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Abstract: The natural resilience of the forests to face impacts of blowdown damages was affected by
harvesting operations. Variable retention harvesting (VRH) increases forest structure heterogeneity
in managed stands and decreases blowdown damages. The objective of this study was to character-
ize blowdown in Nothofagus pumilio forests managed with VRH in Southern Patagonia (Argentina).
We analyzed long-term plots and one area affected by a windstorm after harvesting (exposure to
winds and influence of retention patches) using univariate analyses. We found a differential impact
in retention patches compared to dispersed retention after a windstorm considering aspect and dis-
tance to edge (e.g., blowdown trees: F = 6.64, p < 0.001). The aspect in retention patches presented
few structural differences before the windstorm (e.g., tree diameter: F = 3.92, p = 0.014) but was not
greatly influenced by the received damage after the windstorm. In long-term plots, we found that
aspect and location in patches (distance to edge) determined the tree stability. We also found differ-
ences in wind damage considering retention level and design (e.g., aggregates and dispersed reten-
tion vs. aggregates and clear-cuts). We conclude that VRH increased the heterogeneity in harvested
areas, where retention patches presented greater resilience in confronting extreme climate events
and decreased recurrent wind exposure impacts in the long term. We found the marginal influence
of aspect in the retention patches despite dominant winds and damages received by remnant trees
during harvesting.
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1. Introduction

Blowdown damage (windthrow and windsnap) in natural forests is often analyzed
as an exceptional, catastrophic phenomenon rather than a recurrent driver of ecosystem
patterns and processes that falls within the spectrum of chronic and acute effects of wind
on forests [1]. Wind damage by windthrow (uprooting and overthrowing of trees) and
windsnap (breakage of the tree trunk) is a natural process in the dynamics of many forest
ecosystems, e.g., Nothofagus pumilio (Poepp. et Endl) Krasser (lenga) forests in Southern
Patagonia [2,3] and can lead to the creation of canopy gaps, development of multi-cohort
stands, and the whole-stand replacement [4]. These impacts influence soil fertility and
light and moisture availability and creates new niches for regeneration and understory
species [4-6]. In the same way, harvesting also modifies the structure of natural forests,
affecting ecosystem function, microclimate, and nutrient cycles, and it is directly related
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to the cut intensity [7]. The impacts of harvesting have been extensively documented in
the natural forests of Southern Patagonia [8,9]. However, knowledge regarding the alter-
ations in the resilience of these forests [10] to withstand natural impacts such as wind-
storms or climate change is limited [11,12].

Blowdown damage in harvested forests is caused by a combination of different fac-
tors, including windstorm characteristics, exposure to dominant winds (e.g., forest edges),
tree metrics (e.g., the ratio between diameter and height or root system development), soil
(e.g., moisture), and forest structure of the stands [13,14]. To mitigate wind damages after
harvesting, strategies such as variable retention harvesting (VRH) and continuous cover
management have been suggested, where both decrease the probability of blowdown
damage in the remnant overstory [7,15]. VRH involves leaving diverse amounts, types,
and patterns of tree retention after cuts, contributing to an increase in heterogeneity at
stand-level [16]. These new proposals are intended to mimic the natural disturbances by
retaining large live trees, snags, and logs, which provide important ecological functions
in newly regenerating stands [17], where patches and dispersed retention present differ-
ent susceptibility to blowdown damage [18]. Retention patches help to preserve the ben-
eficial interactions that trees exhibit in natural forests. However, dispersed trees scattered
throughout the harvested areas may be more vulnerable when facing the impacts of
strong winds on their own. Moreover, wind damage causes economic losses in managed
stands and can decrease timber production and profitability [15,19,20], leading to the de-
preciation of harvested wood [21]. Management of N. pumilio forests is based on the nat-
ural regeneration in the harvested stands [7]; therefore, remnant overstory is critical for
seed production to guarantee forest continuity [5,22,23], as well as conservation of biodi-
versity [24] and genetic resources [25].

Wind disturbance in natural forests is a complex process that operates at various tem-
poral and spatial scales [26]. Wind can cause significant impacts, breaking or uprooting
trees and leading to irreparable damage to whole managed stands [27]. These damages
are influenced by the strength of the winds and the stability characteristics of the trees
[13,14,28]. Blowdown damage patterns within natural forests varied across the landscape.
The propagation of the damage during windstorms depends on the heterogeneity of rem-
nant overstory that can be affected by wind exposure and root anchorage [1,13]. Another
influential factor is the duration of the storms, which can reduce the resilience of the trees
to face windstorms [4,13,18]; however, few papers deal with this effect due to the com-
plexity of comparing this factor to experimental studies. It was suggested that multi-sto-
ried natural forests with a large range of tree sizes have less severe wind shear at the can-
opy top than forests with uniform canopies, leading to reduced gustiness and crown dam-
age [29]. In this context, VRH can bring greater stability and promote greater heterogene-
ity in the remnant overstory [7,20]. However, there are variations in wind loading due to
the relative position of trees within the retention patches, particularly near the edges, e.g.,
the highest wind loading is on trees at exposed edges [13,30].

Wind moves in both horizontal and vertical directions, being affected by the condi-
tions of surfaces that it encounters [31,32]. The wind direction can be modified by forest
edges and structure characteristics, and wind diminishes when it arrives at open areas.
This involves the acceleration of the wind, which depends on the current forest structure
(e.g., greater acceleration in harvested areas compared to closed natural forests) [32]. This
effect can be direct (e.g., wind loading on trees) or indirect (e.g., a separation bubble in the
back position of trees where flow reverses direction and generates a highly turbulent
wake), increasing the kinetic energy [33]. Some of this energy is transferred to the trees as
the wind leaves the area, resulting in windthrow or windsnap damages [32]. Understand-
ing the effects of wind on natural forests is important for developing measures to mini-
mize damage after harvesting and to design more resilient management practices. It was
pointed out that further research is needed about the mechanisms by which wind influ-
ences tree growth and development, as well as the ecological impacts on forest communi-
ties [1,34]. In this context, the objective was to characterize windthrow and windsnap in
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managed areas with variable retention harvesting (VRH) of N. pumilio forests in Tierra del
Fuego (Argentina) and determine the effectiveness of retention patches confronting these
wind impacts. Specifically, we want to (i) determine the stability of VRH in the long-term
and relate the individual tree damages generated by the wind according to the location
inside retention patches; (ii) determine the impacts after a windstorm event in retention
patches and areas with dispersed retention, considering the aspect and distance to the
retention patch edges; and (iii) determine if the harvesting damage increase the suscepti-
bility to blowdown during a windstorm event. We hypothesized that (i) retention patches
of primary forests presented greater stability than harvested areas with dispersed reten-
tion, where the influence of retention patches allowed us to increase the tree stability in
confronting wind damage; (ii) the wind modified the remnant forest structure in the man-
aged stands, especially those areas exposed to the dominant wind direction compared to
those located back guard; and (iii) harvesting damages increase the chance of blowdown
in dispersed retention areas and edges of retention patches.

2. Materials and Methods

The analyses were conducted using two different samplings in managed stands with
VRH and control areas (primary forests) of N. pumilio forests. The climate is cold and oce-
anic, with strong winds, mainly from the southwest. The mean annual temperature is 5.5
°C (1.6 °C in the coldest and 9.6 °C in the warmest months), and frost may occur at any
time of the year. Precipitation is evenly spread over the year, with an annual average of
500 mm yr~! on the south coast of the island and about 1000 mm yr at the tree line and
declining toward the north. The landscape occupied by forests is of glacial origin, with
loess and alluvial materials in the foothills, where acid-brown soils are the most common.
The forests correspond to the sub-Antarctic forest type where Nothofagus species are the
dominant trees N. pumilio, N. antarctica (Forster f.) Oersted, N. betuloides (Mirb.) Oersted,
sparsely mixed with Drymis winteri Forster & Forster f., Maytenus magellanica (Lam.)
Hooker f., and Embothrium coccineum Forster & Forster f. (Figure 1A). Nothofagus pumilio
forests are currently the only forest type of economic interest. It is harvested mainly in
pure but also in mixed stands. The dominant heights range from 30 m in the best condi-
tions to 15 m in the poorest timber sites, with an average of 20-24 m [2,5,7-9,11,23].

Primary forests

Retention patch
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Figure 1. (A) Location of the study area: 1. San Justo Ranch; 2. Rivadavia Ranch; 3. El Roble Ranch;
4. industrial complex of Lenga Patagonia S.A. Forests covered by forest type are shown, including
Nothofagus pumilio (green), N. antarctica (pale green), and mixed evergreen (brown). (B) Sampling
design at Rivadavia Ranch indicating the transect types (red lines): 1. core area of retention patch;
2. core to edge of retention patch; 3. dispersed retention under the influence of the edge of retention
patch; 4. dispersed retention without the influence of retention patch; 5. primary forests. White area
represents the harvested area. (C) Sampling plots at San Justo Ranch, including 1. retention patches
with clear-cuts (red), 2. retention patches and dispersed retention (orange), and 3. primary forests.
(D) Sampling plots at Rivadavia Ranch, including 1. retention patches in the harvested area affected
by the windstorm (red) and 2. primary forests (orange).

2.1. Sampling Design at San Justo Ranch

The first study area (50 ha) was located at San Justo Ranch (-54.12° SL, -68.59° WL)
and belongs to a long-term monitoring plot of the PEBANPA network (Parcelas de
Ecologia y Biodiversidad de Ambientes Naturales en Patagonia Austral, INTA-UNPA-CO-
NICET, Argentina) [35] (Figure 1). This plot was harvested by VRH in 2001, retaining 28%
of the original forest area by leaving aggregates as retention patches (AR, one circular
retention patch of 30 m radius per hectare) [35,36]. We tested two different treatments: (i)
AR with clear-cuts (AR-CC) and (ii) 10-15 m? ha basal area (BA, m? ha™) of dispersed
retention (AR-DR) evenly distributed between retention patches. We monitored wind-
throw inside 15 retention patches (7 for AR-CC and 8 for AR-DR) after VRH between 2002
and 2023 (1 to 22 years after harvesting, YAH) (Figure 1C), measuring blowdown tree
metrics, such as (i) number of trees per retention patch, (ii) BA, (iii) development stage
[37], (iv) canopy stratum (suppressed, intermediate, codominant, dominant), (v) tree-fall
direction, and (vi) location inside AR: Core = 1/3 inner area between 0 and 17.3 m radius;
Middle = 1/3 middle area between 17.3 and 24.5 m radius; Edge = 1/3 area near the edge
between 24.5 and 30.0 m radii.

2.2. Sampling Design at Rivadavia Ranch

The second study area was located at Rivadavia Ranch (-54.33° SL, —-67.61° WL),
where Lenga Patagonia S.A. harvested the forests for the timber industry (Figure 1). The
forests were harvested, leaving 30-35 m? ha™! BA of dispersed retention (DR) and retention
patches (0.25 to 1.0 ha each) for conservation purposes. The retention patches present a
maximum distance of 150 m among them or to forest edges in any direction. These reten-
tion patches include protection forests representing 40%-50% of the total natural forests
(e.g., riversides and edges with open areas) and AR (5%-10% of timber forests). The har-
vesting was conducted during 2021-2023 in 648 ha, which was partially affected by a
windstorm on October 25, 2023 (430 ha) (Figure 1D). We measured the impact of the wind-
storm during the first week of December of 2023 with 17 transects, considering (i) har-
vested areas with retention patches and dispersed retention located at different aspects (n
= 4 aspects x 3 replicas = 12 transects) and (ii) primary forests (PF) as control areas (n =5
transects). In harvested areas, transects were located in order to capture the influence of
retention patches>100 m apart from each other: (i) the first 50 m were located inside reten-
tion patches (0—25 m in core areas, 25-50 m from core to edge areas); (ii) the second 50 m
were located in the dispersed retention under the influence of the edges of retention
patches; and (iii) the third 50 m were located in the dispersed retention without the influ-
ence of retention patches (Figure 1B). The location of each transect in harvested stands
was not random; they were established on forest edges that faced different aspects (N, E,
S, W). Additionally, we characterized primary forests with 50 m transects in core areas
(100 m away from edges). At each transect (6 consecutive plots of 25 m x 10 m in harvested
areas and 2 consecutive plots in PF), we measured all alive trees and stumps, including
(variables, acronyms, and references are listed in Table A1) (i) dominant height of the two
tallest trees of each transect (DH, m) using an Impulse Laser Rangefinder (Laser Technol-
ogy, Centennial, CO, USA), (ii) diameter at breast height (DBH, cm) or diameter of the
stump at 30 cm height with bark (DST, cm) with a forest caliper, (iii) tree condition
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(standing alive, standing dead, or blown down), and (iv) harvesting damage on trees
(damage of skidders or extraction road construction), considering cumulative damage ef-
fects (WD = without damage; ONE = damage of skidders or extraction roads; TWO = dam-
age of skidders and extraction roads). We modeled the original forest structure prior to
harvesting and windstorm, as well as the current forest structure, discriminating (i) rem-
nant trees, (ii) dead standing trees, (iii) windthrow (uprooting trees), and windsnap trees
(trees that lost the crowns during the windstorm), and (iv) felled trees during harvesting
[38]. DST was employed to model DBH, and then we obtained total over-bark volume (TV,
m? ha™) [39,40] and tree density (TD, n ha™). For windthrow trees, we also measured the
direction of the fall to characterize the influence of dominant winds. Hemispherical photos
were taken every 25 m at each transect to estimate canopy cover (CC, %), relative leaf area
index (LAI), transmitted direct (DIR, %), transmitted diffuse (DIF, %), and transmitted
total solar radiation (TR, %) [5]. To evaluate the forest ground cover, we used the point-
intercept method [41], including bare soil (%, BS), overstory trees (%, TREE), dicot plants
(%, DICO), tree regeneration (%, REG), monocot plants (MONO, %), non-vascular plants
(INF, %), and coarse-woody debris > 1 cm (DEB, %). The volume of coarse-woody debris
(m? ha!, VDEB) was estimated by multiplying the diameter of the intercepted debris and
its cover (relative area) [37].

2.3. Characterization of the Windstorm Event

We employed the following data from four weather stations to characterize the wind-
storm event: (i) at the harvested forests in Rivadavia Ranch (-54.33° SL, -67.61° WL); (ii)
at the industrial complex of Lenga Patagonia S.A. (-54.45° SL, -67.17° WL); (iii) at El Roble
Ranch (-54.07° SL, -67.68° WL); and (iv) at San Justo Ranch (-54.12° SL, -68.59° WL) (Fig-
ure 1A). The two first weather stations were DAZA DZ-WT1081 (Shenzhen, China), and
the two last were Davis Instruments 7440 Monitor II (Hayward, CA, USA). We used the
first three weather stations to characterize the wind mean speed (km h™) and wind gusts
(km h™) (defined as the increase in the speed of the wind) during the previous and fol-
lowing days of the studied windstorm event (October 2023), and the average wind direc-
tion (N = north; NE = northeast; E = east; SE = southeast; S = south; SW = southwest; W =
west; NW = northwest) across the year and during the studied windstorm (year 2023).
Furthermore, the last weather station was used to characterize the average wind direction
across the year at the long-term plot in San Justo Ranch (2004-2007).

2.4. Statistical Analyses

We used analyses of variance (ANOVA) alongside graphical representations to ad-
dress our specific objectives. To determine the stability of VRH in the long-term and relate
the individual tree damages by the wind according to the location inside the retention
patches (objective 1) in San Justo Ranch, we made simple ANOVAs comparing BA of
blowdown trees (m? at each patch) at two different variable retention designs (AR-CC,
AR-DR), considering years and designs as main factors. The year 2017 appears as null in
the analyses because no blowdown trees were found. We did not conduct a multiple
ANOVA since we found significant effects in the interaction between both factors. We also
determined the number of blowdown trees considering tree-fall orientation (N, NE, E, SE,
S, SW, W, NW), the average wind direction across the year, and the location of wind-
thrown trees inside retention patches (Core, Middle, Edge), which were graphically pre-
sented.

To determine the impacts after the windstorm event in retention patches and dis-
persed retention (objective 2) and to determine if harvesting damage increased the sus-
ceptibility to blowdown during the windstorm (objective 3) in Rivadavia Ranch, we con-
ducted (i) two-way ANOVAs of forest structure and stand conditions considering aspect
and distance across the transects as main factors (DH, CC, LAI, DIR, DIF, TR); (ii) two-
way ANOVAs of forest ground cover and coarse-woody debris volume considering aspect
and distance across the transects as main factors (BS, TREE, DICO, REG, MONO, INF,
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DEB, VDEB); (iii) two-way ANOVAs of changes in tree diameter and density considering
aspect and distance across the transects as main factors comparing pre-disturbance to
post-disturbance forest structure (DBH-O = tree diameter of the original forests; DBH-H =
tree diameter of the harvested trees; TD-O = tree density of the original forests; TD-R =
density of remnant trees; TD-D = density of standing dead trees; TD-W = density of wind-
throw trees; TD-H = density of harvested trees; and (iv) two-way ANOVAs of changes in
basal area and total over-bark volume of the stands considering aspect and distance across
the transects as main factors (BA-O = basal area of the original forests; BA-R = basal area
of remnant trees; BA-D = basal area of standing dead trees; BA-W = basal area of wind-
throw trees; BA-H = basal area of harvested trees; TV-O = total over-bark volume of the
original forests; TV-R = total over-bark volume of remnant trees; TV-D = total over-bark
volume of standing dead trees; TV-W = total over-bark volume of windthrow trees; TV-H
= total over-bark volume of harvested trees). Differences between factor means were com-
pared using the Tukey test (p < 0.05). Control treatment (PF) was presented as the mean
and standard deviation (SD) to define a baseline comparison. Moreover, we characterized
the following through graphs: (i) mean wind speed and wind gusts at different locations
(El Roble Ranch, Rivadavia Ranch, Lenga Patagonia S.A.) during the previous and follow-
ing days of the studied windstorm event; (ii) tree-fall quadrant (N, E, S, W) considering
the number of blowdown trees and their basal area contribution, and a number of trees
damaged during harvesting classified by areas and damage types; and (iii) mean wind
direction across the year and during the studied windstorm event. All the analyses were
conducted using Statgraphics Centurion XVI software version 16.1.11 (StatPoint Technol-
ogies, Warrenton, MO, USA).

3. Results

3.1. Long-Term Stability of Retention Patches in Variable Retention Harvesting at
San Justo Ranch

As was expected, dominant winds and blowdown were closely related but occurred
in different quadrants of retention patches. A long-term survey showed that 58.1% of
blowdown trees (2002-2023) were located in NE to E quadrants (Figure 2A), in the oppo-
site direction to dominant winds (SW to W) (Figure 2B). Furthermore, nearly half of the
affected trees were located in Edges (45.7%) compared to Middle (27.5%) or Core areas of
retention patches (26.8%). The tree size (37.7% with <40 cm, 39.7% with 40-60 cm, and
22.5% with >60 cm DBH), development stage (25.6% <140 years old, 56.7% 140-220 years
old, and 17.7% >220 years old) and canopy layer (6.9% suppressed, 23.4% intermediate,
43.4% codominant, and 26.2% dominant) are not greatly influenced by blowdown. These
average values of blowdown trees are similar to those measured in primary forests (PF).

N N

/ 35% 35%
A % B 30% C
NW NwW 25% NE

20%

15%

10%

5%

w E w E
SW SE SW SE = Core
Middle

s s Edge

Figure 2. (A) Number of blowdown trees considering tree-fall orientation (N = north; NE = north-
east; E = east; SE = southeast; S = south; SW = southwest; W = west; NW = northwest). (B) Average
wind direction across the year. (C) Location of the windthrown trees inside the retention patches
(Core = 1/3 inner area; Middle = 1/3 middle area; Edge = 1/3 area near the edge) at San Justo Ranch.
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Blowdown monitoring (2002-2023) showed that damages in retention patches oc-
curred most of the years (>20 years after harvesting) but presented significant differences
among the years and between VRH treatments (Figure 3 and Table A2). When retention
patches were alone (AR-CC, retention patches, and clear-cuts), the blowdown BA was
x1.87 greater compared to combined VRH types (AR-DR, retention patches, and dispersed
retention). Greater damages were measured in the first years after harvesting (37.1% AR-
CC and 33.5% AR-DR) and during one windstorm event in 2015-2016, where 14.6% (AR-
CC) and 9.7% (AR-DR) of blowdown BA occurred (significant differences were detected
in AR-CC but not in AR-DR).

1.50 B
¢ —AR-CC
2 125 AR-DR
S
50
L
& 1.00
&0
=
S 0.75
g b
= 0.50 A
ré 2D
é 0.25 ab ab ab ab ab a
h\ a a ab a ab a
a a
0.00 b— aaaaa:aa:Z\a/ —a//aNa:%
2002 2005 2008 2011 2014 2017 2020 2023

year

Figure 3. Yearly blowdown basal area (BA) inside the retention patches (m? at each patch) occurred
at two different variable retention designs (AR-CC = aggregates and clear-cuts; AR-DR = aggregates
and dispersed retention) at San Justo Ranch. Letters show significant differences using Tukey test
among years for each variable retention design. Fisher test and probabilities are presented in Table
A2.

3.2. Remnant Ouverstory and Stand Conditions after the Windstorm Event at Rivadavia Ranch

Harvesting and wind damage had an influence on the overstory remnant canopy (Ta-
ble 1) and over-transmitted solar radiation (quantity and quality) according to retention
patches and distance across the transects (inside and outside the retention patches). In the
control plots (PF), variables related to crown cover and leaf area index (CC, LAI) were
higher, and variables related to light levels (DIR, DIF, TR) were lower than in harvested
areas (inside or outside the retention patches). Site quality of the studied areas did not
present significant differences, showing a homogeneous forest landscape (22.7 to 23.7 m
DH); however, they are slightly higher than control forests (21.4 m DH). Crown cover and
leaf area index were maximum in core areas of retention patches, while transmitted solar
radiation reached the minimum levels. These trends decreased (CC, LAI) or increased
(DIR, DIF, TR) across the studied gradient from inside (0-50 m) to outside (50-150 m)
retention patches. Despite the heavy storm damage, the overstory maintained 47% crown
cover and 66% transmitted solar radiation. Crown cover and LAI decreased in N and W
compared to E and S aspects, and contrary, they increased the transmitted solar radiation
(Table 1). Additionally, direct transmitted solar radiation was significantly higher at N
aspects. In the same way, the aspect was not influenced by understory and forest ground
cover, as well as coarse-woody debris (Table 2), where retention patches were influenced
by these variables. Inside retention patches, bare soil was greater, and coarse-woody de-
bris cover was minimal. These values changed the trend from inside to outside retention
patches. Coarse-woody debris volume did not present significant differences inside and
outside retention patches and was not related to remnant overstory cover or harvesting
areas. The variables measured in the control plots (PF) were similar to those measured in
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core areas of retention patches and presented significant differences from the harvested
areas, allowing us to determine the impact level of the studied windstorm event.

Table 1. Two-way ANOVAs of forest structure and stand conditions considering (A) aspect (N, E, S,
W) and (B) distance (0—25 m core areas inside retention patches, 25-50 m edge areas inside retention
patches, 50-150 m dispersed retention in harvested areas) as main factors at Rivadavia Ranch. DH
= dominant height (m); CC = overstory crown cover (%); LAI = relative leaf area index; DIR = trans-
mitted direct solar radiation (%); DIF = transmitted diffuse solar radiation (%); and TR = transmitted
total solar radiation (%). Control (PF = primary forests) is presented as mean and standard deviation
(SD).

Treatment  Level DH CC LAI DIR DIF TR
PF Mean 21.4 90.4 2.65 14.3 12.2 12.5
SD (1.0) (4.8) (0.53) (6.4) (5.9) (5.8)
A: Aspect N 23.7 55.6 a 0.79 a 64.6 c 56.2 c 574 c
E 23.1 63.1b 1.08 b 49.6 b 46.7ab 471 ab
S 23.1 64.6b 1.13b 35.7 a 442 a 429 a
i 22.7 57.1a 0.82a 499b 52.7bc 523 bc
F 1.21 11.54 9.33 11.12 9.16 10.38

) (0.318) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
B: Distance ~ 0-25 231  816d 198d 221a 221a 221a
2550 231  7l6c  134c  332ab  360b 356D
50-75 231  617b  0.89b  468bc  487c  484c
75-100 231  517a 060ab 629cd 603d  60.7d
100-125 231  469a  046a 692d  662d  66.6d
125-150 231  471a  046a  657d 663d  662d

F 0.01 79.86 75.06 19.69 65.72 57.27
(p) (0.999) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
F 0.01 0.67 0.72 0.77 0.60 0.65

AxB (p)  (0.999) (0.803)  (0.748)  (0.702)  (0.863)  (0.820)

F = Fisher test; (p) = probability. Different letters indicate significant differences using the Tukey test
at p <0.05.

Table 2. Two-way ANOVAs of forest ground cover and coarse-woody debris volume considering
(A) aspect (N, E, S, W) and (B) distance (0-25 m core areas inside retention patches, 25-50 m edge
areas inside retention patches, 50-150 m dispersed retention in harvested areas) as main factors at
Rivadavia Ranch. BS =bare s0il (%); TREE = overstory trees (%); DICO = dicot plants cover (%); REG
= tree regeneration cover (%); MONO = monocot plants cover (%); INF = non-vascular plants cover
(%); DEB = coarse-woody debris cover (%); and VDEB = volume of coarse-woody debris (m? ha™).
Control (PF = primary forests) is presented as mean and standard deviation (SD).

Treatment Level BS TREE DICO REG MONO INF DEB VDEB
PF Mean 56.8 2.0 7.6 5.2 1.6 3.6 16.4 365.1
SD (12.9) (2.1) (7.4) (10.0) (2.1) (3.0) (9.5) (242.4)

A: Aspect N 42.8 1.8 11.5 5.1 2.9 2.9 27.3 585.9
E 45.3 1.3 14.2 24 2.8 0.8 29.6 561.1

S 49.7 1.3 10.0 35 3.8 1.1 27.3 567.4

W 38.7 2.2 18.2 3.8 4.2 1.7 29.6 644.0

F 211 0.49 1.90 0.43 1.03 1.72 0.18 0.21
(p) (0.111) (0.692) (0.142) (0.733) (0.388) (0.175) (0.908) (0.885)

B: Distance 0-25 59.0b 3.0 7.3 3.3 3.3 2.7 15.6 a 357.1
25-50 423 a 1.3 12.0 3.3 3.3 1.0 26.3 ab 604.2

50-75 403 a 1.7 15.3 5.3 4.0 1.7 30.0 ab 631.5

75-100 44.0 ab 2.0 15.0 3.0 2.3 0.6 31.7b 689.6




Forests 2024, 15, 1432

9 of 18

100-125  39.0a 0.3 13.0 33 33 13 340b 5914
125-150 403 a 17 183 40 2.0 2.7 330b 6639
F 3.64 1.36 1.36 0.17 0.23 1.01 341 143
) (0.007)  (0256)  (0.256)  (0.971)  (0.946)  (0.422)  (0.010)  (0.229)
AxB F 1.98 1.29 0.58 0.88 0.83 0.60 152 1.26
) (0.037)  (0.246)  (0.873)  (0.594)  (0.642)  (0.857)  (0.134)  (0.263)

F = Fisher test; (p) = probability. Different letters indicate significant differences using the Tukey test
at p <0.05.

3.3. Remnant Quverstory after Harvesting Compared to Original and Impacted Forest Structure
at Rivadavia Ranch

The control stands (PF) contained larger mature trees (388 ind ha' and 45.6 cm DBH),
reaching 67.9 m? ha™' BA and 743.9 m3 ha' TV, where 89.9% of the original trees were alive
(7.4% dead and 2.7% blowdown) (Tables A3 and A4). These damages represent 5.3% BA
and TV of control stand values. In the harvested areas, the original forest structure of S
aspect transects showed significantly smaller trees (45.7 cm) compared to N (56.8 cm), but
no differences were found after harvesting and the windstorm event (Table A3). The com-
parisons between inside and outside retention patches showed significant differences in
the original DBH and tree density, decreasing in number and increasing in size from core
to distant areas located in the dispersed retention. After harvesting, the DBH of remnant
trees slightly decreased, showing that target trees during the cutting were not associated
with tree size (Table A3). However, retention patches lost more trees (0-50 m) compared
to control forests (PF), where 76.1%—-80.7% survived, 10.9%-15.7% were dead, and 3.5%—
12.9% were blown down. In harvested areas (50-150 m), 39.3%—-45.1% of the original trees
were cut, and 28.0%-37.8% were affected by the wind, which was slightly greater far away
from the retention patches influence (28.0%-35.7% close to retention patches compared to
37.7%-37.8% in faraway areas in the dispersed retention). The final number of remnant
trees in harvested areas reaching 19.8%-22.7% of the original trees were found close to
retention patches, and 15.1%-19.0% in faraway areas of dispersed retention (Table A3).
The impact of harvesting over BA and TV varied between 29.6% and 43.3%, while wind
affected between 22.6% and 42.6% of them (Table A4). The windstorm greatly affected the
edges of retention patches (16.2% of BA and TV at 25-50 m) compared to core areas (4.1%
of BA and TV at 0-25 m). In consequence, BA and TV of remnant overstory decreased
from core areas of retention patches to faraway harvested areas in the dispersed retention
(86.0% to 16.3%—26.5%) (Table A4).

3.4. The Impact of the Windstorm and Harvesting over the Remnant Overstory at
Rivadavia Ranch

The windstorm occurred during the morning and afternoon of October 26, 2023, and
the event was detected across the entire Tierra del Fuego Island (32 km N at EI Roble
Ranch and 31 km SW at Lenga Patagonia S.A.) (Figure 4). On average, the windstorm
presented wind speeds x1.9 higher than those during the previous and following days
and x1.7 higher when considering the wind gusts. In the study area, most of the trees fell
facing the E quadrant (64.1% of affected trees and 63.1% of damaged BA), followed by the
S quadrant (24.3% of affected trees and 30.8% of damaged BA) (Figure 5A,B). The domi-
nant winds during the studied event are coming from SW (44.1%), followed by S direction
(27.9%), compared to the average values of yearly winds (greater directions were from SW
29.9%, W 16.7%, and NE 15.4% for 2023) (Figure 6). Most of the tree falls occurred in the
dispersed retention (87.4%) compared to retention patches (12.6%), as was described be-
fore across the studied gradients (Figure 5C). Little differences were observed between
blowdown trees under the influence of retention patches (46.7% of affected trees) and trees
located far away in the dispersed retention (53.3%). Damaged trees during harvesting,
both due to machine operations and extraction path constructions, represented 37.5%—
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38.1% of blowdown in the dispersed retention, and cumulative damages (e.g., machine
operation damages and influence of extraction paths) were not an influential factor to ex-
plain the amount of the impact after the windstorm event.
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Figure 4. Mean wind speed (blue) and wind gusts (red) at different locations ((A) El Roble Ranch,
(B) Rivadavia Ranch, (C) Lenga Patagonia S.A.) during the previous and following days of the stud-
ied windstorm event in 2023 (x-axis showed the days and month).
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Figure 5. Tree-fall quadrant (N = north; E

1 AGR

= DR-C-WD

" DR-C-ONE
DR-C-TWO

1 DR-F-WD

" DR-F-ONE
DR-F-TWO

= east; S = south; W = west) considering (A) number of

blowdown trees, (B) their basal area contribution, and (C) number of trees damaged during har-
vesting classified by areas (AGR = retention patches; DR-C = dispersed retention under the influence
of retention patches; DR-F = dispersed retention without influence of retention patches) and damage
types (WD = without damage; ONE = damage of skidders or extraction roads; TWO = damage of
skidders and extraction roads) at Rivadavia Ranch.
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Figure 6. Average wind direction (dominant direction per hour) across the year (green) and during
the studied windstorm (red) (N = north; NE = northeast; E = east; SE = southeast; S = south; SW =
southwest; W = west; NW = northwest) at Rivadavia Ranch.

4. Discussion

Trees growing in primary forests receive negative and positive synergies across the
natural gradients that are influenced by the stability and survival confronting windstorms
[3,42,43]. Negative synergies can be related to interspecific competition of trees for re-
sources that can influence overgrowth and tree architecture [44—46], while positive syner-
gies can be related to better stability at stand level (e.g., unevenly aged stands are less
susceptible to blowdown) [47,48]. Dominant trees are the key to many positive synergies,
e.g., offering greater resilience confronting windstorms and shelter for the trees growing
at suppressed crown classes [49,50]. Nothofagus pumilio forests are one of the southernmost
forest types of the world (-35° to -56° SL), occurring across Andean mountains in Patago-
nia (Argentina and Chile) [38]. Forest recovery after impacts was through natural regen-
eration [36], and generated even and uneven stands depending on the natural factors in-
volved in the natural dynamics, including blowdown damage (windthrow and windsnap)
that could generate from gaps to the total renovation of the trees in the affected stands
[11]. Harvesting in N. pumilio forests reduces the number of trees in managed stands and
opens the canopy to stimulate natural regeneration [22,38]. Usually, the remnant trees
were selected according to their ecological values (e.g., mature trees with large healthy
canopies) [5,7], but trying to leave a lower number of timber trees to increase the harvest-
ing incomes according to management objectives [19]. Moreover, trees growing in pri-
mary forests (BA >60 m? ha™') presented a worse diameter/height ratio than trees growing
in intensively managed stands (BA <20 m? ha') [51]. Trees that grow with periodic thin-
ning generate greater resilience to wind damage due to an increased diameter of the
crown over time [52]. In the same way, trees that grow in areas with greater wind exposure
(e.g., edge forests) receive more impacts over time but recover after successive damages
and, consequently, increase their resilience in confronting future catastrophic events
[26,28,29,32]. Our study included one specific windstorm event, and we did not have the
chance to compare the impact of other influential factors (e.g., duration of the storms) on
the forest structure [4,13,18]. For this, it is necessary to consider the outputs in the context
of the studied event (see Figure 4), which can change in magnitude according to other
windstorm events. The resilience of the forests to face blowdown can also change accord-
ing to the previous history of impacts, both of natural and anthropic origin [10].

The forest structure of the measured stands before harvesting and blowdown dam-
ages presented few differences in our samplings at Rivadavia Ranch, e.g., S aspects
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presented smaller DBH as well as areas close to natural edges (e.g., forests and open lands)
but without differences in occupancy levels (e.g., TD, BA or TV). Probably, blowdown was
more frequent (shorter return intervals) in those areas with lower DBH, being influenced
by the survival rates of trees. Rebertus et al. [11] define discrete blowdown patches (0.1 to
>100 ha) in N. pumilio forests of Tierra del Fuego, covering two-thirds of the study area,
where tree age ranged from 19 to nearly 200 years. They measured a return interval for
blowdown events of 145 years (range of 103-218 years), and based on treefall size distri-
butions, they determined that most of the stands were blown down over the past 100 years
(DBH between 20 and 32 cm). In our study, harvesting decreases the forest structure val-
ues according to the silvicultural prescriptions (e.g., reducing to 29.6% of original BA),
which were more conservative values than those informed in the literature (40%-50% BA)
[7,19,23,38]. These cuts homogenize the managed areas; however, the inclusion of reten-
tion patches allowed us to maintain some of the original heterogeneity of the stands
[20,53]. Most of the stand characteristics were maintained without modifications; how-
ever, harvesting increased coarse-woody debris cover outside the retention patches. Many
studies analyzed the accumulation of coarse-woody debris in VRH stands and described
the importance of connectivity for biodiversity conservation [54,55], which greatly in-
creased after blowdown events [56].

Windstorms affected the remnant trees, especially in the dispersed retention areas,
as was described before [52]. For many of the studied parameters, we observed a gradient
from core retention patches in faraway harvested areas. The differences in the forest struc-
ture and abiotic conditions between retention patches and harvested areas were previ-
ously described and were greatly influenced by natural cycles, regeneration, and biodi-
versity conservation [7-9]. The aspect of the retention patches presenting a marginal in-
fluence on the combined effects of harvesting + blowdown, e.g., damages were greater in
N-W aspects (lower CC influence over radiation types and levels) but did not present
significant differences in most of the studied variables. In the long-term plot at San Justo
Ranch, blowdown occurred more frequently in the contrary areas of the dominant winds;
e.g., trees were more affected in the E-NE quadrant, while dominant winds came from
SW-W. This can be explained by a suction effect generated when wind passes over the
forest edge, and due to this phenomenon, generates greater turbulence [32,33]. However,
not only were the edge trees (45.7%) blown down, but the trees inside retention patches
were also impacted, including different ages and canopy layers. Many studies describe
the mechanisms of wind affecting the edge trees [13,28,57], but it is not clear why the trees
are also affected in the core areas.

Most of the studies analyzed the recovery of forests after one specific blowdown
event [58,59], while others described the influence of successive wind-related impacts on
tree architecture [28,32]. Many researchers used dendrochronological data to determine
the blowdown events, with evident limitations in the potential descriptions and inferences
about the changes in forest structure dynamics [3]. Furthermore, very few papers have
analyzed the role of blowdown events in long-term forest dynamics, affecting biomass
allocation and other related ecosystem functions [60,61]. In fact, very late-successional or
old-growth natural forests, over decadal scales, remain debated, largely because of the
absence of long-term data sets [62,63].

There are differences in the dynamics between managed stands and primary forests.
The primary forests presented different trajectories depending on the forest species, forest
types, and landscapes [3,11], while managed forests depend on the remnant overstory
(e.g., the number and design of the retention patches) [20,64]. The long-term stability of
the retention patches is one of the keys to the success of this silvicultural prescription [65].
The long-term monitoring at San Justo Ranch showed that a combination of retention
types (aggregated and dispersed) increased the stability of the whole stand compared to
retention patches alone (AR-CC) [28,66]. However, a high inter-annual variability exists,
especially in those treatments with lower legacies (e.g., blowdown magnitude was greater
in AR-CC during most of the years compared to AR-DR). Finally, one of our hypotheses
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defined that trees with damages due to harvesting are more susceptible to blowdown dur-
ing windstorms. However, our results did not show clear relationships between damage
types or combinations of harvesting damages (e.g., skidders or closeness to extraction
roads). Harvesting operations damage the root systems of retention trees and often, the
logs hit the bases of the trees. Many papers describe the influence of harvesting on tree
stability [28,67], which can influence long-term survival (e.g., facilitating the entrance of
pests and diseases) [68]; however, we have not found that the harvesting impacts modified
the damage to the windstorm, but with this research, we cannot evaluate the effect on the
medium- and long-term dynamics.

5. Conclusions

Windthrow management should take place within a framework of general risk man-
agement, where the potential impacts of wind damage must be considered. The variability
in blowdown patterns can be better understood if stand stability is evaluated in terms of
acclimatized response growth, e.g., harvesting left the remnant trees in a great vulnerabil-
ity confronting wind damage. Variable retention harvesting increases the heterogeneity in
harvested areas, where retention patches present greater resilience for extreme events and
the long-term effects of recurrent wind exposure. Our study showed a marginal influence
of the aspect in the damage of the trees growing in the retention patches and dispersed
retention despite the dominant winds and previous damage received during harvesting
operations. However, the tree stability in the long-term was related to the location inside
the retention patches, and also, blowdown was greater during the first years after harvest-
ing and continuing in the long-term to be influenced by legacies left in the managed stands
(e.g., retention patches). Multidisciplinary studies at tree, stand, and landscape scales
must be deeply analyzed, which can improve our collective understanding of the dynam-
ics of Southern Patagonian forests. In this context, the impact of a blowdown must be
monitored after harvesting to include new insights into the decision-making of manage-
ment and conservation plans, e.g., economic losses and conservation values.
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Appendix A

Table A1. Acronyms and references of the measured variables during the samplings.

Acronym Variable Unit  Reference
AR-CC retention patches and clear-cuts -- [7]
AR-DR retention patches and dispersed retention - [7]

BA basal area m? ha™ [40]

BS bare soil Y% [41]
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CC
DBH
DEB

DH

DICO

DIF
DIR
DST

INF

LAI

MONO
REG
TD
TR
TREE
TV
VDEB
VRH

canopy cover
diameter at breast height
coarse-woody debris
dominant height
dicot plants
transmitted diffuse solar radiation
transmitted direct solar radiation
diameter of the stump at 30 cm height with bark
non-vascular plants
relative leaf area index
monocot plants
tree regeneration
tree density
transmitted total solar radiation
overstory trees
total over-bark volume
volume of coarse-woody debris
variable retention harvesting

%
cm
%
m
%
%
%
cm
%
%
%
n ha™!
%
%

m3 ha'l

%

(5]
[40]
[41]
[39]
[41]

(5]

[5]
(38]
[41]

[5]
[41]
[41]
[40]

(5]
[41]

[39,40]
(37]
[]

Table A2. One-way ANOVAs of yearly (2002-2023) blowdown basal area (BA) inside the retention
patches (m? at each patch) occurred at two different variable retention designs (AR-CC = aggregates
and clear-cuts; AR-DR = aggregates and dispersed retention) at San Justo Ranch. F = Fisher test; p =
probability. Means are shown in Figure 3.

Year F p Treatment F p
2002 0.95 0.344 AR-CC 3.75 <0.001
2003 0.67 0.422 AR-DR 2.37 0.001
2004 0.13 0.719

2005 1.31 0.267

2006 0.56 0.465

2007 0.05 0.820

2008 0.27 0.609

2009 0.09 0.767

2010 0.65 0.429

2011 1.77 0.199

2012 0.82 0.378

2013 1.44 0.246

2014 1.84 0.192

2015 3.52 0.077

2016 0.71 0.409

2017 - -

2018 1.73 0.205

2019 0.02 0.896

2020 1.29 0.272

2021 2.38 0.140

2022 0.65 0.429

2023 1.13 0.301




Forests 2024, 15, 1432

15 of 18

Table A3. Two-way ANOVAs of changes in tree diameter and density considering (A) aspect (N, E,
S, W) and (B) distance (0-25 m core areas inside retention patches, 25-50 m edge areas inside reten-
tion patches, 50-150 m dispersed retention in harvested areas) as main factors at Rivadavia Ranch.
DBH-O = tree diameter of the original forests (cm); DBH-H = tree diameter of the harvested trees
(cm); TD-O = tree density of the original forests (n ha™); TD-R = density of remnant trees (% TD-O);
TD-D = density of standing dead trees (% TD-O); TD-W = density of windthrow trees (% TD-O); and
TD-H = density of harvested trees (% TD-O). Control (PF = primary forests) was presented as mean
and standard deviation (SD).

Treatment Level DBH-O DBH-H TD-O TD-R TD-D TD-W TD-H
PF mean 45.6 -- 388.0 89.9 74 2.7 -
SD (9.5) -- (167.7) (11.7) (9.8) (4.5) -
A: Aspect N 56.8 b 45.7 247 35.0 6.3 30.1 28.6
E 50.2 ab 52.8 369 38.0 10.1 22.7 29.2
S 45.7 a 47.8 353 40.5 8.5 27.0 24.0
W 52.0 ab 51.6 242 42.2 2.6 24.0 31.1
F 3.92 1.72 341 0.37 1.47 0.51 0.38
(p) (0.014) (0.188) (0.024) (0.777) (0.233) (0.675) (0.770)
B: Distance 0-25 429 a -- 490 b 80.7b 15.7 35a 0.0a
25-50 51.4 ab -- 350 ab 76.1b 10.9 12.9 ab 0.0a
50-75 54.7 b 52.2 240 a 19.8 a 44 35.7 bc 40.1b
75-100 53.9 ab 48.6 230 a 22.7 a 4.2 28.0 bc 45.1b
100-125 54.2 ab 49.8 243 a 15.1a 2.3 378 ¢ 448b
125-150 49.9 ab 474 263 a 19.0 a 3.9 37.7 c 39.3b
F 2.52 0.73 5.12 23.85 2.59 6.64 13.20
(p) (0.042) (0.541) (0.001) (<0.001) (0.037) (<0.001) (<0.001)
AxB F 1.96 1.49 211 1.14 1.28 1.38 1.33
(p) (0.040) (0.204) (0.026) (0.348) (0.251) (0.195) (0.223)
F = Fisher test; (p) = probability. Different letters indicate significant differences using the Tukey test
at p <0.05.
Table A4. Two-way ANOVAs of changes in basal area and total over-bark volume of the stands
considering (A) aspect (N, E, S, W) and (B) distance (0—25 m core areas inside retention patches, 25—
50 m edge areas inside retention patches, 50-150 m dispersed retention in harvested areas) as main
factors at Rivadavia Ranch. BA-O = basal area of the original forests (m? ha™'); BA-R = basal area of
remnant trees (% BA-O); BA-D = basal area of standing dead trees (% BA-O), BA-W = basal area of
windthrow trees (% BA-O); BA-H = basal area of harvested trees (% BA-O), TV-O = total over-bark
volume of the original forests (m® ha™); TV-R = total over-bark volume of remnant trees (% TV-O);
TV-D = total over-bark volume of standing dead trees (% TV-O); TV-W = total over-bark volume of
windthrow trees (% TV-O), and TV-H = total over-bark volume of harvested trees (% TV-O). Control
(PF = primary forests) was presented as mean and standard deviation (SD).
Treatment Level BA-O BA-R BA-D BA-W BA-H TV-O TV-R TV-D TV-W TV-H
PF mean 67.9 94.6 24 29 - 743.9 94.7 24 29 -
SD (22.7) (8.4) (4.8) (6.4) - 2439 (8.4) (4.7) (6.5) -
A: Aspect N 61.6 37.6 7.6 34.3 20.5 759.7 37.6 7.5 34.4 20.4
E 65.1 47.1 6.3 21.9 24.7 786.7 47.3 6.2 21.9 24.6
S 57.0 44.0 6.6 26.8 22.6 671.5 44.0 6.6 26.8 22.5
W 57.1 46.3 2.5 214 29.7 694.4 46.4 2.5 214 29.7
F 0.63 0.51 0.85 1.17 0.62 0.74 0.52 0.84 1.17 0.63
(p) (0.600) (0.674) (0.473) (0.331) (0.602) (0.531) (0.674) (0.477) (0.331) (0.597)
B: Distance  0-25 70.0 86.0b 9.9 41a 0.0a 843.6 859D 9.9 41a 0.0a
25-50 64.1 759b 7.9 16.2 ab 0.0a 770.1 759b 7.8 16.2 ab 0.0a
50-75 60.3 26.2a 7.8 322ab 339b 726.2 26.3 a 7.8 32.1ab 33.7Db
75-100 56.3 31.7a 2.2 22.7ab 43.3Db 688.8 319a 2.2 22.6ab 433Db
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100-125  50.3 163 a 1.9 425b 392D 606.1 164 a 2.0 426b 39.1Db
125-150  60.3 26.5a 4.5 39.1b 299D 733.7  26.6 a 4.5 393b 296D

F 1.25 15.85 1.27 4.66 10.10 1.07 15.66 1.24 4.63 10.01
(p) (0.299) (<0.001) (0.294) (0.002) (<0.001) (0.388) (<0.001) (0.305) (0.001) (<0.001)
AxB F 1.64 1.12 1.66 1.37 1.15 1.50 1.12 1.66 1.37 1.15
(p) (0.098) (0.368) (0.094) (0.199) (0.338) (0.142) (0.369) (0.094) (0.200) (0.342)
F = Fisher test; (p) = probability. Different letters indicate significant differences using the Tukey test
at p <0.05.
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