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Abstract: Forest plantations, particularly high-density planted stands, are considered to be more
prone to wind damage compared to naturally regenerated stands. The wind resistance (mechanical
stability) of plantations can, however, be improved by close-to-natural management, for example,
combining pioneer and shade-tolerant species. Presumably, the stability of such stands would
be enhanced by the reduced competition of canopy trees and stronger root contacts provided by
understory trees, which depend on spatial distribution. In the hemiboreal forest zone, silver birch
(Betula pendula Roth.) and Norway spruce (Picea abies (L.) H.Karst.) form such a combination
naturally. In this study, the static tree-pulling tests were performed to estimate the mechanical
stability of canopy silver birch growing with random Norway spruce understory in naturally
regenerated (post-clear-cut) and regularly planted bi-species mixed stands. The regular mixing of
the high-density bi-species stand significantly improved the loading resistance of canopy silver
birch compared to the naturally regenerated stands of similar composition and age. Such an
effect might be related to the stratification of the canopy space between pioneer birch and shade-
tolerant spruce, which improved the individual stability of the canopy trees. Further, a regular
rooting network of the planted stands likely contributed to the stability by reducing weak spots.
Accordingly, the wind resistance of trees in regularly planted bi-species stands might be improved,
avoiding additional management.

Keywords: static tree-pulling tests; wind resistance; wind damage; mixed forest; silver birch; Betula
pendula

1. Introduction

In European forests, wind is the major natural disturbance, causing more than half the
damage to growing stock [1], thus resulting in considerable socio-economic and ecological
impacts [2]. Under the changing climate, wind damage to growing stock is steadily
increasing with the intensification of storms [3-5], highlighting the necessity for climate-
smart management to sustain forest productivity [6-9]. Under such an approach, alterations
or diversification in species composition and stand structure are considered among the
most effective means [6-9]. Forest stands with structures that tend to be more similar to
natural ones are presumed to be more resilient to wind damage [10,11], as higher structural
heterogeneity of the canopy reduces the amplification of mechanical loading of stems, thus
enhancing collective stability [12]. Higher frequency of root contacts, as well as the diversity
of rooting strategies of trees, might also contribute to collective stability [13]. However,
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the irregularities in tree distribution, both in terms of position and vertical stratification
of canopies, might reduce the loading resistance of individual trees, causing weak points
in the chain of collective stability [13]. Accordingly, the information on stand and tree
characteristics affecting the mechanical stability of mixed stands is still incomplete [14,15],
as most of the evidence has been obtained from windthrow surveys, in which the control
of environmental and management effects is uncertain [14].

A controlled evaluation of tree loading resistance can be sufficiently performed by
static tree-pulling tests, which are widely applied for the examination of the strength of
soil-root anchorage and stem stiffness [16,17]. Individual-tree loading resistance can be
quantified as the maximum basal bending moment [16,17] and used in characterizing wind
resistance [18]. Accordingly, such tests facilitate the evaluation of tree loading resistance
according to different forest management strategies, thus contributing to climate-smart
management [19]. Plantation forests, particularly the high-density ones, are considered to
be more prone to wind damage compared to naturally regenerated stands [19]. Neverthe-
less, there is evidence that wind resilience can be substantially increased by appropriate
management—by mimicking natural structures and compositions [8]. One such approach
is the combining of faster-growing pioneers as canopy trees with a shade-tolerant tree un-
derstory (advanced growth) [20]. In such a combination, the understory trees can amplify
root contacts, thus facilitating the collective soil-root anchorage of a stand [21]. At the same
time, canopy trees are subjected to higher wind loads [19], stimulating their individual
stability [22]. In the hemiboreal forest zone in the Eastern Baltic region, shade-tolerant
Norway spruce (Picea abies (L.) H.Karst.) commonly naturally regenerates with pioneer
silver birch (Betula pendula Roth.), forming mixed stands [23,24].

The aim of this study was to compare the loading resistance of canopy silver birch
growing in naturally regenerated and evenly planted stands with randomly and regularly
distributed Norway spruce understory, respectively. We hypothesise that the individual
loading resistance of canopy silver birch would be increased in the interplanted bi-species
(and thus more spatially homogeneous) stands with regular understory.

2. Materials and Methods
2.1. Study Site and Sample Trees

The study was carried out in the hemiboreal forest zone in Latvia, where birch is
present in 28% of the forests, which cover ca. 51% of the country [25,26]. Most birch stands
have regenerated naturally. However, commercial plantations are common; ca. 67% of birch
stands have a Norway spruce understory [26]. A total of five stands (two experimental trial
plantations and three naturally regenerated stands) of silver birch in three nearby localities
in the central part of Latvia were studied (N 56°42’ E 23°50'; N 56°27" E 22°54’; N 56°40' E
25°55"). Considering that monocultures historically have been the main type of plantation
within the region due to increased productivity at a young age [27], only two experimental
plantations of regular birch-spruce mixture has been established in Latvia.

All of the studied stands were growing under lowland conditions (<150 m a.s.l.)
with flat terrain on freely draining mesotrophic fine sandy soils with similar fertility and
gravimetric water content (Table 1). The climate at the studied stands can be described as
humid continental [28], with the mean annual air temperature of 6.8 °C and the annual
sum of precipitation of 684.6 mm [29]. The wind climate is predetermined by the dominant
westerlies winds from the North Atlantic [30], with the mean annual wind speed higher in
coastal parts, reaching 4.1 m s~1, while inland, it is 2.6 m s~ ! [29]. The mean maximum
wind speed at the elevation of 10 m was similar among the localities, ranging between
16.72 and 19.67 m s~ ! [31].
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Table 1. Stands’ species composition (proportion from the total basal area), the number (Tree n), mean (4 95% confidence interval) diameter at breast height (DBH),
height (H), height-diameter ratio (H/DBH), stem-wood volume (Vstem), soil-root plate volume (Vioots) of the sampled trees, as well as the local (at 12.61 m distance
from the sampled tree) stand basal area (G), soil gravimetric water content (Og) and soil density (ps,). Tree species are abbreviated as follows: B—silver birch (Betula
pendula Roth.), S—Norway spruce (Picea abies (L.) H.Karst.), A—common aspen (Populus tremula L.); P—Scots pine (Pinus sylvestris L.), O—common oak (Quercus
robur L.), OT—other species (mostly Padus avium Mill., Sorbus aucuparia L., Salix caprea L., Acer platanoides L., Alnus glutinosa (L.) Gaertn., Alnus incana (L.) Moench.).

Site Species Composition DBH H Vstem Vioots G Og PSoil
No. (%) Treen (cm) (m) H/DBH (m3) (m3) (m? ha1) (%) (kg m—3)
Planted
1 B (64.8) S (34.6) OT (0.6) 7 27.0£37 292 +£1.1 1.10 £ 0.10 0.78 £ 0.27 1.05 £ 0.30 433+£29 105 £ 1.6 1290 £ 43
2 B (50.3) S (49.6) OT (0.1) 7 26.5+£32 298 +£1.7 1.14 £0.11 0.76 £0.21 0.89 + 0.46 49.2 £12.1 8.8+34 1275 £ 53
Naturally Regenerated
3 B (70.2) S (26.8) OT (3.0) 9 253 +17 288 +1.2 1.15 £ 0.08 0.66 £ 0.09 0.94 + 0.35 387+ 3.1 72+14 1213 £ 37
4 B (65.4)S (34.1) OT (0.5) 4 217 £28 229+19 1.06 £ 0.09 0.39 £ 0.13 1.23 £ 0.58 411+£98 13.6 1306
5 B(725)S(36) P (6:4) O 8 34.0+£3.1 33.0+£1.2 0.99 + 0.10 1.36 £ 0.26 1.99 £+ 0.48 334+26 9.2+09 1260 £ 43

(4.5) A (4.5) OT (8.5)
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Both experimental stands were 45 years old, and they were established to test the
productivity and potential of an even mixture of birch and spruce, in which trees were
planted in a regular grid (1 x 2 m). The grid was filled with a similar number of three-
year-old birch and spruce seedlings, which were regularly mixed (chessboard principle
interplanting). Until the sampling, no thinning operations have been performed; therefore,
the changes in tree spatial distribution and species composition (proportion from the
total basal area) have occurred under natural competition. As a result, the faster-growing
pioneer birch has overgrown spruce, forming the upper canopy layer, mostly leaving
spruce in the understory (reaching < 75% of canopy height). Some spruces have reached
the canopy. Nearby naturally regenerated stands of silver birch (area > 0.7 ha) with a
Norway spruce understory (advanced growth) growing under similar conditions were
selected for comparison. The age of naturally regenerated stands was 51 + 15 years.
The naturally regenerated stands were managed conventionally (presuming a 70-year
rotation cycle with pre-commercial thinning and one to two thinnings), implying they have
undergone precommercial thinning; following thinning has not been performed.

In total, 35 canopy birch trees without visual signs of mechanical damage or fungal
infestation were sampled—14 in the experimental interplanted stands and 21 in the nearby
naturally regenerated stands (Table 1). Sample trees were selected in accordance with the
stem diameter distribution of stands. Trees growing on the edges of openings were avoided
to minimise the edge effect on the loading resistance.

2.2. Static Tree-Pulling Tests

Static tree-pulling tests were performed during February-September 2020 according
to Krisans et al. [32]. In brief, sample trees were detopped to prevent the effect of wind
and tree weight on the measurements and pulled destructively until reaching a failure
(exclusively by uprooting in this study). The detopping was performed 1 m above the
half-height of the tree where the pulling line was anchored (Supplementary Material,
Figure S1). The pulling line was formed by a pulley block system of two opposite Roll
Double pulleys (Edelrid, Germany) and a 12 mm polyester rope. The base anchor was
located at a distance of 30—40 m (Supplementary Material, Figure S1). A portable 2-stroke
motor winch (1800 Capstan Cable Winch, Nordforest, Germany) was used for pulling
(Supplementary Material, Figure S2).

During the pulling, stem stability variables were measured simultaneously using the
TreeQinetic System (Argus Electronic GmbH, Rostock, Germany). The pulling force and the
angle of the pulling line were recorded by a dynamometer placed above the pulley block
system. Stem tilting was recorded by inclinometers at the stem base and at 5 m height. On
the compression side (facing the pulling line), deformation of the stem was measured using
a strain gauge (Elastometer) at the height of 1 m (Supplementary Material, Figure S1).

2.3. Data Processing and Analysis

To characterize the spatial structure of the studied stands in terms of tree position,
the average nearest neighbor statistic [33] was calculated based on the Euclidean distance
matrix. The positions of canopy (overstory) trees were obtained from a ground survey
and areal recognition images (centroid of crown projection). The statistic was calculated as
the ratio of the observed mean distance (within a stand) and hypothetical mean distance
between randomly distributed objects with the same density and generalized by the Z-
test [33]. The analysis was performed in ArcGIS 10.2 using the spatial statistics package
(ESRI, Redlands, CA, USA). The mean distance between trees within the studied stands
and basal area according to stand type were compared by a simple t-test.

To estimate the loading resistance of trees, basal bending moment (BBM, in kNm) was
estimated based on the pulling force and the angle of the pulling line as follows:

BBM = F X hyepor X cos(median(ay,,)) @D



Forests 2022, 13, 942

50f12

where F is the pulling force, 4., is the height of the upper anchoring point (half of the
tree height) and «y;,,, is the angle of the pulling line. Stem curvature (Ny, °) was expressed
as the difference between tilt measurements at the stem base and the height of 5 m:

NA :N5m 'Nhase (2)

Primary (PF) and secondary (SF) failures were estimated as the stability proxies based
on the proportionality of BBM and Np [34-36]. The PF was evaluated graphically as BBM
when the proportionality (linear dependence of elastic deformation) between BBM and
Np disappeared. The PF is recognized as internal wood damage occurring under the
compression of wood, which is not visually evident during the pulling test [34-36]. The
maximum BBM at the failure (either as uprooting or stem breakage) was considered as the
point of SE

Stem stiffness of the sample trees was characterized by the modulus of elasticity
(MOE), which was calculated as follows:

MOE = BBM -y BIA_Ae' Y 3)

where BBM is calculated for the height of strain gauge, y is the distance between the central
axes of the strain gauge and stem, I is the second moment of area of the stem cross-section
and e is the strain measured by the strain gauge.

The volume of the soil-root plate was approximated using the volume equation of an
elliptical paraboloid as follows:

V= (;)-n-a-bh 4)

where a and b are the longest and shortest radii of the root plate, respectively, and & is the
depth of the soil-root plate.

Linear mixed-effects models (analysis of covariance) were used to evaluate the dif-
ferences in BBMpg, BBMggr, MOE and the volume of the soil-root plate between the stand
types (interplanted and naturally regenerated), accounting for tree size and location. The
model in general form was:

Yijk = dzmlj + sty + dzml] X sty + (SitEj) + Sij (5)

where dim;; is the tree size covariate, sty is the fixed effect of stand type and dim;; X sty is the
interaction between the covariate and stand type. To account for the uneven distribution of
sampled trees between tested groups, pseudoreplication and local specifics, the growing
site was included as the random effect (site;). Stemwood volume (Vgtem) was included as a
covariate to account for differences in tree size [37]. The Vsem was calculated according to
a local equation as follows:

Vstem — 00000909 X HO‘71677 X DBHO‘16692 x 0.4343 x ZH(H) +1.7570 (6)

where DBH is the stem diameter at breast height in cm and H is tree height in m.

The model was fit by the maximum likelihood approach. The significance of fixed
effects was estimated by Wald x? (model ANOVA). Data analysis was performed in R
(v. 4.1.2.) [38] using the packages “Ime4” [39], “ImerTest” [40] and “MuMIn” [41].

3. Results and Discussion

Higher lateral loading resistance of stems was estimated for birches growing in the
interplanted than in naturally regenerated stands, as indicated by the significant interaction
between Vgem and stand type, implying a steeper slope of BBM at both PF and SF (Figure 1,
Tables 2 and 3). These slopes indicated increasing differences between the groups as
trees grow, implying the relevance of studied management, as the risk of wind damage is
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proportional to tree size [11,15]. The individual effect of stand type, which in the current
analysis primarily represents the mean dimensions of sampled trees, was not significant,
as comparable stands in terms of productivity were selected for sampling. Similarly to
earlier static tree-pulling studies on birch [18,32,37], Vstem Was a significant proxy of tree
size when assessing both the BBMpr and BBMgr (Table 3), as it is an integral tree dimension.
The differences in loading resistance were size-independent, as indicated by the significant
interaction between stand type and Vgtem (Table 3) for BBMpr (p < 0.01) and BBMgr (p < 0.05)
(Table 3). Accordingly, the differences in regression slopes (Figure 1) showed 20% and
21% increases in the loading resistance of trees growing in the planted stands with regular
understory to PF and SF, respectively (Table 2). The mechanical stability of birches in the
interplanted stands exceeded that in stands on deep peat, waterlogged and freely draining
mineral soils; it also was higher compared to solitary trees in greeneries [18,32,37]. Still,
such differences might be partially related to site productivity, and hence stand density,
which affects collective stability [12]. The occurrence of PF implies internal damages to
wood fibers [34,35], which can reduce tree vitality [42,43]. Furthermore, the recovery period
after such damage might be long, suggesting an accumulation of internal damages [36],
thus increasing the risk of fatal failure in the long term. In the studied stand types, birch
apparently differed by the trade-offs of individual and, particularly, collective stability,
which is essential in high-density stands [13].

2257 A
200 - — 4 Planted
o Naturally regenerated

175 7
150 A
125
100 A
75
20 A

Bending moment, kNm

[ ! T T 1

0 05 1 15 2
Stem volume, m’

Figure 1. Basal bending moment of silver birch at the (A) primary failure and the (B) secondary
failure. The shaded area indicates 95% confidence interval.
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Table 2. Mean (£95% confidence interval) relationship between basal bending moment and stem-
wood volume (in m?) of silver birch at primary (BBMpr) and secondary failures (BBMgp), the modulus
of elasticity (MOE) and the number of trees with stem breakage in each sampled site.

. BBMpp BBMgp MOE
Site No. (KNm-m~3) (KNm-m3) (GPa)
Planted
1 745+ 12.7 100.0 + 16.8 162 +35
2 83.6 £8.5 1199 +16.8 19.0 £ 27
Naturally Regenerated

3 527 +£75 73.7+£9.7 120+ 1.6

4 67.2+£83 81.4 £10.8 9.7 1.6

5 734 +87 105.6 = 11.0 16.1+24

Table 3. Statistics of the linear mixed-effects models characterizing basal bending moment of silver
birch at the primary (BBMpg) and secondary (BBMgg) failures, modulus of elasticity (MOE), and
soil-root plate volume (Vyoots) under static loading.

BBMpr BBMgp MOE Vroots
Predictors N p-Value x> p-Value x> p-Value x> p-Value
(Intercept) 3.34 0.07 2.96 0.09 27.26 <0.001 3.66 0.06
Vstem 157.69 <0.001 128.78 <0.001 8.24 <0.01 6.45 <0.05
Stand type 0.53 0.47 0.51 0.48 8.84 <0.01 3.23 0.07
Vstem by stand type 5.39 <0.01 4.98 <0.05 2.55 0.11 2.07 0.15
Random Effects
o? 95.77 22421 12.45 0.27
Too 30.03 79.48 0.10 0.08
ICC 0.24 0.26 0.01 0.23
Ngjte 5 5 5 4
Observations 35 35 34 27
Marginal R? 0.91 0.90 0.40 0.44
Conditional R? 0.93 0.92 0.41 0.57

The planted stands had significantly lower (p < 0.001) spacing compared to naturally
regenerated stands (1.7 and 4.0 m, respectively; Table 4), as well as significantly higher
(p <0.01) stand basal area (Table 2), indicating a higher competition, which stimulates
height growth while restricting soil-root plate size [44]. The spatial distribution of canopy
trees in the stands, however, was similar (dispersed or random) irrespectively to stand
type, implying that comparable processes have been shaping their structure [45]. Con-
comitantly, the volume of soil-root plate (p = 0.07) and tree height (p = 0.86) were similar
(Tables 1 and 3), presumably indicating similar individual stability [46]. However, a regular
mixture of species with different growth strategies effectively stratified the canopy in the
planted stands [47], as the relatively faster-growing birch overtook the canopy, leaving
more space for spruce in the understory [24]. Hence, the crowns of birch had more space,
which corresponded to four times lower partial stand density (Table 4), thus stimulating
individual stability [47]. The presence of a regular understory presumably provided a
more homogeneous root network, thus reinforcing the soil with roots of the spruce under-
story [48], which is particular considering the prevailing uprooting. Spruce is also known
for forming inter and intraspecific root grafts [49,50], which contribute to both collective
and individual stability [13,21].
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Table 4. Mean distance between trees within each stand and statistics of the average nearest neighbor
statistic method characterizing the spatial distribution pattern within each tested stand.

Site No. Distance (m) z-Score p-Value Spatial Distribution
Planted

1 1.6 0.519 0.603 Random

2 1.7 5.647 <0.001 Dispersed

Naturally

3 3.9 5.977 <0.001 Dispersed

4 3.7 1.352 0.176 Random

5 4.5 9.122 <0.001 Dispersed

The slenderness of trees (height-diameter ratio; Table 1), which is considered a charac-
teristic related to susceptibility to wind damage [43], was similarly (p = 0.29) high in the
studied stands, which might increase the risk of stem breakage rather than uprooting under
dynamic stresses of an actual wind loading [51]. However, during the pulling tests, all sam-
pled trees uprooted, which is in accordance with earlier static tree-pulling studies of birch,
which showed stem breakage to be less frequent on freely draining mineral soils [18,37].
This implies that stem stiffness exceeded the strength of soil-root anchorage [43] despite
a low taper. Further, it might be speculated that improved soil-root anchorage in the
planted stands likely allowed trees to reallocate more assimilates to stem growth [52], thus
enhancing stem resistance against elastic deformation [53]. This is suggested by signifi-
cantly higher (p < 0.05) values of MOE (Tables 2 and 3), which, however, is affected by
stand density and productivity [53-55]. Nevertheless, stem stiffness of birch in planted
stands might be increased by the competition, which affects the stiffness and strength of
wood without apparent changes in wood density [56]. Under such competition, the radial
growth might also be interfered for understory spruce trees, resulting in higher wood
density [57,58] and thus higher individual stability [59]. The effect of growth rate on the
differences in stemwood stiffness [60-62] is unlikely due to the similar age and dimensions
of the studied trees and stands (Table 1).

Summarizing, the studied high-density interplanting of silver birch-Norway spruce
bi-culture shows the potential to increase wind stability of commercial stands by mimicking
species composition following the course of natural regeneration [2,24]. Although the
future commercial potential for spruce within the region is declining [63,64], its understory
might still provide a valuable contribution to wind resistance and resilience of mixed
commercial stands. Under sheltering in the understory, reduced transpiration [65] and
wind loading [43] might also minimize the negative carry-over effects of disturbances and
their interactions on spruce [42,43,66]. Furthermore, the slow-growing understory spruce
is presumed to be less susceptible to pathogens [67], while species mixture also creates
natural barriers to the spread of pathogens and pests [68,69]. The increase in loading
resistance and comparable dimensions of trees also suggest that in interplanted (regularly
mixed) birch-spruce stands thinning might be postponed, thus reducing damages and
management costs [70,71].

4. Conclusions

The application of close-to-natural species composition in combination with regular
interplanting indicated positive effects of tree species interaction on wind resilience of
mixed stands (tree plantations). The hypothesis of the study was approved as the loading
resistance of silver birch grown in regularly planted stands accompanied by a regular un-
derstory of Norway spruce was higher compared to naturally regenerated stands of similar
composition yet with random understory. This highlights the opportunities provided by
structural diversity and productive relationships for the reduction of wind damages under
the intensifying storms coupled with increasing precipitation within the region. Therefore,
the management of plantation forests in accordance with natural species composition could
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boost the wind stability, exceeding that of naturally regenerated forests, and counteract
the growing risks in the future. This also implies that bi-species interplantations might
be managed without thinnings, thus reducing the risk of mechanical damage to the trees
before the final harvest.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13060942/s1, Figure S1: A scheme of the destructive static pulling
test setup, Figure S2: A scheme of the placement of motor-winch in the static pulling test setup.
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