the plots contained .37 seedlings,
with .24 seedlings higher than 30 cm. The average seedling
height per plot was 100 cm (83 and 123 cm for oak and beech
seedlings, respectively). In the plots studied, the proportion of
oak within the plot ranged between 1 and 99 % (Table 1).

Effects of competition, size and light on tallest oak growth

The height growth of the tallest oak seedlings was significantly
affected by Light, Size and Mixture (Table 2, Model 1). Density

TABLE 2. Effects of diffuse radiation percentage (Light), initial seedling size (Size), number of seedlings in the plot (Density),
percentage of oak seedlings in the plot (Mixture) and seedling status (Status: e0 ¼ dominated, e1 ¼ co-dominant and e2 ¼ dominant) on
seedling growth [calculated as Growth = a0/[1 + exp(−a1Light)]/+ bSize + cDensity + dMixture + eiStatus [eqn (2)] for the target
oak seedlings and Growth = a0/[1 + exp(−a1Light)]/+ bSize + cDensity + dMixture [eqn (3) for the tallest seedlings], for height and
diameter growth and for different types of seedlings: model number, seedling type, number of observations (n), response variable

(height or diameter increment: Dgrowth or Hgrowth), parameter coefficient estimate and associated P-value.

Light Status

Model Seedling type n Response a0 a1 Size, b Density, c Mixture, d e0 e1 e2

1 Tallest oak 93 Hgrowth 105.72*** 3.54** 0.71*** –0.45** n.i. n.i. n.i.
2 Tallest oak 93 Dgrowth 173.59*** 0.23 0.10*** –0.79** n.i. n.i. n.i.
3 Tallest beech 105 Hgrowth 85.49*** 0.14 0.68*** 0.53** n.i. n.i. n.i.
4 Tallest beech 105 Dgrowth 272.15** 0.13 0.08** –1.49** 1.71** n.i. n.i. n.i.
5 Target oak 169 Hgrowth 122.87*** 0.24** 0.53*** –75.02* –59.78* –29.16
6 Target oak 169 Dgrowth 126.33 0.25 0.13*** –0.49**

No coefficient was indicated for parameters that were not significant in the corresponding model.
n.i., parameter not included in the model.
*P , 0.05; ** P ,0.01; *** P , 0.001.
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had no significant effect. Size showed the greatest impact, fol-
lowed by Light and Mixture, corresponding to a response range
of 58, 41 and 28 cm, respectively. The model fitted on the
tallest oak (Table 2, Model 1) showed one parameter difference
with the model fitted on the target oak (Table 2, Model 5), due to
Mixture substituting Status when using co-dominant and domin-
ant seedlings.

The diameter growth of the tallest oaks was significantly af-
fected by Light, Size and Density (Table 2, Model 2). Mixture
had no significant effect. The different variables had a similar
impact, with a response range of 68, 57 and 57 mm for Size,
Light and Density, respectively. As for height, the diameter
model, fitted on the tallest oak seedlings attributed slightly
more importance to Light and less to Size than the model fitted
on diameter growth of the target oaks.

Effects of competition, size and light on tallest beech growth

The height growth of the tallest beeches (Table 2, Model 3)
included the same significant factors as the model fitted on the
tallest oaks (Table 2, Model 1). Size showed a major effect, fol-
lowed by Light and Mixture (corresponding to a response range
of 95, 23 and 27 cm, respectively). For beech, a higher percent-
age of oak seedlings in the plot was positively correlated with
increased seedling growth, in contrast to oak seedlings which
showed less growth in oak-dominated mixtures. Light was less
important for the tallest beech than for the tallest oak seedlings,
as shown by smaller regression coefficients (Table 2).

The diameter growth of beech was significantly affected by all
variables: Light, Size, Density and Mixture (Table 2, Model 4).
The parameters were of similar importance and corresponded
to a response range of 79, 119, 87 and 82 mm, respectively. In
comparison with the model fitted on oak, Mixture had a signifi-
cant effect.

Figures 1 and 2 show the simulated growth, using Size, Light,
Mixture, Density and Status as input values that correspond to the
range of growth values observed foreach of the two species. They

illustrate the differences in growth between the tallest oak and the
tallest beech seedlings. Beech seedlings showed superior growth
across all conditions, irrespective of light availability, neigh-
bourhood competition and species composition, for both diam-
eter and height growth. The larger growth observed for beech
resulted from a higher growth rate in given conditions of light,
mixture and density, but also from larger initial seedling size
for beech compared with oak. Finally, although the impact of
light availability on seedling growth is stronger for oak than for
beech (Table 2, Models 1–4, Figs 1 and 2), oak always has a
lower growth rate than beech (even at high light levels).

Rank reversals

Potential growth differences between the tallest oak and the
tallest beech seedlings for pairs of seedlings were simulated
using Models 1–3 (Fig. 3). Simulation was performed using
the same initial size, light and competition conditions for both
species. Light and competition conditions were set to the
median observed values. For initial size, a median value com-
puted on the two species pooled was used, as different median
values were observed for the two species.

In the beech-dominated mixture, a reversal in average height
growth occurred at 10 % diffuse radiation, but the growth
responses of the two species do not differ significantly. In oak-
dominated mixtures, beech always showed greater height
growth than oak. Diameter growth was always greater for
beech in all mixture conditions.

Effects of competition, size and light on target oak growth

The height growth of target oak seedlings was significantly
affected by Light, Size and Status (Table 2, Model 5). Mixture
and Density had no significant effect. Status and Size played a
major role compared with Light and Mixture (Fig. 4). This
result showed the capital importance of both absolute seedling
size and social status, particularly the dominated status, within
the population when analysing the growth dynamics. All para-
meters were positively correlated with height growth, except
Status, for which the dominant and co-dominant status signifi-
cant corresponded to lower seedling growth. The dominant
level showed the most important negative impact on growth rela-
tive to the other Status levels.

The diameter growth of target oaks was significantly affected
by Light, Size and Density (Table 2, Model 6). Larger annual
rings were achieved with increasing light conditions, and the
initial size and decreasing number of neighbouring seedlings.
The response ranges were 39, 74 and 35 mm for the three vari-
ables, respectively. As opposed to height growth, annual ring
width was not affected by the proportion of oak seedlings in
the plot or by seedling status.

DISCUSSION

Characteristics of individual seedlings (initial size, status), plot
(density, species composition) and local environment (light)
appear to be main factors controlling the growth of oak and
beech seedlings, two species known for their contrasted growth
strategy. These factors should be considered as major drivers
of species coexistence in young mixed oak–beech stands.
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Absence of rank reversal

In this study, no rank reversal occurred between the two species
along the different gradients, although large gradients were inves-
tigated. First, the investigated light range encompassed the thresh-
old values at which rank reversals might possibly occur (relative
light intensity 30–40 %) considering the growth response to
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light of the two species (von Lüpke, 1998; von Lüpke and
Hauskeller-Bullerjahn, 2004). Secondly, the range of seedling
density that was investigated amply bounded density values
observed in natural regeneration patches in oak and beech
forests but did not contain very low values of density such as
those that prevailed in field plantations or in pot experiments.
Low densities are not observed in natural conditions under the
studied light levels (situations with low tree seedling density
may occur, but they are characterized by the presence of an abun-
dant neighbouring vegetation that also competes with the tree
seedlings). Thirdly, the range of species composition examined
was large and made it possible to analyse the effects of this
factor fully. Finally, we focused on a 4-year growth period, a
period of time that seems adequate to detect potential rank rever-
sals in 8- to 10-year-old tree seedlings (Sack and Grubb, 2001).

No inversion of species performance occurred along the light
gradient, and the shade-tolerant species was always the most
competitive species. Potential confounding effects such as seed-
ling size or local competition were taken into account in the ana-
lysis. Actually, the introduction of these effects would reinforce
the competitive superiority of beech over oak. The lack of rank
reversals implies an absence of growth–growth trade-off
between the two species along light gradients. In addition, as a
strongly shade-tolerant species, beech has a high survival rate
under low light levels, in contrast to oak (Hansen et al., 2002;
von Lüpke and Hauskeller-Bullerjahn, 2004; Wagner et al.,
2010). The lower mortality rate under low light levels combined
with higher growth under high light levels of beech compared
with oak implies that there is also an absence of mortality–
growth trade-off along the light gradient for the two species.
Spatial variations in light availability in young forest stands
and niche differentiation along this gradient, due either to a
growth–growth or to a mortality–growth trade-off, have often
been cited as a mechanism enabling the coexistence of shade-
tolerant European beech seedlings and shade-intermediate
sessile oak seedlings (von Lüpke, 1998; Wagner et al., 2010).
The results obtained in the present study do not support this hy-
pothesis. Other mechanisms must be invoked to explain the co-
existence of these species, such as differential species response
to temporal light availability, potential rank reversals along
soil resource or temperature gradients, or potential trade-offs in-
volving other processes (colonization strategy, capacity for vege-
tative reproduction). In addition to these potential deterministic
trade-offs, stochasticity may also contribute to species coexist-
ence. In the present study, all of the models revealed a high
degree of individual variability in growth in response to the dif-
ferent factors, as indicated by large overlaps in the confidence
intervals of the coefficient estimates of the two species. Wide
variability among individuals in relation to the difference
between species mean values has been shown to promote
species coexistence (Gravel et al., 2006; Clark et al., 2007).

Growth response affected by species composition

For both species, admixture of the other species had positive
effects on seedling growth, and, quantitatively, these effects
were of the same order of magnitude as those of light availability.
The existence, the sign (positive or negative) and the magnitude of
the effects of species mixture on individual tree growth have been
shown to be strongly dependent on species identity (Bartelink,

2000; Pretzsch and Schuetze, 2009), and careful control of local
tree density and vertical tree stratification is usually needed to
test and quantify these effects. The present study made it possible
to disentangle the effects of these factors and to show that as long
asthe seedlingswithin the mixedpopulationhave similar sizes, the
mixture is favourable to height growth increment for both species.

Although both species react positively to admixture relative to
monoculture, admixture will have opposite long-term effects for
the two species. This is a direct consequence of the higher growth
rate of beech seedlings, compared with oak. Oak seedlings grow
faster in height when they are surrounded by beech seedlings of
the same size than when they are surrounded by other oak seed-
lings. However, oaks surrounded by beech show significantly
less diameter growth than their beech neighbours and rapidly im-
portant size differences might appear, leading to growth reduc-
tion in the future. As a result, although admixture in itself has a
positive effect on oak seedlings, the higher growth rate of
beech seedlings counteracts this effect, leading to a long-term
negative effect of admixture on oak seedling growth. The
picture is significantly different for beech. Beech seedlings
grow faster in height and in diameter when they are surrounded
by oak seedlings of the same size, compared with beech seed-
lings growing in monospecific plots. This tendency adds to the
positive impact of the other factors, and leads to a strong positive
long-term global effect of admixture on beech growth.

The opposite long-term effects of admixture on oak and beech
development might be explained in relation to different species
growth strategies. Beech is considered as a strong competitor
(Peters et al., 1992; von Lüpke, 1998). In the present experiment,
it shows improved height and diameter growth when surrounded
by oak, a less competitive species. Its better growth in mixed
plots can be directly related to a higher degree of competitiveness,
comparedwithoak. Incontrast, inmixedplots, oakseedlingsshow
greater height growth but unchanged diameter growth, and their
response is better explained by an escape strategy. Oak seedlings
try to escape lateral competition from their neighbours rapidly
by increasing their height growth at the expense of diameter
growth (Henry and Aarssen, 1997). Oak seedlings that are not
able to escape the competition from neighbouring beech seedlings
will most probably not survive more than a few years.

Growth response affected by density

Negative density-dependent effects on seedling growth
occurred for both species. Diameter growth responded to the
number of neighbours while height growth was not affected,
following the general observation that diameter growth is more
sensitive to density than height growth (Lanner, 1985; Collet
and Chenost, 2006).

Density had a greater effect on beech than on oak seedlings,
leading to reduced height growth differences between the two
species. However, even at higher densities, beech was always
the more competitive of the two species, and density did not
lead to any reversal in their performances, in contradiction to
the second hypothesis that was tested.

Growth response affected by initial size and status

For both species, initial size was the primary factor explaining
variations in individual seedling growth, before light and

Van Couwenberghe et al. — Light and competition gradients fail to explain coexistence1428

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/112/7/1421/2768933 by guest on 25 April 2024



competition from neighbours, in agreement with the third hy-
pothesis of this study. Social status was of secondary importance.
Other studies have recognized the necessity of accounting for
initial size and social status of the target tree when predicting
growth (D’amato and Puettmann, 2004; Collet and Le
Moguedec, 2007; Caquet et al., 2010). Seedling growth was
positively related to initial size and dominance status, indicating
that small size constitutes a strong handicap. The paramount
effect of size and status directly arises as a result of competition
in which the tallest individuals obtain a larger amount of the
available resources and suppress the growth of smaller indivi-
duals (Schwinning and Weiner, 1998).

The pre-eminent effect of initial seedling size, irrespective of
the value of the other factors, means that existing intra- and inter-
specific size hierarchies among seedlings are rapidlyamplified in
all conditions. As a result, the growth advantage of beech over
oak is strongly reinforced.

Differences in initial size among seedlings in natural condi-
tions may originate from many sources. In the present study,
emergence time was probably a first source, as shown by seedling
age that varied between 4 and 12 years. All seedlings aged ≥9
years germinated before the storm opened the canopy gaps,
and most of them were beech seedlings. Another potential
source of size hierarchies is the difference in early seedling
growth between the two species. Due to its large seed size, oak
grows rapidly during the first year, even in unfavourable condi-
tions, which may give it an advantage over seedlings from
other species that germinate in the same year. However, in
the present study, difference in seed size or in initial growth
was probably of second order compared with differences in
emergence time when explaining differences in initial size
among seedlings at the beginning of the study. At the age of 10
(average age in the study), seedlings had the opportunity to over-
come these differences.

Conclusions: dynamics of oak–beech regeneration

Beech was always superior to oak in terms of growth, and no
rank reversal occurred along the density and the light gradients.
Our results suggest that the spatial variability in light conditions
prevailing in regenerating stands does not promote the coexist-
ence of oak and beech.

Pronounced effects of initial size on seedling growth were
observed, as in many other studies that model seedling growth.
Locally dominant seedlings may maintain their dominance for
several years, irrespective of species. Spatial variation in local
size hierarchies among seedlings within a mixed stand, with
the juxtaposition of patches dominated by oak and patches domi-
nated by beech (Gazol and Ibanez, 2010), should lead to the co-
existence of the two species. Local stand history, species life
history traits and individual seedling performances are primary
causes of the occurrence of size hierarchies among seedlings in
regeneration patches (Maltez-Mouro et al., 2009). Identifying
and quantifying the relative importance of these different
sources of variation would be useful to model the dynamics of
mixed regenerating stands and to identify the factors that deter-
mine species coexistence during the early stages of stand devel-
opment.

The management objectives in many mixed oak and beech
forests of western and central Europe are to maintain or to

restore oak dominance over beech. It has been recognized that
silvicultural operations to favour oak should begin in the early
stages of stand development (von Lüpke, 1998). In the present
study, oak and beech seedlings were abundant 9 years after
canopy disturbance along the whole light gradient, in agreement
with previous studies performed in the same biogeographi-
cal zone (Degen, 2006; Van Couwenberghe et al., 2010).
However, oak was clearly threatened by beech, which appeared
to be very competitive. If the silvicultural objective is to maintain
oak, beech needs to be controlled in all patches where both
species grow in intimate mixture. Regulation of canopy closure
and seedling density have been proposed as tools to control the
balance between oak and beech seedlings (von Lüpke, 1998;
Wagner et al., 2010). Our results do not support this hypothesis
since beech always grows better than oak at all light and all
density levels. The present study suggests that the only method
to control beech in mixed regeneration patches is to remove all
dominant and co-dominant beech seedlings. Mixed oak and
beech regenerating stands are characterized by high spatial het-
erogeneity in local seedling composition and local species dom-
inance, and monospecific regeneration patches or patches where
oak seedlings are highly dominant may provide future young oak
trees without the need for major silvicultural operations.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Table S1: the 3 × 3 × 3 contingency
table of the sample design.
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