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Abstract: Low density plantings complemented by natural regeneration is an increasingly
common reforestation technique to ensure growth of a sufficient number of trees from
desired species while maintaining natural processes such as succession. One such form of
low density planting that aims at lowering establishment costs—oak clusters—has been
developed as an alternative to row planting since the 1980s in central Europe. However,
whether cluster planting provides higher species richness and productivity than high
density row planting has not previously been analyzed. Here, we compare tree species
richness and productivity (measured as stand basal area) between oak cluster plantings and
conventional row planting in young (10-26 years old) forest stands at seven study sites in
Germany. Tree species richness was significantly higher in cluster plantings than in row
plantings, whereas total basal areas were comparable. Naturally regenerated trees
contributed on average to 43% of total stand basal area in cluster plantings, which was
significantly higher than in row plantings. Total stand basal area in cluster planting was
significantly related to the density of naturally regenerated trees. In turn, tree species
diversity, density and basal area of naturally regenerated trees were increased with the size
of unplanted area between clusters. Our results demonstrate that the admixture of naturally
regenerated, early and mid-successional tree species compensates for a possible loss in
productivity from planting fewer oaks. Low density cluster plantings can offer significant
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environmental benefits, at least for the first few decades of stand development, without
compromising productivity.

Keywords: tree species diversity; productivity; oak regeneration; group planting;
nest planting; mixed-species forests

1. Introduction

Traditional reforestation methods following disturbances or clear felling have aimed to assert fast
control of forest sites through planting of desired tree species [1]. However, this approach comprises a
number of disadvantages such as high costs for site preparation, planting stock and planting [2,3]. In
addition, the resulting stands often lack typical post disturbance characteristics such as high diversity
of early-successional species which lead to complex food webs and other important ecosystem
attributes and processes of early stand development phases [4]. In contrast, the use of natural
regeneration processes alone may be relatively inexpensive, but offers reduced control over the future
stand composition [5], which should typically conform to long-term goals that may be described in
forest development types [6]. Whereas the species composition of natural regeneration may not
conform to such long-term goals for a specific site, the natural regeneration that establishes through
self-organizational processes of disturbed ecosystems may increase forest resistance and adaptability
through new combinations of species and greater species diversity than is typically found in artificially
regenerated stands [7-9]. A third way for the reforestation of disturbed or harvested sites consists of a
combination of the two approaches; low-density planting with natural regeneration in the remaining
area [1]. This approach ensures a certain proportion of desired species in the future stand while
maintaining natural processes and new species combinations at reduced costs, compared to
conventional planting. In addition, the potentially higher tree species diversity consisting of artificial
and natural regeneration may result in higher productivity as has been observed in many other
situations [10]. Given the increasingly important production of biomass from forests for energy and
solid-wood products, silvicultural systems must use the available net production area most efficiently.
Hence, low-density plantings, which lead to reduced production of forest biomass, may not be
desirable or acceptable.

Oak cluster planting is a prominent example of low-density tree plantings. The system originated in
early afforestation trials conducted in the United Kingdom and Russia and was rediscovered in central
Europe in the last three decades of the twentieth century as an alternative to traditional oak row
planting [11,12]. Clusters are uniformly distributed “nests” (nest planting, Figure 1) or “groups”
(group planting, Figure 2) that consist of 20-30 seedlings planted in an aggregated manner with 0.25
or 1 m initial spacing and approximately 200 or 100 such clusters ha™', respectively, [13—16] but
see [17,18]. Aiming at lowering the establishment costs while offering the opportunity to produce high
quality timber, oak cluster plantings also provide vacant space, typically more than 60% of the area,
for natural regeneration between clusters [2]. However, recruitment and accumulation of naturally
established trees in these unplanted interspaces, which depends on external factors such as fencing,
seed dispersal from neighboring stands and competition from ground vegetation, may be highly
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variable [19,20]. While growth and quality development of oak cluster stands have been assessed and

compared to row plantings [21], the potential benefits of cluster plantings in terms of tree species

diversity and stand productivity have not been quantified beyond individual case studies across a

number of sites [22].

Figure 1. (a) Szymanski’s (1986) nest design; (b) 7 x 7 m spacing between the centres of
nests were generally followed in German nest plantings; (¢) 23-year-old nest planting in

Leonberg, Baden-Wiirttemberg, Germany.
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In this study, we quantified tree species diversity and productivity over a range of sites in pairs of
treatments with low density plantings using oak clusters (group or nest) and oak row plantings. In
addition, we examined whether productivity of cluster planting stands depended on the density or

species diversity of naturally regenerated trees. We hypothesized that (1) cluster planting would

provide higher tree species diversity and stand productivity than traditional row planting, and (2) that
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overall stand productivity in cluster planting will be related to density and species richness of naturally
regenerated and planted trees among clusters.

Figure 2. (a—¢) Gockel’s (1994) group planting design with 3 variants; (d) 10 X 10 m
spacing was commonly followed between the centres of groups; (e) 20-year-old group

planting in Lerchenfeld, Hessen, Germany.
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2. Materials and Methods
2.1. Study Sites

Seven locations with pairs of cluster and row plantings of oak (Quercus robur L. and Q. petraea
(Mattuschka) Liebl.) were sampled in hilly terrain and montane sites in the German federal states of
Baden-Wuerttemberg and Hessen (Table 1). Mean annual temperature and rainfall at these sites vary
between 6.5-10.2 °C and 670-832 mm, respectively, with the majority of precipitation occurring in the
growing season between May and September. Soil types at the sites range from gleyic cambisols
originating from alluvial deposits covered by loess to stagnosols originating from basalt loam, silt
stone or sandstone [23]. The resulting site conditions provide for moderate growth rates with oak
exhibiting a mean annual increment of 7.5-8.5 m’ ha' year ' over the first 100 years of a rotation.
Oak reforestation took place between 1986 and 2000 after the previous stands of mainly coniferous
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species (Picea abies (L.) H.Karst., Pseudotsuga menziesii (Mirb.) Franco) were uprooted by storm or
clear-felled. Prior to planting, extensive site preparation including removal of slash and broken tree
trunks was conducted at the row planting sites, however, such site preparation does not usually precede
cluster planting. All row plantings were established with an initial seedling density of approximately
5000 seedlings ha™'. As part of the basic planting design, a varying number of trainer trees were
planted in all oak group and row plantings (Table 2). However, trainer trees were also added to the
interspaces between nests in Gerlingen and Leonberg. In contrast, cherry trees (Prunus avium L.) were
planted between the groups of the Altenheim site. Each cluster and row planting was fenced during the
initial years after establishment. All reforestation sites were adjacent to forests, usually mature mixed
oak as well as mixed and pure conifer stands. On average, the area of each inventoried cluster and row
planting stand was about 1 ha in size, except the control row planting used for the cluster planting sites
in Gerlingen and Leonberg (0.2 ha). We used one row planting stand as control for the group planting
sites Kaiserseiche and Lerchenfeld because another row planting stand of similar age with similar site

conditions was not available.
2.2. Sampling Design and Data Collection

Systematic strips were established along the lines of nests or groups and rows. On average, four
strips were inventoried per cluster planting and three strips at every row planting site. Because of
the varying spacing between the lines of clusters and rows, strip width amounted to 2, 8 and 10 m for
row, nest and group planting, respectively. The strips covered at least one third of the area of each
studied stand. Strips were located in the interior of the stands to avoid influences from the surrounding
forest, skidding trails and forest roads. Diameter at 1.3 m stem height (DBH) of all planted oaks and
trainers within each strip was measured. Species and DBH of naturally regenerated woody plants
(height > 1.3 m) were recorded in circular plots of varying diameters. In cluster plantings, plots with a
radius of 2 m were placed between diagonally opposite nests or groups. In addition, 1 m radius plots
were installed at the center of the groups to capture natural regeneration within the groups. No such
plots were set up within the oak nests because they did not contain other woody plants besides the
densely planted oaks. Assuming that other woody species may voluntarily regenerate underneath the
oak crowns, we installed also circular vegetation plots with a radius of 1 m between the rows. Those
plots were spaced at a regular distance of 5 m within each strip.

2.3. Stand Productivity Assessment

Strips within cluster plantings were divided into: (1) area occupied by clusters; and (2) area left
for natural regeneration. The area occupied by individual clusters was derived from allometric
equations predicting crown width based on DBH and tree age for young oaks, Carpinus betulus L. and
Fagus sylvatica L. [24-27]. Total crown projection area of clusters was then subtracted from the strip
area to calculate the area potentially available to be occupied by natural regeneration. The accuracy of
this field sampling design was validated at one nest and one group planting site. Additional full
inventories in which all individuals within strips were recorded, did not differ significantly from the
plot based sampling within strips described above.
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Table 1. Descriptions and location of investigated cluster planting sites.

Mean annual

. . Elevation Mean annual . Mean annual oak volume

Site Geographical area temperature ) Soil type ) 31 -1 )

m a.s.l. ©C) rainfall (mm) increment (m” ha * year ')
Altenheim Upper Rhine valley 143 10.2 832 Gleyic cambisol 8.0
Gerlingen Neckar river basin 440 8.1 780 Stagnogleyic cambisol 7.5
Gerchsheim Franconian plateau 310 8.5 670 Stagnogleyic cambisol 8.0
Kaisereiche  Northwest Hessian mountain 550 6.5 800 Stagnogleyic cambisol 8.0
Konigheim Neckar river basin 380 8.1 750 Cambisol 8.5
Lerchenfeld Northwest Hessian mountain 550 6.5 800 Stagnogleyic cambisol 8.0
Leonberg Neckar river basin 420 8.5 780 Stagnogleyic cambisol 7.5

Table 2. Characteristics of studied cluster plantings.

Site Altenheim Gerlingen Gerchsheim Kaisereiche Koenigheim Lerchenfeld Leonberg
Cluster type Group Nest Nest Group Nest Group Nest
Oak species planted Quercus robur Quercus robur  Quercus robur  Quercus petraeca  Quercus petraea  Quercus petraea  Quercus robur
Stand age (yr) 10 26 22 20 22 20 23
Spacing between 1.0 0.3 0.3 1.0 0.3 1.0 0.3
oaks in cluster (m)
Clusters ha™ 70 180 200 100 200 100 150
Qaks per cluster 19 21 21 27 21 27 21
Trainers per cluster 12 15 15

. . Tilia cordata, . .
Trainer tree species ] Fagus sylvatica Fagus sylvatica
Carpinus betulus
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Given the lack of repeated inventory data of cluster and row plantings, we could not determine the
rate of biomass accumulation. However, stand basal area is strongly correlated with stand biomass
and has often been recognized as a proxy for stand productivity [28]. Therefore, we used stand basal
area as a measure of stand productivity in this study. Strip data were pooled at the stand level to
calculate total stand basal area (planted and naturally regenerated trees) in cluster and row plantings.
In addition, total stand basal area was divided into five different groups: (1) naturally regenerated,
early-successional species (Betula pendula Roth, Salix caprea L., Poplus tremula L., Pinus sylvestris L.,
Sorbus aucuparia L.); (2) naturally regenerated, mid-successional species (Fraxinus excelsior L.,
Acer pseudoplatanus L., Acer platanoides L., Picea abies, Pseudotsuga menziesii, Prunus avium);
(3) planted shade-intolerant hardwoods (Quercus spp. Prunus avium); (4) planted shade-tolerant
trainer trees (Carpinus betulus, Tilia cordata Mill., Fagus sylvatica); (5) and naturally regenerated
woody shrubs (Frangula alnus L., Sambucus nigra L., Corylus avellana L.).

2.4. Assessment of Species Richness and Statistical Analysis

To account for the varying size of vegetation plots between the planting types, we used rarefaction
to compare species richness between cluster and row planting. Rarefaction represents the means of
repeated re-sampling of all pooled samples, i.e., the statistical expectation for the corresponding
accumulation curves [29]. Rarefaction curves were produced by repeatedly re-sampling the pool of
N samples (in our case, vegetation plots which represent a collection of individuals), at random and
plotting the average number of species represented by 1, 2, ........ , N samples [30]. Rarefaction
generates the mean expected number of species and confidence interval in a small collection of
samples drawn at random from the large pool of N samples. The difference between rarefaction curves
representing different treatments (e.g., nest vs. row, group vs. row) is statistically significant, when
confidence intervals of means from two curves do not overlap.

Paired sample t-tests were used to examine differences in total stand basal area, basal area of
planted trees and natural regeneration between cluster and row planting stand pairs across all sites
combining strips for every cluster and row planting stand. The relationship between area available for
natural regeneration between clusters and species richness and stand basal area was quantified by
linear regression and correlation analysis. One-way analysis of covariance using density and species
richness as covariates was executed to examine whether stand basal area was influenced by density of
planted and naturally regenerated trees or species diversity. All statistical analyses were performed in
SPSS, Version 20 and R 2.14.0, package “vegan” [31,32].

3. Results
3.1. Tree Species Richness and Stand Basal Area in Cluster and Row Planting

With an increasing number of sample plots, rarefaction curves showed that species richness became
significantly higher in cluster plantings than in row plantings. This higher species richness in cluster
plantings compared to row plantings was more prominent in nest than in group plantings (Figure 3).
Maximum species richness amounted to 15, 12 and 5 in nest, group and row planting stands,
respectively. The gentle slope of rarefaction curves at high numbers of plots implies that the chance for
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encountering additional species was small and that a sufficient number of plots had been sampled to
ascertain the differences between planting types.

Figure 3. Rarefaction curves for nest vs. row planting (a) and group vs. row planting (b),
the number of species is standardized by number of vegetation plots (x axis) and
accumulated with total number of species (y axis). Confidence intervals are shown as

vertical lines.
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Basal area contributed by naturally regenerated trees was two and three times higher in group
(t=4.33,d.f. =2, p <0.05) and nest (¢ = 8.36, d.f. =2, p < 0.01) than in row planting, respectively. As
may have been expected, basal area of planted oak and trainer trees was significantly lower in nest
(t=-4.68, d.f. = 3, p <0.05) and in group planting (¢ = —5.80, d.f. = 2, p < 0.05) than in row planting.
However, total stand basal area consisting of naturally regenerated and planted trees did not differ
between nest and row or between group and row plantings (Figure 4). These mean comparisons were
done between pairs of clusters and row plantings stands combining the strips.

Figure 4. Comparison of stand basal area among nest, group and row planting. * p < 0.05
level, ** p < 0.01 level. Lines denote standard error at 95% confidence interval.
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Betula pendula, Poplus tremula, Salix caprea and Sorbus aucuparia were the most common
early-successional naturally regenerated tree species between clusters. The mean proportion of total
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stand basal area represented by early successional trees in cluster planting stands was 25% and the four
species mentioned above collectively accounted on average for 20%. Mid-successional trees such as
Acer spp., Picea abies, and Fraxinus excelscior contributed on average to 18% of stand basal area.
Planted oaks and cherries contributed up to 40% of basal area, whereas trainer trees and woody shrubs
comprised approximately 14% and 5%, respectively. The density (log-transformed) of naturally
regenerated trees was positively related to the space available for natural regeneration between the
clusters (R* = 0.31, Pearson’s » = 0.51, p < 0.05) which in turn was positively related to basal area of
naturally regenerated trees (R> = 0.45, Pearson’s » = 0.68, p < 0.01) (Figure 5). In addition, we found
that proportion of area available for natural regeneration (ratio of crown projection area of planted oaks
and area available for natural regeneration) significantly increases basal area of naturally regenerated
trees (R* = 0.28, Pearson’s r = 0.48, p < 0.01, N = 31). The size of unplanted area between clusters also
influenced species richness (R* = 0.21, Pearson’s » = 0.46, p < 0.01) and Shannon diversity (R* = 0.31,
Pearson’s » = 0.50, p < 0.01) of naturally regenerated tree species (Figure 6).

Figure 5. Relationship between area available for natural regeneration and (a) density
(log-transformed) (R* = 0.31, p < 0.05, N = 31), (b) and basal area (R*> = 0.45, p < 0.01,
N = 31) of naturally regenerated tree species.
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Figure 6. Area between clusters available for natural regeneration as related to (a) richness
(R* = 0.21, p < 0.05, N = 31), and (b) the Shannon diversity index (R* = 0.29, p < 0.01,
N = 31) of naturally regenerated tree species.
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3.2. Influence of Natural Regeneration on Stand Basal Area in Cluster Plantings

Density of natural regeneration (stems > 1.3 m height) was 1100 and 6500 stems ha™' in nest and
group planting, respectively (Figure 7). Univariate analysis of variance showed that stand basal area
significantly increased with increasing density of natural regeneration in cluster planting stands.

However, tree species richness or diversity had no influence on stand basal area in cluster planting
stands (Table 3).
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Figure 7. Density of naturally regenerated and planted trees (>1.3 m height) grown in
cluster planting stands. Lines denote standard error at 95% confidence interval.
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Table 3. The influence of species richness on stand basal area using tree density as a
covariate (R> = 0.41, p = 0.0838, N =31, d.f. = degree of freedom).

Source d.f. F value p value

Corrected Model 8 2.0752 0.0838

Intercept 1 21.1840 0.0001

Density of planted trees (stems ha ') 1 0.9619 0.3374
Density of naturally regenerated tree (stems ha ") 1 5.7711 0.0252
Species richness 6 1.1934 0.3462

4. Discussion
4.1. Tree Species Diversity and Stand Basal Area in Cluster and Row Planting

Tree species richness was significantly higher in both types of cluster planting compared to
traditional row planting. This finding is in accordance with a previous study that found higher diversity
of herbaceous plant species in stands established through group planting compared to row planting
stands [22]. High species richness in cluster plantings may have resulted from two factors. First,
unplanted interspaces between clusters provided a longer window of opportunity for the establishment
of early- and mid-successional species, whereas canopies closed more quickly in the dense row
plantings (Figure 8). Significant correlations between the area available for natural regeneration and
the species richness and density of naturally regenerated trees supported this fact. Second, owing to the
lack of site preparation in cluster plantings, old stand legacies [4] left between clusters (e.g., broken
tree stumps, mounds, coarse woody debris efc.) might have provided more diverse conditions and
micro-sites on the ground and thus facilitated establishment of seedlings of different species. Several
studies on clear-felled and wind-thrown areas in central European temperate forests have shown that
less intensive site preparation or absence of salvage logging after windthrow supported the establishment
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of diverse tree communities comprising early-successional woody species established [8,33], however,
there are exceptions [34].

Figure 8. Natural regeneration of (a) Silver birch (Betula pendula) and Norway spruce
(Picea abies); (b) European rowan (Sorbus aucuparia) between oak groups in Kaisereiche.

Cluster and row planting stands were surrounded by mature broadleaved and coniferous stands
providing seeds for natural regeneration at the study sites. For example, high numbers of naturally
regenerated seedlings of Picea abies in the Kaisereiche cluster planting was likely the result of its
close proximity to an old Norway spruce stand, as has been found elsewhere [8]. Whether more
species were found in cluster plantings than in row plantings through a more diverse seedling bank in
less disturbed sites could not be ascertained in this study, in which ages of trees were not analyzed.

The prolific establishment of naturally regenerated tree species substantially increased total stand
basal area in cluster plantings. Stand basal area was similar between group and row plantings, and not
significantly lower in nest plantings than in row plantings. Even though in low density plantings with
groups only half the number of oak seedlings (ca. 2000-2500 ha ') were established compared to
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traditional row plantings (ca. 5000-6000 ha '), total stand basal area was comparable among the two
planting types with a similar rate of survival in oaks. However, as shown for a large data-set, very
close initial growing space (0.04 m” per seedling) significantly lowered the survival rate of oaks in nest
plantings compared to row plantings [21]. This must have also occurred in the stands of this study in
the first decade after planting. The surviving oak trees (ca. 50% of stand basal area) combined with the
naturally regenerated trees between the nests produced a stand basal area that similar to row planting.

4.2. Influence of Tree Species Richness and Density on Stand Basal Area in Cluster Planting

Our study showed that in young cluster planted stands of oak trees, total stand basal area increased
with the density of naturally regenerated trees. This somewhat supports our second hypothesis. Larger
unplanted spaces in low density plantings allowed fast-growing and light demanding trees to establish
between clusters [19,22,35]. We did not find direct evidence of tree species richness to influence stand
basal area. Instead basal area depended significantly on the density of natural regeneration in unplanted
spaces between clusters. Species richness may influence stand productivity in cluster plantings at a
later stage of development, when greater levels of niche complementarity may develop owing to the
different species traits [34]. This warrants further investigation through periodic inventories.

5. Conclusions

Our study provides the first assessment of tree species diversity and stand productivity in
low-density cluster plantings established in wind-thrown and clear-felled areas across a number of
sites. We demonstrated that both nest and group plantings harbour higher levels of tree species
richness than traditional row planting. Of critical importance in this system of stand establishment is
the area between clusters that is available for natural regeneration of other species. Effective
colonization of this area not only contributes to tree species diversity, and thus, likely to resilience
and adaptability of the new stands, but also to production of woody biomass and hence, carbon
sequestration. Natural regeneration of early- and mid-successional species compensated for the
reduced basal area production of oaks in low-density group plantings. Hence, this form of low
density planting appears to combine environmental and economic benefits. The combined active and
passive approach to establishing oak forests may increase resistance and adaptability to changing
environmental conditions [35]. However, interactions between oaks and naturally regenerated species
and their influence on susceptibility to pests and pathogens, diversity of dependent taxonomic groups
and growth and timber quality of oaks at the individual tree level should be researched separately.
Further research should also explore whether the naturally established trees in the interspaces offer the
potential for the production of high value timber.
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