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Forest Tree Breeding and Climate Change Department, Latvian State Forest Research Institute ‘Silava’,
111 Rı̄gas Str., LV-2169 Salaspils, Latvia
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Abstract: The interactions between wind damage and biotic agents, such as root-rot and cervids (bark-
stripping), amplify the effects of storms on forests in Europe and Norway spruce (Picea abies (L.) Karst.)
stands, in the Eastern Baltic region in particular. Due to uneven manageability of the biotic agents,
the information about their effects on susceptibility to wind damage can aid the prioritization of man-
agement for sustaining spruce stands. This study compared the effect of root-rot and bark-stripping
on the mechanical stability of Norway spruce via mixed covariance analysis of basal bending mo-
ments, based on static tree-pulling test data of 87 trees from five stands in Latvia. Bark-stripping
caused a significantly stronger reduction in resistance against the intrinsic wood damages (primary
failure) compared to root-rot, while showing a similar effect on resistance to fatal (secondary) failure.
This suggests that bark-stripping damage increases the susceptibility of spruce to storm legacy ef-
fects, and, hence, is a higher priority risk factor in Norway spruce stands under the climate-smart
management approach.
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1. Introduction

The negative synergic legacy effects of the increasing intensity of storms and bi-
otic disturbances [1] are the main drivers of the northwards retreat of Norway spruce
(Picea abies (L.) Karst.), which is explicit in the Eastern Baltic region [2]. Although bark
beetles are the “hangman” of spruce [3,4], other biotic agents, such as root-rot and cervids
(bark-stripping), which are common in the region [5–9], increase the susceptibility of trees
to additional stress [10–12]. The latter two can affect the mechanical stability of trees, en-
hancing effects of storms and thus forming a negative feedback loop [13]. Yet their impacts
might differ due to damage to distinct parts of the tree [12,14]. Accordingly, information
about the effects of root-rot and bark-stripping on tree mechanical stability can aid prioriti-
zation and targeting of management for sustaining spruce stands. The aim of the study
was to compare the effects of root-rot and bark-stripping on mechanical stability of Norway
spruce by reanalyzing existing static tree-pulling test data [15,16]. Considering uprooting
as the main type of fatal failure of spruce within the region, root-rot, which damages roots
directly, was hypothesized to cause a greater reduction in the mechanical stability of trees
than bark-stripping.

2. Materials and Methods

The comparison of the effects of bark-stripping and root-rot on the mechanical stability
of Norway spruce was based on reanalysis of data from previous studies, which were
conducted in Latvia (Eastern Baltic region) [15,16]. In total, 87 trees from five stands affected
either by root-rot or bark-stripping were analyzed. The presence of fungal pathogens was
tested in the laboratory prior to the pulling test. The effect of bark-stripping was assessed
for trees with 7–9-year-old wounds located on stems at the height of 80–150 cm; wound
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area ranged from 603 to 2375 cm2. The studied trees were growing under comparable site
conditions (mesotrophic mineral or drained deep peat soils on flat lowland topography)
and had similar dimensions (stem diameter at breast height of 16–46 cm, height of 15–31 m).

The data were collected by uniform methodology in terms of selection of stands and
sample trees (stratified selection), as well as the static tree-pulling test [15,16]. In brief,
maturing (40–80 years), evenly distributed canopy trees of spruce-dominated stands were
sampled in a destructive manner under static pulling to assess the loading resistance at
the stem base at both primary and secondary failures [15,16]. During the bending, the
resistance (basal bending moment) and stem curvature increased proportionally until
structural changes (wood compression) occurred. This point signified the primary failure,
after which the proportionality between stem curvature and basal bending moment was
shifted. Secondary failure was the maximum loading resistance as a tree collapsed [17,18].

The effect of bark-stripping and root-rot on the basal bending moment of the stem, at
both primary and secondary failures, was assessed by linear mixed-effects models (analysis
of covariance), including a proxy for tree size, as follows:

yijk = volij + stk + volij × stk + (standj) + εij, (1)

where volij is the stemwood volume used as the covariate of tree size and foliage biomass [19],
stk is the fixed effect of damage type, and volij × stk is the interaction between tree size and
damage type. Considering the differing number of sampled trees, stand was included as
the random effect (standj). The significance of the fixed effects was estimated by Wald’s χ2

test. Data analysis was conducted in R (version 4.2.1, Vienna, Austria) [20], using package
“lme4” [21].

3. Results and Discussion

Wind impact to trees is commonly thought to consist of uprooting or stem break-
age; however, first intrinsic damages, which are not visually evident, occur long before
that [17,18]. These damages are the primary failure—a rupture of wood, which impairs
tree hydraulics, causes physiological drought [17,18] and thus increases susceptibility to
storm legacy effects (e.g., bark-beetles) [1]. The legacy effects, in turn, reduce the wind
resistance of trees, forming a negative feedback loop [13]. Although the biotic agents
reduce the mechanical stability of middle-aged Norway spruce [15,16,22], bark-stripping
caused a significantly stronger reduction in resistance against the primary failure compared
to root-rot. This was shown by a significantly (p < 0.01) less steep regression slope be-
tween the basal bending moment of the stem and stemwood volume compared to root-rot
(Figure 1; Table 1), implying increased susceptibility to post-storm legacy effects [23,24].
Such a stronger effect of bark-stripping could be related to acute stresses caused by the
injury, as well as interruption of conductive tissues [25] accompanied by infestation by
pathogens [10,12]. In contrast, root-rot is a chronical disease of spruce, to which trees
attempt to adapt [26].

The overwhelming uprooting of spruce during the pulling tests [15,16], as well as
storms [27], indicate that the fatal (secondary) failure of spruce mostly occurs in roots. The
lack of differences in resistance to secondary failure, as indicated by the similar (p > 0.05)
relationship between the basal bending moment and stemwood volume (Figure 1; Table 1),
implied equal probability to survive wind events irrespective of biotic agent. Accordingly,
the presence of the biotic agents does not directly cause weak spots in the collective
stability of stands in short term [28]. This highlights the relevance of resistance of trees
against the primary failure regarding the post-storm legacy effects on Norway spruce,
which would likely lead to formation of weak spots in the collective stability of stands
by secondary agents in the long term, intensifying storm legacy effects [28]. However,
it must be admitted that the extension of root-rot within the stem, which can affect the
biomechanics [15], was not controlled, leaving a research gap. In addition, the effect of time
since bark-stripping, which can be associated with physiological stress response in trees
and pathogen infestation [10], still appears to be topical.



Forests 2022, 13, 1947 3 of 5

Forests 2022, 13, x FOR PEER REVIEW 3 of 5 
 

 

bark-stripping, which can be associated with physiological stress response in trees and 
pathogen infestation [10], still appears to be topical. 

Under intensifying effects of storms [29–32], the relevance of biotic agents, as com-
ponents of negative feedbacks reducing sustainability of stands, increases, implying the 
necessity of agile prioritization of management [33]. Targeted reduction in browsing dam-
age, which is more controllable compared to pest outbreaks and fungal diseases [34,35], 
appears as a priority climate-smart measure, aiding the reduction in the storm legacy ef-
fects in Norway spruce stands. 

 
Figure 1. Estimated effects of bark-stripping and root-rot on the basal bending moment of Norway 
spruce at primary (A) and secondary failures (B). 

Table 1. Strength (Wald’s χ2), significance (p-value), random effect of stand, and performance (R2) 
of the linear mixed-effects models characterizing the effect of biotic disturbances on the basal 
bending moment of Norway spruce at the primary and secondary failures, under static loading. 
σ2—total variance of response; τ00—variance related to random effects (site); ICC—intraclass corre-
lation coefficient. 

 Primary Failure Secondary Failure 
Predictors (χ2) χ2 p-Value χ2 p-Value 

(Intercept) 0.14 0.71 4.29 <0.05 
Vstem 5.59 <0.05 35.13 <0.001 

Damage type 0.47 0.79 5.08 0.08 
Vstem by damage type 10.48 <0.05 3.76 0.15 

Random Effects     

σ2 84.2  132.18  
τ00 38.33 site  36.24 site  

ICC 0.31  0.22  
nstand 5 stands  5 stands  

Observations 87  87  
Marginal R2 0.82  0.82  

Conditional R2 0.88  0.86  

Figure 1. Estimated effects of bark-stripping and root-rot on the basal bending moment of Norway
spruce at primary (A) and secondary failures (B).

Table 1. Strength (Wald’s χ2), significance (p-value), random effect of stand, and performance
(R2) of the linear mixed-effects models characterizing the effect of biotic disturbances on the basal
bending moment of Norway spruce at the primary and secondary failures, under static load-
ing. σ2—total variance of response; τ00—variance related to random effects (site); ICC—intraclass
correlation coefficient.

Primary Failure Secondary Failure

Predictors (χ2) χ2 p-Value χ2 p-Value

(Intercept) 0.14 0.71 4.29 <0.05
Vstem 5.59 <0.05 35.13 <0.001

Damage type 0.47 0.79 5.08 0.08
Vstem by damage type 10.48 <0.05 3.76 0.15

Random Effects

σ2 84.2 132.18
τ00 38.33 site 36.24 site
ICC 0.31 0.22

nstand 5 stands 5 stands
Observations 87 87

Marginal R2 0.82 0.82
Conditional R2 0.88 0.86

Under intensifying effects of storms [29–32], the relevance of biotic agents, as com-
ponents of negative feedbacks reducing sustainability of stands, increases, implying the
necessity of agile prioritization of management [33]. Targeted reduction in browsing dam-
age, which is more controllable compared to pest outbreaks and fungal diseases [34,35],
appears as a priority climate-smart measure, aiding the reduction in the storm legacy effects
in Norway spruce stands.
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funding acquisition, Ā.J. All authors have read and agreed to the published version of the manuscript.

Funding: LVM project “Effect of climate change on forestry and associated risks”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request due to restrictions, e.g., privacy
or ethical.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Seidl, R.; Rammer, W. Climate change amplifies the interactions between wind and bark beetle disturbances in forest landscapes.

Landsc. Ecol. 2017, 32, 1485–1498. [CrossRef]
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Heterobasidion root rot. Proc. Latv. Acad. Sci. 2019, 73, 466–471. [CrossRef]

7. Gaitnieks, T.; Silbauma, L.; Muižnieks, I.; Zal,uma, A.; Kl,avin, a, D.; Burn, eviča, N.; Grosberga, M.; Lazdin, š, A.; Piri, T. Spread of
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affecting stem rot development and timber production of Norway spruce forests in Central Europe. For. Ecol. Manag. 2020,
474, 118360. [CrossRef]

13. Honkaniemi, J.; Ojansuu, R.; Kasanen, R.; Heliövaara, K. Interaction of disturbance agents on Norway spruce: A mechanistic
model of bark beetle dynamics integrated in simulation framework WINDROT. Ecol. Model. 2018, 388, 45–60. [CrossRef]

14. Stenlid, J.; Redfern, D.B. Spread within the Tree and Stand. In Heterobasidion annosum. Biology, Ecology, Impact and Control;
Woodward, S., Stenlid, J., Karjalainen, R., Hüttemann, A., Eds.; CAB International: Wallingford, CT, USA, 1998; pp. 125–143.

15. Krisans, O.; Matisons, R.; Rust, S.; Burnevica, N.; Bruna, L.; Elferts, D.; Kalvane, L.; Jansons, A. Presence of root rot reduces
stability of Norway spruce (Picea abies): Results of static pulling tests in Latvia. Forests 2020, 11, 416. [CrossRef]

16. Krisans, O.; Saleniece, R.; Rust, S.; Elferts, D.; Kapostins, R.; Jansons, A.; Matisons, R. Effect of bark-stripping on mechanical
stability of Norway spruce. Forests 2020, 11, 357. [CrossRef]

17. Detter, A.; Richter, K.; Rust, C.; Rust, S. Aktuelle Untersuchungen zum Primärversagen von grünem Holz—Current studies on
primary failure in green wood. In Proceedings of the Conference Deutsche Baumpflegetage, Augsburg, Germany, 5–7 May 2015;
pp. 156–167.

18. Detter, A.; Rust, S.; Rust, C.; Maybaum, G. Determining strength limits for standing tree stems from bending tests. In Proceedings
of the 18th International Nondestructive Testing and Evaluation of Wood Symposium; Madison, WI, USA, 24–27 September 2013, Ross,
R.J., Wang, X., Eds.; U.S. Department of Agriculture, Forest Service, Forest Products Laboratory: Madison, WI, USA, 2013; p. 226.

19. Lehtonen, A. Estimating foliage biomass in Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) plots. Tree Physiol. 2005,
25, 803–811. [CrossRef]

http://doi.org/10.1007/s10980-016-0396-4
http://doi.org/10.3390/f12060661
http://doi.org/10.1016/j.foreco.2021.119075
http://doi.org/10.1111/1365-2664.12540
http://doi.org/10.2478/prolas-2019-0072
http://doi.org/10.1139/cjfr-2021-0309
http://doi.org/10.1080/02827581.2012.701323
http://doi.org/10.1080/02827589609382923
http://doi.org/10.3390/f10010055
http://doi.org/10.1016/j.foreco.2020.118360
http://doi.org/10.1016/j.ecolmodel.2018.09.014
http://doi.org/10.3390/f11040416
http://doi.org/10.3390/f11030357
http://doi.org/10.1093/treephys/25.7.803


Forests 2022, 13, 1947 5 of 5

20. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2022. Available online: http://www.r-project.org/ (accessed on 18 October 2022).

21. Bates, D.; Maechler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 2015, 67, 1–48.
[CrossRef]

22. Snepsts, G.; Kitenberga, M.; Elferts, D.; Donis, J.; Jansons, A. Stem damage modifies the impact of wind on Norway spruces.
Forests 2020, 11, 463. [CrossRef]

23. Cawley, K.M.; Campbell, J.; Zwilling, M.; Jaffé, R. Evaluation of forest disturbance legacy effects on dissolved organic matter
characteristics in streams at the Hubbard Brook Experimental Forest, New Hampshire. Aquat. Sci. 2014, 76, 611–622. [CrossRef]

24. Csilléry, K.; Kunstler, G.; Courbaud, B.; Allard, D.; Lassègues, P.; Haslinger, K.; Gardiner, B. Coupled effects of wind-storms
and drought on tree mortality across 115 forest stands from the Western Alps and the Jura mountains. Glob. Chang. Biol. 2017,
23, 5092–5107. [CrossRef]
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