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Abstract

Small-scale harvesting methods as practised in close-to-nature forestry may disadvantage the regeneration of more light-
demanding tree species such as most oaks and thus cause regeneration failure. Conducted in south-western Germany, this
study examined photosynthetic performance and height growth of naturally regenerated 7-year-old sessile oak (Quercus
petraea [Mattuschka] Liebl.) seedlings growing in artificially established and fenced canopy openings varying from 0.05 to
0.2 ha in size. We quantified the influence of solar radiation and competing vegetation within gaps on total height, height
increment, and dominance of oak seedlings. Measurements were taken on plots systematically established along a north—south
transect through gaps. Plot-level solar radiation levels within canopy openings quantified using the total site factor (TSF)
were between 20% at southerly positions within small openings and up to 75% of open-field conditions at the centre of larger
gaps. Photosynthetic performance, total height, and shoot length of the studied oak seedlings increased with increasing solar
radiation. However, height increment and total height did not improve substantially when radiation levels increased from 20
to 50% TSF. Yet, highest levels of oak dominance, where oaks were the tallest individual at a plot, were found around 50%
of TSF. Under the conditions at our research site, canopy openings of at least 0.2 ha in size appear necessary to successfully
establish natural oak regeneration. Irrespective of gap size, the competition to oaks by woody species needs to be controlled
to reduce the risk of regeneration failure.
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Introduction

Pedunculate and sessile oak (Quercus robur L. and Q.
petraea (Mattuschka) Liebl., respectively) are among the
economically and ecologically most valuable hardwood
tree species in Central Europe (Ellenberg and Leuschner
2010). Managed mature pedunculate and sessile oak for-
ests are known for their high-quality timber while old oak
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trees provide habitat for rare and endangered fauna (Ziesche
2010). The two relatively storm-resistant and moderately
drought-tolerant oak species (Kunz et al. 2018) are likely
to increase in importance as the climate warms in Central
Europe (Bolte et al. 2009; Hanewinkel et al. 2013). As
part of an adaptive strategy to address predicted long-term
changes in prevailing climatic conditions, forest adminis-
trations of many German federal states aim at significantly
increasing the proportion of oaks, mostly by converting
conifer stands into mixed forest with a high proportion of
deciduous tree species (Landeskompetenzzentrum Forst
Eberswalde 2009; Frischbier et al. 2010; Vasconcelos 2012).

Until several decades ago, oak was mostly artificially
regenerated by sowing or planting (Burschel and Huss
1997). However, high costs of site preparation, planting,
fencing, and tending have been a matter of concern. As a
result, European foresters and scientists are motivated to
seek alternatives to the conventional row planting approach
for establishing oak stands such as oak cluster planting
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schemes (Saha et al. 2017), where oak is introduced to a
site, and the use of natural regeneration methods, where oaks
are already a canopy species (Kiihne et al. 2014).

The renewed focus on silvicultural systems that allow for
natural regeneration is further enforced by the widespread
implementation of the close-to-nature forest management
(CTNFM) paradigm on public forest land across Cen-
tral Europe (Diaci 2006). The avoidance of large canopy
openings is a major principle of CTNFM which, however,
discriminates against more light-demanding tree species
including oak (Bauhus et al. 2013). Small-scale reproduc-
tion methods such as patch and group selection cuttings
have resulted in mixed regeneration outcomes, often caus-
ing failure in the long-term establishment of oak seedlings
(Spellmann 2001; Liipke 2008). Based on previous studies
(Bruciamacchie et al. 1994; Dobrowolska 2008) and practi-
cal observations (Jacobee 2004; Timal et al. 2014), regener-
ating oak in smaller canopy openings seems to be possible in
principal. More shade-tolerant tree species such as European
beech (Fagus sylvatica L.) or European hornbeam (Carpinus
betulus L.), however, can outgrow and eventually outcom-
pete oak regeneration if light levels are unfavourable over a
longer time period (Liipke and Hauskeller-Bullerjahn 1999;
Valladares et al. 2002). The manipulation of light conditions
thus is a major silvicultural approach to promote survival
and growth of oak seedlings (Rohrig et al. 2006; Diaci et al.
2008).

Light requirements of young deciduous woody plants
usually increase with increasing plant size (Givnish 1988;
Valladares and Niinemets 2008). This holds especially true
for oak seedlings that appear to be fairly shade-tolerant
throughout the first few years, which is partly attributable
to the comparatively large amount of available resources
stored in the acorn (Grime 1966; Ziegenhagen and Kausch
1995). Once these seed resources are depleted, light levels
need to be sufficiently high to assure continued growth and
survival. According to Rohrig et al. (2006), oak regeneration
is able to persist in shady forest understories at light levels of
about 15% of open-field conditions over several years while
levels >20% are necessary for continuous height growth (see
also Newbold and Goldsmith 1981; Ligot et al. 2013). Oak
seedlings competing with more shade-tolerant tree species
and/or vigorous ground vegetation, however, require higher
light levels in order to become and remain a dominant com-
ponent of the tree regeneration layer (Liipke and Hauskeller-
Bullerjahn 2004). Irrespective of the competition intensity
oak seedlings are exposed to, heavy browsing pressure by
ungulates is likely to result in regeneration failure in oak
stands (Annighofer et al. 2015).

Many previous studies have focussed on photosynthetic
performance and growth of oak seedlings under mostly con-
trolled, experimental conditions (e.g. Vernay et al. 2016). In
contrast, published studies examining naturally regenerated
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oak seedlings exposed to interspecific competition in forest
canopy gaps are rare (Dobrowolska 2008; Diaci et al. 2008;
Brezina and Dobrovolny 2011). In addition, findings of these
published studies are equivocal with regard to the influence
of light availability on oak growth performance (e.g. Brezina
and Dobrovolny 2011; Ligot et al. 2013).

Based on the identified knowledge deficits, this study
assessed photosynthetic performance and height growth of
naturally established sessile oak seedlings growing in fenced
small canopy openings. We addressed the following research
questions: (1) how do solar radiation availability vary with
gap size and location within gap, (2) how do varying solar
radiation levels affect the photosynthetic performance of oak
seedlings, (3) how does oak height increment vary under dif-
fering light conditions, and (4) how does the combined effect
of light availability and competing vegetation influence oak
dominance within the regeneration layer?

Methods
Study site

The study site is located in the northern part of the German
federal state of Baden-Wiirttemberg near the city of Heil-
bronn (49° 09" 03" N, 09° 22" 49" E) on a plateau 330 m
above sea level. The area has a mean annual temperature of
10.3 °C and annual rainfall averages 860 mm (1981-2010,
DWD 2016). Pelosols with a loamy to silty soil structure
developed from the prevailing gypsum Keuper. The soils
have a moderate water supply (available field capacity is
between 50 and 90%) and are characterized by a medium
to very high (lower soil horizons) cation exchange capac-
ity and varying acidification (BKG 2016). The potentially
natural forest community is mapped as a Luzulo-Fagetum,
i.e. European beech forest with individual sessile oak trees
mixed into the beech matrix (Ellenberg 2009).

All measurements were carried out in 2016. Growing sea-
son mean temperature and precipitation in 2016 and during
the whole study period (2010-2016) were closely in line
with long-term averages (Wetterzentrale 2019).

Based on the overall site characteristics as well as the
weather conditions in 2016, we did not consider water and
nutrient availability to be growth limiting factors neither
during the study period nor in general.

The study site is dominated by approximately 160-year-
old and 30 m tall sessile oak trees with an under- and
midstory of mainly European beech and some hornbeam.
Initially established as coppice with standards, high forest
management at the study site started around the beginning of
the last century. Total stand basal area prior gap creation was
22 m? ha™! with 80% oak and 20% European beech. Mean
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annual increment (for a reference age of 100 years) at the
site is 8 and 9 m® ha™! year™! for oak and beech, respectively.

A heavy acorn mast in 2009 formed a dense oak seedling
bank across the entire study site in the following spring. To
use this mast event for partial regeneration of the stand, 15
canopy gaps of varying size were created by group selec-
tion harvesting in winter 2010/2011. The average distance
between margins of neighbouring canopy gaps (edge to
edge) was approximately 30 m (min 15 m, max 100 m).
Oak seedling density, which was measured systematically
around gap centres during the first growing season after the
mast year, averaged 24 (0—178) seedlings m~2. Accompa-
nying tree species consisted mainly of European beech and
amounted to 1 (0—13) seedlings m~2. Oak and beech seed-
lings were similar in height averaging approximately 20 cm
(Van Cleve 2012). Ground vegetation was sparse before gaps
were created. Throughout the time of our experiment, con-
currence vegetation was left unregulated in all canopy gaps.
To prevent browsing, all gaps were fenced in early spring
2011.

Data collection
Gap size and oak growth

Margins of the artificially created forest canopy openings
were defined by the position of bordering trees and their
crown extension towards the gap centre (Runkle 1984).
Hence, gap size was defined as a) canopy gap, i.e. the
land surface area directly under the canopy opening and
b) expanded gap, i.e. land surface area which extends to
the bases of canopy trees bordering the opening (i.e. edge
trees). Canopy gap area of the 15 openings studied here var-
ied between 0.05 and 0.2 ha (Table 1).

A north—south-oriented belt transect of four metres in
width was positioned in every gap during summer 2016. Cir-
cular sample plots with a radius of 2 m were systematically
placed within these transects, i.e. the total number of sample
pots per transect varied with total transect length. Sample
plots were established every four, five, and six metres along
gap transects less than 30 m, 30—40 m, and more than 40 m
in length, respectively. A total of 159 sample plots were
established across expanded gap areas with 70 of these 159
plots located within fenced canopy areas.

Total height and terminal shoot length (including Lam-
mas shoot) of the five tallest oak seedlings in each sample
plot were measured in August 2016. Maximum height of
competing vegetation including separate measurements for
Rubus spp. (R. fruticosus or R. idaeus) as well as height
of the tallest competitor among other tree species within a
radius of 1 m around each of the five tallest oaks was also
recorded. Consequently, a Rubus spp. and an accompany-
ing woody species competitor were individually assigned

Table 1 Canopy gap and expanded gap area (m?) as well as orienta-
tion and length of the longest gap transect and length of the north—
south transect (m) within canopy gap areas

Area (m?) Orientation Length (m)

Canopy gap Expanded gap Longest transect Longest North—
transect south

transect
484 962 NW-SE 29 23
504 1175 NE-SW 49 17
549 953 NE-SW 37 24
552 921 NE-SW 39 18
575 1131 NW-SE 40 31
657 1174 E-W 49 15
688 1546 N-S 38 32
705 1277 NW-SE 41 32
747 1383 NE-SW 37 27
756 1433 NE-SW 45 28
780 1253 NW-SE 34 28
932 1540 NE-SW 54 31
1224 1652 NW-SE 56 38
1649 2474 NW-SE 74 47
2143 3127 NE-SW 85 38

to each of the tallest five oak seedlings per plot. If the tallest
oak seedling of a plot was superior in total height when com-
pared to its respective Rubus spp. or woody species competi-
tor, respectively, the plot was considered to be dominated
by oak.

Light conditions

Solar radiation was quantified by evaluating individual hem-
ispherical photographs taken directly above the terminal bud
of the tallest oak seedling per plot. For taking photographs,
a Canon EOS Digital Rebel XSi reflex camera (Canon, Ota,
Tokyo, Japan) equipped with a Sigma 4.5 mm fisheye lens
(Sigma, Rodermark, Germany) was used. If the tallest oak
was shorter than other accompanying vegetation, additional
photographs were taken directly above the vegetation layer
in order to quantify radiation availability in relation to gap
size and sample plot position within the gap. Transects were
divided into same-sized northern, north-central, south-cen-
tral, and southern sections, respectively, and sample plots
assigned accordingly. Using the software WinSCANOPY
(Régent Instruments Canada Inc. 2008), indirect site factor
(ISF), direct site factor (DSF), and total site factor (TSF)
were estimated from each photograph. TSF is the relative
amount of incident diffuse radiation (ISF) plus the incident
direct radiation (DSF) that penetrates the forest canopy dur-
ing one growing season (April-September, Vilhar et al.
2014). TSF is thus quantified as the percentage of direct and
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diffuse photosynthetic photon flux densities (PPFDs in umol
photons m~2 57!, i.e. photosynthetic active radiation) at the
leaf level relative to PPFD under open-field conditions. All

hemispherical photographs were taken in early July 2016.
Physiological measurements

Photosynthetic response of net CO, gas exchange to PPFD
(light response curve) was determined for one randomly
selected, fully developed, and undamaged leaf of the upper
terminal shoot of a subsample of tallest oak seedlings. Using
the infrared gas analysis system Li-6400 (Li-Cor Inc., Lin-
coln, NE, USA), measurements took place in early July
2016. Sample seedlings were selected with regard to TSF
measured above the terminal bud of the tallest oak seedling
per plot (see above) which varied between 5 and 74% across
the 159 sample plots (Table 2). Dividing the observed TSF
range into seven classes of equal width (5-14%, 15-24%,
25-34%, 35-44%, 45-54%, 55-64%, and 65-74%), five tall-
est oak seedlings from each TSF class were chosen randomly
from fenced and non-fenced areas of all gaps. Overall, 35
leaves were evaluated in situ. Before measurements, leaves
were wrapped in light reflecting aluminium and optically
opaque plastic bags for a minimum of 30 min to create a
completely dark and cool environment. Similar to Kuptz
et al. (2010), light response curves were developed by meas-
uring leaf gas exchange at PPFDs of 0, 20, 50, 100, 200,
500, 750, 1000, 1250, and 1500 pmol photons m~2 s~! emit-
ted by an intra-system light source (6400-02B, Li-Cor Inc.,
Lincoln, NE, USA) with a minimum time of 3 min between
the different radiation levels. The measurements were taken
in summer conditions between 10 a.m. and 6 p.m. Dur-
ing measurements, CO, concentration was kept constant
at 400 ppm, while leaf temperature was maintained near
26 °C (25.9 mean =+ 1.5 °C SD) and relative air humidity was
maintained around 46% (45.7 mean+4.0% SD).

Data analysis

Light response curves for each TSF class were fitted by
nonlinear least square regression using the CurveExpert 1.4
software (D.G. Hyams, Starkville, MS, USA) and the Mul-
tiple Multiplicative Factor Model (MMF-model, Bazzaz and
Carlson 1982):

(a X b) + (c x PPFDY)
~ (b+PPFDY)

ey

where A (umol CO, m2 s_l) is assimilation, a, b, ¢, and d
are estimated parameters and PPFD (umol photons m~2 s™1)
is photosynthetic photon flux density (see above). Following
Kazda et al. (1998), photosynthetic performance was char-
acterized by net CO, assimilation at light saturation (area-
based photosynthetic capacity A, in pmol CO, m~2s~! at
1500 pmol photons m~2 s~!) and leaf-level light compensa-
tion point (LCP, pmol photons m~2 s~'). LCP was deter-
mined by solving Eq. (1) for PPFD with A set to zero (see
Bazzaz and Carlson 1982; Liittge and Kluge 2012).

Since most of the data were not normally distributed
(tested by Kolmogorov—Smirnov test, N> 50), equality of
population medians among classes was tested by applying
the Kruskal-Wallis H test to compare more than two groups
followed by a Mann—Whitney U post hoc test.

To evaluate the impact of solar radiation availability
(TSF) on total height and terminal shoot length of oak seed-
lings, generalized linear models (GLMs) were developed.
We used the identity link to connect the linear predictor
(explanatory variables) with the expected values of the two
gamma-distributed response variables (Zuur et al. 2009).
Owing to collinearity between the independent variables
TSF and height of competing vegetation, the latter variable
was excluded from the models. Maximum likelihood estima-
tion (MLE) was used for parameter estimation. Chi-square
test and Wald test were applied to test the significance of the
total model and predictor variables. All statistical analyses
were performed at P <0.05 and carried out using the soft-
ware package SPSS 24.0 (IBM Corporation 2016).

Results
Solar radiation availability

Direct solar radiation measured along a north—south tran-
sect across the expanded gap area was asymmetrically dis-
tributed within canopy openings with significantly higher
levels found at northern locations than at southern loca-
tions (Fig. 1). Indirect solar radiation was more uniformly

Table 2 Total number of plots and number of fenced plots within expanded gap areas of canopy openings examined in this study sorted by total

site factor (TSF, %) class

TSF # of plots 5-14 15-24 25-34 3544 45-54 55-64 65-74
Total 37 29 25 18 20 11 19
Fenced 2 5 13 11 13 9 17
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Fig. 1 Average and 95% confidence interval of total (white), direct
(grey), and indirect (dark grey) solar radiation levels above the vege-
tation at various locations within 15 artificial canopy openings of var-
ying sizes quantified using total (TSF), direct (DSF), and indirect site
factor (ISF), respectively. Different lower case, upper case, and under-
lined lower case letters represent statistically significant differences in
TSF, DSF, and ISF levels among locations within gaps, respectively

distributed with highest levels measured around gap centres.
Total solar radiation levels (quantified using total site factor
TSF) followed the pattern observed for direct solar radiation.

Variation in TSF was greatest in small- (< 0.07 ha) and
medium-sized (0.07-0.14) gaps with values along the
north—south transect ranging from 6 to 63 and 9 to 65%
of open-field conditions, respectively (data not shown).
In gaps >0.14 ha, TSF levels varied between 35 and 75%.

Except in the northern part of the canopy openings,
average total solar radiation levels did not significantly
differ between gaps <0.07 and 0.07-0.14 ha in size
(Fig. 2). TSF values measured in smaller openings were
mainly below 50% of open-field conditions irrespective
of location within gap. Significantly higher TSF levels,
however, were found in the largest gaps of approximately
0.2 ha. Total solar radiation in larger gaps averaged 70%
of open-field conditions across the studied locations with
the exception of the southernmost plots.

Photosynthetic performance
Maximum photosynthetic capacity (4,,,,) at a photosyn-

thetic photon flux density (PPFD) of 1500 pmol m~2 s~!
was slightly positively correlated with TSF (r=0.357,

gap size [ha)
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Fig.2 Average and 95% confidence interval of total site factor (TSF)
levels above the vegetation layer systematically measured along
north—south transects in 15 artificial canopy openings of varying
sizes [<0.07 ha (white), 0.07-0.14 ha (grey),>0.14 ha (dark grey)].
Different lower case letters represent statistically significant TSF dif-
ferences among gap size classes

p=0.038, N=35). Differences in A,, between TSF
classes were not statistically significant but a trend
towards greater A,,,, with increasing TSF was observed
(Fig. 3; Table 3). Light compensation points also
increased with increasing solar radiation levels (Table 3).

Total height and height growth

Average total height and mean terminal shoot length of the
year 2016 of the studied oak seedlings were slightly posi-
tively correlated with TSF measured at the terminal bud of
each seedling (r=0.294 and 0.487, respectively). Based
on the derived generalized linear models, a one per cent
increase in TSF resulted in an increase in total height and
shoot length of 1.1 and 0.3 cm, respectively (Table 4). Cor-
relation coefficients for the relationship of oak seedling
shoot length and ISF as well as DSF (r=0.489 and 0.471,
respectively) were comparable to the one for TSF. In con-
trast, ISF was more strongly correlated with oak seedling
height (r=0.512) compared to TSF and DSF (r=0.264).

Despite the positive relationship with TSF in both met-
rics, total seedling height and shoot length did not signifi-
cantly differ at TSF levels between 15 and 54% (Fig. 4a, b).
In addition, total height and shoot length of the studied oaks
substantially decreased at TSF < 15%. Significantly higher
averages were, however, found when solar radiation avail-
ability exceeded 55 and again 65% (shoot length only) of
open-field conditions.
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Fig.3 Modelled light response curves for fully developed leaves of
7-year-old sessile oak seedlings (N=35) growing in small canopy
openings under varying solar radiation levels quantified using total
site factor (TSF, 5-14% dashed line, 35-44% solid line, 65-74% dot-

Table3 Average (+standard deviation) maximum photosynthetic
capacity (A, umol CO, m~2 s7!) and light compensation point
(LCP, umol PAR m~2 s71) for fully developed leaves of 7-year-old

ted line). Relationships between photosynthetic capacity and pho-
ton flux density were found to be very close for all radiation levels;
R*=0.99

sessile oak seedlings (N=35) growing under varying total site factor
(TSF, %) levels in canopy openings

TSF 5-14 15-24 25-34 35-44 45-54 55-64 65-74
Apax 79425 8.8+1.2 8.8+2.8 99+1.7 11.0+34 99+35 11.0+1.8
LCP 7.8+4.6 7.3+2.0 9.2+5.6 13.7+5.1 10.8+6.0 13.9+3.5 147+£1.8

Table 4 Parameter estimates (f,+standard error) and statistics of
generalized linear models for average total height (cm) and shoot
length (cm) of the year 2016 of 7-year-old sessile oak seedlings
(N=159) growing in canopy openings under varying solar radiation
levels quantified using total site factor (TSF, %)

Wald X? value

Model p p value
Height
Intercept 171.68+18.72 84.14 <0.0001
TSF 1.09+0.20 28.99 <0.0001
Shoot length
Intercept 24.33+3.97 37.51 <0.0001
TSF 0.3+0.07 19.47 <0.0001

Competing vegetation and oak dominance

Competing vegetation in study plots consisted mainly of
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Rubus spp. (bramble and raspberry) and individuals of tree
species such as European beech, goat willow (Salix caprea
L.), silver birch (Betula pendula Roth), wild cherry (Prunus
avium L.), and European hornbeam. Rubus spp. was found
on all fenced plots. Early successional tree species were
taller than oak at TSF values exceeding 54% of open-field
conditions. In contrast, at TSF <35% only individuals of the
shade-tolerant beech and hornbeam were taller than oak.
On average, competitors were mostly similar in total height
compared to oak. Substantially taller competitors were
found at TSF levels above 64% only (Fig. 5). Competition
by overtopping understory vegetation and tree species had a
detrimental effect on solar radiation availability. Radiation
levels above the terminal bud of studied oaks overtopped
by competing vegetation averaged only three-fourth of TSF
levels measured above the entire vegetation layer. The rela-
tive reduction in TSF appeared to increase with increasing
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radiation availability, i.e. from 20% reduction on average at
TSF <54% to close to 30 and 40% reduction at TSF> 54%
and > 64%, respectively.

Oak dominance, which was determined based on the dif-
ference between the tallest oak seedling and the paired tallest
individual of a competing species per plot, varied depending
on the type of competition examined. Oak seedlings were
mostly taller and thus dominant than Rubus spp. at TSF>25%
(Fig. 6). In contrast, individuals of accompanying tree spe-
cies were mostly taller than oaks at TSF levels <35% and only
approximately half the studied plots of 35-64% TSF exhibited
oak dominance (Fig. 6). Percentage of plots with oak domi-
nance substantially dropped with TSF levels >65%.
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Fig.5 Comparison of mean total height of 7-year-old sessile oak
seedlings (grey) and competing individuals (white) growing next to
each oak seedling as influenced by solar radiation quantified using
total site factor (TSF) measured above the vegetation layer. Bars and
whiskers display means and 95% confidence intervals, respectively.
Different letters represent statistically significant differences between
average heights of seedlings and competing vegetation within each
TSF class

Discussion
Minimum gap size and optimal gap shape

Findings on the relationship between gaps size and light con-
ditions found in this study were mostly in agreement with
similar previous works (e.g. Diaci et al. 2008; Liipke 2008).
TSF levels > 50% of open-field conditions were measured
in gaps with a diameter of approximately 45 m from north
to south and of at least 0.2 ha in size. Height increment
and competitiveness of oak regeneration increased signifi-
cantly under such light conditions. Because we observed an
increase in light availability from south to north within the
studied openings, gaps should have a proportionally longer
north to south axis as compared to their east—west extent.
Similarly, an elliptical gap shape was also recommended by
Diaci et al. (2008).

Photosynthetic performance

Variation in and magnitude of photosynthetic capacity
(A, in oak seedlings growing under low and high light
conditions as observed in canopy openings of this study
were in accordance with previous studies (Terborg 1998;
Rodriguez-Calcerrada et al. 2008; Vernay et al. 2016).
Similarly, leaf-level light compensation points (LCP) of the
studied 7-year-old oak seedlings were comparable to values
reported by other authors (Kazda et al. 2004; Ellenberg and
Leuschner 2010). Oak LCP values between 10 and 20 umol
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Fig.6 Number of plots with
oak dominance or dominance
of competing vegetation by
total site factor. Classification
was based on the comparison
of the tallest oak seedling with
the tallest individual of either
Rubus spp. or accompanying
tree species, respectively, of
each plot. In addition, average
height difference (cm) between
the tallest oak seedling and the
tallest competitor per plot is
provided

photons m~2 7!

as measured here refer to plant species
moderately tolerant to shade according to Liittge and Kluge
(2012; see also Niinemets and Valladares 2006). Average
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Thus, at all levels of light availability found in gaps, there
are companion species that can outperform oaks in terms of
photosynthetic capacity.

A, of oak seedlings growing at lower radiation levels were

mostly similar or lower compared to A,,,, values reported

Total height and height increment

in the literature for the more shade-tolerant European beech

and European hornbeam (Table 5). However, A
seedlings studied here appeared to increase with increas-
ing light availability at TSF levels >45% and it surpassed
A, of shade-tolerant competitors. Despite this observed
in oak, shade-intolerant tree spe-
cies such as Betula, Salix, and Prunus found in larger gaps
of this study and thus growing in higher light conditions
can exhibit greater A,,, in comparison with oak (Table 5).

max

trend of increasing A,

Table 5 Leaf-level
photosynthetic capacity (A,
pmol CO, m~2 s~!) measured
at specific photosynthetically
active radiation levels (PAR,
umol photons m~2 s~!) for
seedlings of different species
varying in shade-tolerance and
growing in low (LL) or high
light conditions (HL)
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of oak  Annual terminal shoot length and total height of studied
oak seedling substantially decreased at TSF < 15% but did
not differ significantly between studied oak seedling grow-
ing at TSF levels between 15 and 54% of open-field con-
ditions. This finding is in agreement with results reported
from earlier studies (Liipke and Hauskeller-Bullerjahn 2004;
Brezina and Dobrovolny 2011). This lack of an observed

height growth response to increasing light in this range may

max

Species Age Light Aok PAR References
Quercus petraea 7 LL 7.9-8.8 1500 This study
HL 9.9-11.0
Fagus sylvatica n.a. LL 7.9-9.1 800-900 Terborg (1998)
HL 10.0 800-900
2-3 HL 6.0-7.0 ~ 1500 Valladares et al. (2002)
5-9 HL 7.8 1500 Kazda et al. (2004)
Carpinus betulus ~5 HL 5.0-6.5 1500 Holscher (2004)
n.a. LL 1.7-4.0 1500 Kuehne et al. (2014)
n.a. HL 5.7-10.7 1500
Betula pendula 2 HL 18.0 1000 Oksanen et al. (2005)
4 HL 12.0 ~1350 Oleksyn et al. (1998)
n.a. HL 14.5 n.a. Ellenberg and Leuschner (2010)
Salix caprea 8-10 HL 18.0 1020 Niinemets et al. (2002)
Prunus avium 3 HL 20.0 1700 Centritto et al. (1999)
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be explained by a modified resource allocation in oak seed-
lings. Morphological studies have shown that young oak
seedlings allocate disproportionately large amounts of C to
belowground biomass at light levels below 50% (Welander
and Ottosson 1998; Van Hees 1997). Reduced stem growth
was related to substantially higher root/shoot ratios when
compared to seedlings growing in more favourable light con-
ditions. Assuming this growth pattern continues and mani-
fests itself over the first several years after germination, the
development of a large root system thus might have caused
the limited height growth observed in this and other studies.

Contrary to few previous studies, however, TSF levels
higher than 50% resulted in further increasing oak shoot
length (e.g. Liipke and Hauskeller-Bullerjahn 1999). The
reasons for these contradicting findings are not clear but
could be linked to different kinds, and intensities of com-
petition oak seedlings were exposed to in different studies
(Brezina and Dobrovilny 2011). Higher total light levels in
our small-sized canopy openings strongly correlated with
an increased availability of direct solar radiation (Diaci and
Thormann 2002). Diaci et al. (2008) and Ligot et al. (2013)
were able to show that growth of oak seedlings was specifi-
cally responsive to the amount of direct sunlight received.
Results of this study on the relationship between seedling
attributes and DSF appear not to verify this finding. How-
ever, we still found greater growth rates in central and north-
erly positions within larger gaps of this study likely as a
result of higher light availability.

Oak dominance

Light is usually the most growth limiting resource for
small trees and seedlings in understories of mature temper-
ate forests with closed canopies (Ellenberg and Leuschner
2010). Increasing understory light levels to foster growth
of seedlings and saplings by removing canopy trees, how-
ever, improves growing conditions for all understory plants
including competing vegetation (Balandier et al. 2012). For-
est management therefore aims at carefully manipulating
light availability in order to create conditions that favour the
desired tree species over others (Rohrig et al. 2006; Wagner
et al. 2011).

Depending on the prevailing light conditions, the oaks in
canopy openings experienced competition from Rubus spp.
and shade-tolerant as well as shade-intolerant tree species.
Seven years after germination, oak seedlings were mostly
taller than Rubus spp. Only at radiation levels (TSF) <25%,
Rubus spp. appeared to be as competitive as the oak regen-
eration, i.e. height differences were marginal. However,
light levels had to exceed approximately 50% of open-field
condition so that height of the tallest oak seedling per plot
was always greater than that of adjacent Rubus spp. plants.
Species of the genus Rubus are considered to have a very

high competition potential for tree seedlings (Wagner et al.
2011). Adverse effects of bramble (Rubus fruticosus agg.) on
oak seedling survival and growth at early stages of shelter-
wood cuttings in oak-dominated forests have been described
in a number of studies (e.g. Harmer et al. 2005; Harmer
and Morgan 2007). Besides shading, Rubus spp. is known
to affect forest regeneration by forming dense thickets that
overgrow and eventually press seedlings to the ground under
high light and conditions and/or heavy snow (Balandier et al.
2012). At our study site, oak seedlings were able to outgrow
and thus establish themselves above the ubiquitous Rubus
layer if light levels were sufficient. The absence of ‘recal-
citrant’ ground vegetation species (Royo and Carson 2006)
at the time of gap creation likely contributed to our find-
ing of oak being mostly dominant over Rubus (Ligot et al.
2013; Jensen and Lof 2017). However, and as described
recently, successful recruitment of regeneration might not
be impacted by Rubus cover shortly after canopy opening
but may depend on initial tree seedling abundance (Widen
et al. 2018). In other studies, a protective effect of Rubus
spp. against browsing of oak seedlings has been observed
(Kelly 2002; Gétmark et al. 2011; Jensen et al. 2012). Since
the gaps in this study were fenced, this possible interaction
between oak seedlings and Rubus spp. could not be assessed.
Although direct competition effects were not meas-
ured in our study, individuals of accompanying tree spe-
cies appeared to influence oak growth and dominance to
a greater extent than Rubus spp. This holds especially true
for gap locations with either very low or very high light
availability. At lower light levels, individuals of European
beech and European hornbeam were taller than oaks con-
firming findings from several previous studies (Dohrenbusch
1996; Liipke and Hauskeller-Bullerjahn 2004; Ligot et al.
2013). As a result, one of the two shade-tolerant species
constituted the tallest individual seedling on the majority
of studied plots with light availability < 35% of open-field
conditions. In contrast, early successional species such as
willow and birch were substantially taller than oak on plots
with very high light availability. Consequently, our findings
suggest that at relative radiation levels of close to 50% oak
was able to compete with or even outgrow shade-tolerant
species while shade-intolerant species were still not compet-
itive enough to dominate the regeneration layer. As a result,
about half of the studied plots receiving about half of open-
field radiation were dominated by oak, i.e. the tallest woody
individual found on a plot was an oak seedling. We found
such light conditions only in gaps minimum 0.2 ha in size.
Previous studies reported significantly lower diameter
growth in young oaks as a result of weak and moderate
competition from early successional tree species (Ammer
and Dingel 1997; Wagner and Roker 2000; Petersen et al.
2009). Height growth of studied oaks, however, decreased
only with severe competition over a longer time period.
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Competition by beech and hornbeam likely imposes stronger
growth reduction in oak seedlings as described in earlier
studies (Dohrenbusch 1996; Ligot et al. 2013). We therefore
argue that conditions found at high light levels in our study
are less disadvantageous for oak compared to the ones at
low light levels because oak performance was likely less
impaired. Tending operations to promote oak survival and
growth thus could be delayed in these situations. However,
relative reduction in radiation beneath dominant birch and
willow trees growing in high light situations in gaps suggest
that removal of competing trees is likely necessary within
the next few years. A directional shift of the crown centre
away from competitors in oak or decreasing annual height
increment rates could be early indicators of severe competi-
tion by woody neighbours (Wagner and Roker 2000; Rock
et al. 2004).

Conclusions and silvicultural implications

This is one of the only few studies documenting successful
recruitment of oak in small canopy openings over a mod-
erately long period in managed forests. Over the course of
7 years since the acorn mast in 2009, oak seedlings were able
to establish, persist, and often thrive in the fenced forest gaps
studied here. Our findings on oak dominance and its light-
related assimilation indicate that relative light levels > 50%
are most favourable for regeneration of oak stands as the
one studied here. Under such light levels, oaks exhibited
sufficient competitive strength—especially when compared
to the shade-tolerant beech and hornbeam and species of the
genus Rubus. However, such light levels across the majority
of the area in canopy openings were found only in the largest
forest gaps of this study. Canopy openings of at least 0.2 ha
in size therefore appear necessary to successfully establish
natural oak regeneration under the conditions encountered at
our research site. Similar recommendations have been given
in previous studies (Schiitz 1991; Brezina and Dobrovolny
2011, but see Welzenbach 1988; Pisoke and Spieker 1997).

Our findings further corroborate earlier conclusions
according to which the mere manipulation of light con-
ditions likely will not result in the long-term survival of
regenerated oak, especially when growing in small canopy
openings (Liipke 1998; Ligot et al. 2013). Irrespective of the
observed light conditions, similar-sized or taller individuals
of accompanying tree species were found close to vigorous
oak seedlings. Depending on the prevailing light climate,
time since regeneration initiation, and site conditions, indi-
viduals of different competing tree species are capable to
outgrow, overtop, and eventually suppress neighbouring
oaks (Dohrenbusch 1996; Petersen et al. 2009; Ligot et al.
2013). Besides the exclusion of browsing pressure, reduction
of interspecific competition by woody species thus appears

@ Springer

to be inevitable to secure a substantial oak component in the
regeneration layer in the longer run.

Factors and conditions that either promote or impair
oak growth and dominance appear to change over time,
i.e. across regeneration and stand development phases
(Annighofer et al. 2015). Thus, our study does not cover a
sufficiently long period to provide a reliable assessment of
the success or failure of oak regeneration under different
conditions of gap size, competition, and light availability.
In addition to continuing the monitoring of growth and sur-
vival, the influence of competition control on these variables
would be important to assess. Also the stability and quality
of the young oaks are important variables that should be
studied to assess the influence of canopy openings on man-
agement goals (Weinreich 2000). At the stand level, vegeta-
tion dynamics in areas adjacent to the created gaps should
be evaluated to assess their future oak regeneration potential.
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